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The GM2 gangliosidoses, Tay-Sachs (TSD), Sandhoff disease (SD) and GM2 activator
deficiency are rare, progressive, neurodegenerative lysosomal storage disorders (LSDs)

that are uniformly fatal and without effective therapy. The severe infantile form of TSD,
originally termed familial amaurotic idiocy, was first described independently in 1899 by
British ophthalmologist Waren Tay and New York neurologist Bernard Sachs in infants of
Ashkenazi Jewish descent [1]. With the characteristic cherry red macula and multilamellar
cytoplasmic bodies in neurons of affected patients, TSD is the prototype for the greater
than 70 LSDs resulting from deficiencies in lysosomal hydrolases or transport proteins [2].
The clinical features and course of the disease were carefully chronicled by physicians at
the Jewish Chronic Care Hospital in Brooklyn beginning in 1950. That same year families
came together to support one another and exchange what they had learned in caring for
their affected children and founded the National Tay-Sachs and Allied Diseases Association
(NTSAD), the oldest patient advocacy group in the United States for rare genetic diseases.
Although carefully described clinically and pathologically, the biochemical etiology of
TSD was unknown until a deficiency of the enzyme p-hex osaminidase A isoenzyme
(variously known as Hex A or p-N-ace-tylhexosaminidase a.f) was described by O’Brien et
al. [3]. This enzyme is responsible for the degradation of the GM2 ganglioside, a complex
glycosphingolipid particularly abundant in cell membranes in the nervous system.

The discovery of a deficiency in p-hexosaminidase A enzyme paved the way not only for
diagnostic confirmation of affected infants, but through the heroic efforts of Dr. Michael
Kaback, also led to carrier screening in the Ashkenazi Jewish community at synagogues
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and community centers across the country beginning in the early 1970s. As a result, the
incidence of infantile TSD among the Ashkenazim decreased by over 90% in just 10
years and TSD became a model for carrier screening among high-risk populations [4].
To assure the quality and accuracy of carrier screening, proficiency testing for academic
and commercial laboratories was performed in the Kaback laboratory from 1973 to 2006
and continues at the University of Maryland laboratories with oversight and support from
NTSAD.

In 1968 Konrad Sandhoff described an infant whose clinical presentation matched Tay-Sachs
disease but had additional visceral accumulation of the neutral glycolipid globoside and
complete absence of p-hexosaminidase activity [5]. Sandhoff went on to identify two forms
of the enzyme, the A and B isoforms, both of which were absent in his patient [5,6].

This finding was contrary to patients with TSD who typically only lacked activity for

the A isoform. These observations paved the way for further studies that determined that
B-hexosaminidase A was a heterodimer enzyme composed of an alpha and a beta subunit
(ap) (Fig. 1) and B-hexosaminidase B was a homodimer from two beta subunits (Bg). The
presence of the B subunit in both forms of the enzymes accounted for the complete lack of
B-hexosaminidase activity in his and others similarly affected patients later designated as
having Sandhoff disease [7-9]. Only the p-hexosaminidase A has biological activity against
the GM2 substrate. Whereas TSD has an increased carrier frequency in the Ashkenazi
Jewish population (1 in 27) compared to a much lower worldwide carrier frequency of 1 in
250-300, Sandhoff disease is pan ethnic with a carrier frequency of 1 in 1,000,000 [10-12].

Cloning of the HEXA gene, coding for the alpha subunit of the p-hex- osaminidase A
enzyme in 1984 by Proia and Myerowitz [13] led to the discovery of the common infantile
Ashkenazi mutations in 1988 [14-17]. A total of 101 pathogenic mutations in HEXA have
now been described worldwide [18]. With its ease and availability, gene sequencing has
largely replaced enzymatic testing and is now the preferred method for carrier screening
as reflected in a recent policy statement by NTSAD [19]. Cloning of the HEXB gene,
coding for beta subunit of the B-hexosaminidase A enzyme (and the two subunits of
B-Hexosaminidase B) was achieved in 1985.[20,21]. A total of 41 pathogenic HEXB
mutations have been described [22].

GM2 activator deficiency or the GM2 AB variant, the final disease in the triad of p-
hexosaminidase A deficiency disorders, was described in 1989 in an infant with the identical
phenotype of TSD but normal /n-vitro p-hexosaminidase A enzyme activity [23]. The
disorder is caused by the absence of a third non-enzymatic protein, the GM2A protein or
GM2 ganglioside activator. GM2A acts as a co-factor required for p-hexosaminidase A to
exert the cleavage of the terminal A-acetyl galactosamine of GM2 ganglioside by binding
membrane GM2 ganglioside molecules and presenting to the B-hexosaminidase A enzyme
for degradation. The gene GMZ2A was cloned in 1989 [23-25] and seven mutations have
been described as pathogenic [26]. Exceedingly rare, the GM2 activator deficiency has been
reported only in the infantile form.
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GM2 is a disease continuum

GM2 gangliosidoses present as a continuum of clinical phenotypes based on the amount
of residual p-hexosaminidase A enzyme activity. Three clinical phenotypes have been
described determined by age of onset as acute-infantile, sub-acute juvenile, and late-onset
adult GM2 gangliosidoses (Figs. 1 & 2).

Of the three subtypes, acute infantile presents with negligible residual p-hexosaminidase A
activity, thereby presenting with the most severe clinical signs and symptoms, including
progressive weakness, excessive startle reaction, and characteristic cherry-red maculae.
The infant may appear normal or mildly hypotonic at birth. At 6 to 8 months infants
demonstrate plateauing and then loss of milestones with inability to sit or roll from side

to side. By 18 months, seizures, myoclonic jerks and progressive macrocephaly resulting
from reactive cerebral glial cell proliferation are common [27]. Loss of previously acquired
skills, such as swallowing, combined with a severe deterioration in the second year of life
typically leads to death between ages two and three [11,28]. With improved supportive
care, including aggressive pulmonary toileting and gastrostomy tube placement, children
with infantile GM2 are now surviving to age 5 to 7 years (Table 1). The neurologic
symptoms and the rapid disease progression often can and have caused misdiagnoses
including Canavan disease, infantile neuronal ceroid lipofuscinoses, infantile Alexanders
disease, GM1 gangliosidosis type 1, mucolipidosis type Il, sialidosis type 2, Gaucher disease
type 2, and Niemann-Pick disease type A (Table 1) [11].

Juvenile GM2 gangliosidoses, the least common of the three subtypes, manifests with
normal early development followed by a halt in acquisition of new skills by 3 to 5 years

of age followed by loss of milestones and progressive decline. By the end of the first
decade of life, children develop dysphagia, spasticity, and a decrease in visual acuity. Severe
deterioration of motor skills including the inability to swallow and decerebrate posturing
leads to death, usually by aspiration, in the second decade [11,28]. Rapidly progressive
neurodegenerative disorders such as Gaucher disease type 3, GM1 gangliosidoses type 2,
Canavan disease, sialidosis type 11, infantile Alexander’s disease, ceroid lipofuscinoses,
Juvenile Niemann-Pick C (NPC), and early-onset spinocerebellar ataxia, among others,
should be considered in the differential diagnoses of juvenile GM2 gangliosidoses (Table 1)
[11].

Late-onset Tay-Sachs (LOTS) and late-onset Sandhoff diseases (LOSD), collectively
referred to as late-onset GM2 gangliosidoses, have symptoms emerging in the late teens and
beyond. LOTS and LOSD have the most clinical variability in presentation and progression
of all the GM2 gangliosidoses (Fig. 2) [11,28]. While LOTS and LOSD have been
considered largely indistinguishable from each other on clinical grounds, some features,
emerging from larger cohort observations, suggest that some aspects of the disease spectrum
might be more prevalent in one form of the disease than in the other (Table 1) [29]. For
example, psychosis presentation is rare in Sandhoff disease, while early sensory symptoms
are rare in late-onset Tay-Sachs [29]. Early in the disease, conditions which could resemble
late-onset GM2 gangliosidoses, may include spinal muscular atrophy (SMA), amyotrophic
lateral sclerosis (ALS), spinocerebellar ataxias (SCAS), Friedreich ataxia (FA), sialidosis
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type |, spinal bulbar muscular atrophy (SBMA), adult NPC and primary psychiatric
diagnoses (Table 1) [11,28,29].

Progressive neurogenic lower extremity weakness is perhaps the prototypical presentation
of LOTS and LOSD. Weakness emerges from progressive loss of anterior horn cell

motor neurons. Early in the presentation, weakness, fasciculations and muscle wasting
selectively involves knee extensors (quadriceps) and hip flexor (iliopsoas) muscles leading
to progressive difficulties climbing steps without use of handrails, jumping or raising from
the sitting position without assistance of the upper extremities. As disease progresses,
frequent falls develop because of inability to lock the knees firmly in extension during
ambulation and stance. Injury and limited ambulatory capacity lead to use of assistive
devices and eventually a motorized scooter or wheelchair. Weakness of the upper extremities
emerges years later and disproportionally affects the triceps muscles. These symptoms and
their progression appear indistinguishable between LOTS and LOSD (Fig. 3). In many
cases, the anterior horn cell neuronopathy symptoms result in erroneous diagnosis of adult
forms of spinal muscular atrophy including as SMA Type 11l (Kugelberg Welander disease),
SMA Type IV, motor axonal neuropathies ALS and Kennedy’s disease. Coexistence of
cerebellar symptoms, dysarthria and vermian and subsequent pan-cerebellar atrophy would
clearly favor a diagnosis of LOTS (Table 1).

Cerebellar dysfunction is considered an early finding in many adults with GM2
gangliosides. In fact, it is not uncommon to uncover cerebellar symptoms and imaging
evidence of cerebellar atrophy at the time of LOTS’s diagnosis regardless of the

presenting symptoms. The combination of cerebellar signs and symptoms including mild
dysmetria, eye movement abnormalities [30-32], cerebellar dysarthria [32-34], subtle

long tract findings and lower extremity weakness may be easily mistaken for one of

the spinocerebellar ataxias [35] (Table 1), In contrast to infantile GM2 gangliosidoses,

the presence of a cherry red macula on fundoscopic exam of an adult with ataxia

and myoclonus is highly suggestive of an alternate diagnosis of sialidosis type-1 or
galactosialidosis not LOTS or LOSD. Amongst symptoms related to cerebellar dysfunction,
none seem as disabling as the progressive dysarthria of patients with LOTS including
characteristic cerebellar features with unique superimposed fast pace, pressured, stuttering
and/or explosive quality, that progressively impacts communicative abilities [32—34]. There
is debate as to the degree to which cerebellar atrophy and cerebellar dysfunction, including
dysarthria, might be more prevalent and severe in LOTS as compared to LOSD. These
differences could result in cases with distinct cerebellar syndromes in LOTS and distinct
neuromuscular phenotypes in LOSD [29,30,36].

Acute psychosis is a well-established presenting finding in some patients with LOTS. In
fact, LOTS is one of the few neurometabolic disorders that presents with acute psychosis
[34,37]. The psychiatric presentation may range from psychotic episodes [38], to bipolar
depression requiring acute psychiatric care [32]. While most patients respond well to
neuro-pharmacological treatment, achieving remission can be difficult in some and may
require long term management [38]. Of note, some antipsychaotic treatments have been
reported to adversely affect the disease course of late-onset GM2 gangliosidoses [39-41]
and should be avoided. Depression and anxiety are common comorbidities of late-onset
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GM2 gangliosidoses across the disease course. Acute psychosis in the setting of LOSD is
extremely rare or unreported.[29,42]. Retrospective developmental history review of patients
with late-onset GM2 gangliosidoses and comparison to those of unaffected siblings or

peers often uncovers subtle deficits emerging earlier in life. These include clumsiness, poor
athletic abilities, mild tremor, or a nasal voice quality. These findings are subtle and often
not brought to attention but point to an earlier phenotypic expression in late-onset GM2
gangliosidoses.

Other less common symptoms of early late-onset GM2 gangliosidoses may include
spasticity, neuropathic sensory symptoms with dysautonomia and dystonia. Spasticity
emerges from dysfunction of the upper motor neurons and their descending tracts (pyramidal
tracts) causing increased muscle tone and exaggerated deep tendon reflexes. Upper motor
neuron signs such as mild spasticity and exaggerated reflexes are often obscured by
co-existing weakness but explain the common occurrence of pathological reflexes such

as “crossed-adductor” and “extensor plantar” responses in some patients with LOTS and
LOSD at early and moderate stages of their disease. Sensory symptoms and dysautonomia
are reported to occur early in some patients with LOSD but are rarely or never a
presenting symptom of for LOTS. Symptoms include distal painful burning, acroparesthesia
worsened by heat and exercise, sensory loss, and overt dysautonomia from small diameter
fiber sensory neuropathy [42—-47]. Clinical and electrophysiological evidence of often
asymptomatic peripheral neuropathy, elicited at the time of neurological examination
(diminished sense to light touch, temperature or vibration) was present in 9/30 (27%)

of patients with LOTS [48]. Dystonia represents abnormal involuntary muscle activity
leading to abnormal repetitive movements and postures. Dystonia emerges from abnormal
integration of sensorimotor signals from the basal ganglia, cerebellum, and thalamocortical
networks. Dystonia may include dystonic hand and foot posturing, dystonic tremors and
spasmodic dysphonia [32,49]. The latter adds a “breathy” or “strangled” voice quality with
“overflow” overactivation of other facial and neck muscles on top of an already abnormal
cerebellar dysarthria.

Pathogenesis of GM2 gangliosidoses

The neurodegenerative nature of GM2 gangliosidoses is evidenced by the progressive
nature of disease-associated deficits, the progression of cranial MRI abnormalities and
pathological findings in the CNS of affected patients. The low or absent p-hexosaminidase
A enzyme activity resulting from absent or deficient HEXA or HEXB gene products (the
a or B subunits of the B-hexosaminidase A enzyme), are unquestionably at the root of
disease pathophysiology. Undigested GM2 ganglioside, an intermediate sphingolipid in the
synthesis and degradation of higher brain gangliosides, accumulates in various tissues of
the body but predominantly in the brain including neurons, microglia and neuroglia [35].
In neurons, it leads to the distinctive membranous cytoplasmic bodies (MCBs) (Fig. 1),
zebra bodies and electron dense lipofuscin deposits [50,51] Cytoplasmic accumulation of
these abnormal structures in patients’ brains and in animal models of GM2 gangliosidoses,
give neurons their distinctive bloated appearance Fig. 1) [52]. Due to variations in age

of onset and rate of progression, the extent and type of neuropathologic findings could
differ [27]. For example, neuropathologic descriptions early-onset disease relate edema
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and thickening of leptomeninges forming a meshwork of proliferating fibroblasts and
macrophages and cortical atrophy that emerges in the first year of life. Neurons begin to lose
their characteristic shape as cytoplasmic granules enlarge and proliferate with GM2 storage.
Between 15 and 24 months, swelling of the white matter leads to compression of the lateral
ventricles and brain weight begins to increase. Proliferation of macrophages and reactive
astrocytes is associated with a decline in neurons numbers. By two years of age there is
significant increase in brain size and swelling of cerebral hemispheres [27]. Accumulation of
lipids in retinal ganglion cells contributes to the characteristic cherry red spot (Fig. 1) [27].
In late onset disease, the distribution and magnitude of accumulation might be sparce with
anatomical structures such as the spinal cord and cerebellum appearing more impacted by
the time of autopsy while other regions may be relatively spared [50,51].

3. Neurodegeneration in GM2 Gangliosidoses: A multipartite process

While the exact timing and sequence of events driving the very early stages of
neurodegeneration remain unclear, GM2 accumulation in humans and in animal models
seems uniformly associated with structural neuronal changes, vigorous microglial activation
and proliferative response and neuroglial dysfunction. The cascading biochemical, cellular,
and CNS-wide events throughout the disease process encompass many levels (Fig. 1).

At its core, the blockade of enzymatic cleavage of GM2 ganglioside elicits downstream
effects including functional and morphological disruption of intracellular organelles,
deficient autophagy [53], abnormalities in lipid signaling and membrane homeostasis.
These events not only affect neurons, but also microglia, astrocytes, and oligodendrocytes
[54-57]. Activation of abnormal intracellular signaling cascades including pro-apoptotic
signals [35,58] as well as dysregulated crosstalk amongst various cell lineages favors
proinflammatory microglial activation [59,60]. Microglial activation and proliferation
elicits waves of reactive astrocytes [61] which lose their ability to promote neuronal
survival, outgrowth, synaptogenesis and phagocytosis, and rather, could induce neuronal
and oligodendrocyte cell death [60-62]. In their totality, these events result in CNS-wide
dysfunction with detrimental neurodevelopmental and neurodegenerative effects in early
onset disease, and a predominantly neurodegenerative process in late disease. Depending
the age of onset, disease burden has regional selectivity which determines the various
phenotypic features of the disease [63,64 11].

The spectrum of molecular pathology; itself, a function of all possible biallelic combinations
of known pathogenic “null” and “missense” alleles, is directly reflected in the degree

of residual enzyme activity. Residual enzyme activity influences disease onset and to

great extent, the slope of disease progression (Fig. 2). Time-dependent conditional gene
expression experiments recapitulate some aspects of the human disease phenotype. [65].

It is important to consider that neurons, microglia, and oligodendrocytes alike, depend on
lysosomal GM2 degradation “competence” in their normal function in processes that involve
lipid signaling, membrane assembly, membrane recycling and housekeeping, axonal and
dendritic sprouting, synaptic pruning, and axonal myelination. These events are critical not
only during gestation and early life but also in the process of brain maturation, learning,
adaptation, and housekeeping in normal and abnormal aging [66—69]
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Microglial cells arise quite early during development from progenitors in the embryonic
yolk sac. Microglial cells colonize the developing nervous system and persist in the adult
brain [70]. While microglial cells closely resemble peripheral macrophages in their cellular
properties and in their role as resident macrophages scavenging debris, surveilling for
pathogens, etc., in their “unstimulated” state, microglia serve an important role in CNS
development, angiogenesis, maturation and homeostasis [71]. The various cell markers
and transcriptional profile of microglia can quickly switch from their “unstimulated” to

a proinflammatory “stimulated” state [60]. This switch is accompanied by a multitude

of events including a) rounds of replication (microglial proliferation), b) morphological
changes from a radial appearance to ameboid (macrophage-like) cells armed with the
capacity to release cytokines such as TNF alpha, transforming growth factor (TGF betal),
and interleukin 1 beta (IL1 beta) [60], c) express proinflammatory markers in the CNS
(MHC class Il, CD68, CD11b (CR3), 7/4, F4/80, nitrotyrosine, CD4 and CD), d) exert
chemotaxis, €) perform antigen presentation to other proinflammatory cells [72] and f)
disrupt blood-brain barrier permeability.

Contrary to the transcriptional profile typical of “unstimulated” microglia which quickly
turns “off” after microglial stimulation, the high HexB transcriptional profile in
“unstimulated” microglia remains elevated in "stimulated” state, indicating that microglial
GM2 competence is relevant across various stages of microglial function in animals

[73]. Cortical tissue from patients with early-onset Tay—Sachs and Sandhoff diseases

reveal transcriptional profiles consistent with microglia and astrocytes activation including
expression of class Il histo-compatability antigens, the pro-inflammatory cytokine
osteopontin, and complement components, among others. [74]. These findings correlate
well with other experimental studies in animal models [60]. Microglial proliferation serves
to amplify and perpetuate inflammation. Inflammation itself threatens other cells types.[75]
There is a well-choreographed interaction between microglia and oligodendrocytes and this
interaction appears dysregulated in the models of GM2 gangliosidoses [72]. Abnormalities
in myelin-associated lipids appear to precede other cellular events in the Sandhoff mouse
model [54]. Disruption of oligodendrocytes impacts myelination during development and
the activated microglial response can, in itself, promote demyelination [75] Deficient

or disrupted axonal myelination by oligodendrocytes exerts detrimental effects on axon
stability and contributes to axonal transection and retrograde neuronal degeneration [62].

Animal models have played a foundational role in understanding the pathogenesis of GM2
gangliosidoses and have helped conceptualize and develop therapies [76]. For example,
Wada et. al.’s work on symptomatic Sandhoff mice also demonstrated an early and robust
apoptotic neuronal signature in the caudal regions of the brain and spinal cord as well

as a prominent microglial activation response and some of this response is ameliorated

by bone marrow transplantation (BMT) [77]. Production of Tay-Sachs mouse models via
targeted interruption of HexA gene in embryonic stem cell have shown characteristic
biochemical and neuropathologic features of Tay-Sachs disease. These features included
loss of B-hexosaminidase A activity and collection of GM2 ganglioside seen in characteristic
MCBs in an age-dependent manner [78,79], However, these animals, lack the prototypical
early severe phenotype of infantile B-hexosaminidase A deficiency [80,81]. This difference
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between the HexB (Sandhoff) and HexA (Tay-Sachs) deficient mouse models is explained
by the capacity of HexA deficient mice to catabolize stored GM2 ganglioside using
sialidase(s) to remove sialic acid and form the glycolipid GA2, which is further processed
by B-hexosaminidase B [80,82,83]. By creating a doubly null (HexA/ Neu3” ) mouse,

the severe disease aspects of infantile Tay-Sachs are much better recapitulated, serving as
suitable model for preclinical studies of severe Tay-Sachs [84].

How various cell linages interact and contribute to neurodegeneration are of great interest to
understanding the disease process and to uncovering potential therapeutic opportunities.
Histological and gene expression analysis revealed that an abnormal upregulation of
microglial activation preceded neuronal cell death. Mutant mice treated by bone marrow
transplantation in an attempt to repopulate with competent microglia suppressed the
explosive activation of microglia and slowed neuronal cell death [77]. In a mouse model

of Sandhoff disease, stimulation of the immune receptor FCRy has been established as a
contributor to the development of astrogliosis during the early phase of the disease and it
suggests that agents targeting this receptor could offer therapeutic opportunities in GM2
gangliosidoses [85].

While the effects of B-hexosaminidase A deficiency in development and subsequent

disease progression are not fully understood [61], human cerebral organoids derived

from induced pluripotent stem cells (iPSCs) have been a useful avenue to study changes

in neural differentiation. Cerebral organoids modeling neural differentiation in infantile
Sandhoff disease depicted an increase in GM2 ganglioside accumulation, enlarged volume
of the organoids themselves when compared to control organoids, increased cellular
proliferation, and impaired neuronal differentiation [86]. Neurodevelopmental alterations are
also recapitulated in the GM2 gangliosidoses zebrafish model showing increased lysosomal
speckles in radial glia, reduced locomotor activity, and increased apoptosis [35]. The
dynamics of normal cortical pyramidal cell dendritogenesis is disrupted in models of GM2
gangliosidoses resulting in morphological disruption at the axon hillock (mega neurites) and
formation of ectopic synaptic spines [87,88]. Cortical layer organization in the mouse model
of Sandhoff disease is abnormal [89].

4. Neurodegeneration in early vs. Late-onset disease

Comparison of symptoms and clinical course of early versus late-onset GM2 gangliosidoses,
highlights important differences (Figs. 1 & 2) (Table 1). In early disease, complete or
nearly complete absence of lysosomal GM2 turnover is predicted. Developmental processes
heavily dependent on lipid signaling, membrane assembly and turnover such as axon
elongation and sprouting, myelination, migration, and synaptic pruning are likely impaired.
Cellular dysfunction affects neurons, microglia and oligodendrocytes imparting a neuro-
developmental dimension to early GM2 gangliosidoses. Clinical findings in early disease
such as truncal hypotonia, cherry red macula, seizures, myoclonus and early developmental
arrest followed by rapid loss of early milestones argues for a disease process of rapid
progression that diffusely burdens the white matter of the cerebral hemispheres, cortex

and retina [11]. This line of reasoning is well supported by findings in infantile GM2

that include swollen and abnormal white matter on MRI [90] leading to macrocephaly,
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massive glial proliferation, excess accumulation of GM2 ganglioside and substrate storage
particularly in retinal ganglion cells. On the other hand, patients with late-onset GM2
gangliosides, most often develop normally and most live productive lives prior to symptom
onset. Their disease is characterized by slow progressive accumulation of disabilities that
share many features common to other neurodegenerative processes including neuromuscular
conditions such as spinal muscular atrophy (SMA) or amyotrophic lateral sclerosis (ALS),
or progressive cerebellar syndromes akin to spinal cerebellar ataxias (SCASs) [11,29,91].
Abnormal myelination is not a feature of late-onset disease [92]. Residual enzyme activity
may be sufficient to allow for normal development and myelination into adulthood, but, as
time progresses, perhaps, the burden of substrate accumulation or other yet unknown factors
reach a critical “threshold” where scales tip towards symptom onset and progression (Figs. 1
& 2). This clinical “threshold” may be driven by the interplay of residual enzyme activity in
the various cell types, age-related neuronal and synaptic attrition, and environmental factors
on a genomic and epigenomic background; conceptually similar to other neurodegenerative
disorders such as Parkinson’s disease, sporadic ALS or Alzheimer’s disease [93].

Processes that are known to be involved in other forms of neurodegeneration such as

beta amyloid clearance, progranulin function, and alpha synuclein metabolism variously
intersect with abnormalities uncovered in disease models of GM2 gangliosidoses [57,94,95].
Neurodegeneration in late-onset GM2 gangliosidoses has parallels to neurodegeneration in
other LSDs (Gaucher’s disease, NPC, ceroid lipofuscinoses, etc.) and in how it converges
into pathways involved in more common neurodegenerative conditions [96-99].

5. Symptom progression in Late-onset GM2 gangliosidoses

Patients with late-onset GM2 gangliosidoses demonstrate a substantial burden of disease
in the spinal cord anterior horn cells and the cerebellum, indicating that these structures
have a heightened vulnerability in the setting of late-onset GM2 gangliosidoses. A
substantial proportion of late-onset disease symptom burden and its progression is driven
by dysfunction in these two regions (Figs. 3 and 4) [11,93].

Progressive anterior horn maotor neuron loss (anterior horn cell neuronopathy) drives
progression of the neurogenic weakness and muscle atrophy characteristic of LOTS and
LOSD [29,34,100]. A clear determinant for the predilection for an earlier and more severe
involvement of the quadriceps and iliopsoas in the lower extremities and the triceps muscles
in the upper extremities is lacking. It is interesting to note, however, these muscles are
active in antigravity and pelvic girdle stabilization and postures, particularly during crawling
or in our primate ancestors, during quadrupedal stance [101]. Antigravity motor neurons
pools in the spinal cord have anatomical and functional characteristics that differentiate them
from other motor neuron pools. Motor neurons differentiate and aggregate in neuron pools
according to target muscles and this differentiation occurs according to a developmental
program orchestrated in time and space by a complex combination of transcriptional signals
[102]. Antigravity motor neurons exhibit sustained “tonic” action potential firing pattern
and their activity modulation is influenced by descending inputs that differ from those of
motor neurons with “phasic” activation patterns, but how GM2 renders certain populations
of motor neurons more susceptible to degeneration than others is unclear.

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toro et al.

Page 10

Models of other lower motor neuron (LMN) degeneration including SodZ and Optn deficient
mouse models of ALS demonstrate the interplay between microglia and oligodendrocytes
influencing LMN cell survival at the spinal cord level [103]. Microglial proliferation,
cytokine release, and activation of receptors such as RIPK1 are a critical component

of cell death in neurodegeneration [103-105]. “Cross-talk™ between activated microglia

and oligodendrocytes results in subclasses of microglia that are directly involved in
neurodegeneration, loss of myelin coverings and subsequent retrograde degeneration of
anterior horn cells [104]. Similar processes are likely implicated in GM2 gangliosidoses
[84].

Anterior horn motor neurons and Purkinje cells share in their exuberant morphological
features resulting in a large surface (membrane) area when compared to other neuronal
populations. Anterior horn cells have cylindrical axon extensions into peripheral motor
nerves which, in an adult human, could be well over one meter long. Purkinje cells, on the
other hand, have a large dendritic tree which has rapidly accelerated in complexity during
the evolutionary transition from non-human primate to humans [106]. This evolutionary
acceleration in complexity is recapitulated ontogenically in the rapid increase in Purkinje
cell dendritic complexity during fetal development and infancy [107]. The resulting
exuberant dendritic tree confers to Purkinje cells a surface area that is several orders of
magnitude larger than any other neuronal cell type [108,109]. The cerebellum is highly
cellular and may contain over four times more neurons than the neocortex [110]. It is
estimated that the human cerebellum, despite its relative smaller size, has almost 80% of the
surface area of the entire neocortex resulting from highly compact folding of the folia [111].
While highly cellular, the functional connectivity of the cerebellum is modular with an
astonishing convergence (integration) of inputs onto Purkinje cells. Inputs from many brain
regions arrive to the cerebellum. Tens of thousands of synaptic inputs may coverage into
any given Purkinje cell’s dendritic tree. Purkinje cell axons provide the sole output of the
cerebellum via connections to the deep cerebellar nuclei. Second order connections to relay
structures such as the thalamus, creates a system of widespread reciprocal interconnected
networks [112].

Imaging findings in LOTS patients demonstrates prominent cerebellar atrophy at the

time of diagnosis [29,30,92], and indeed, progression of atrophy is demonstrated thru

the course of the disease (Fig. 4A). Cranial imaging across the disease span suggests

that cerebellar atrophy progresses out of proportion to other anatomical brain structures
[29,36]. Neuropathology studies of the cerebellum in LOTS shows loss of Purkinje cells and
advanced stages of cerebellar atrophy and degeneration [51].

Purkinje cells are uniquely vulnerable to injury and are frequently the first target of noxious
events including neurotoxic exposures (ethanol, some anti-epileptic agents, chemotherapy,
etc.), hyperthermia, anoxia, and metabolic, inflammatory, immune mediated and many
genetic disorders such as NPC and many repeat expansion disorders which have ataxia

as an earlier manifestation [58,113-115]. The turnover and remodeling of dendritic spines

of Purkinje cells is an important aspect of neuronal plasticity required for development,
learning and adaptation [116,117]. These processes have been widely implicated in disorders
such as autism [118,119] and psychiatric illness [120,121]. Dendritic sprouting, pruning
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and membrane maintenance are metabolically expensive as demonstrated by the effects
caused by dysfunctional mitochondrial fission and migration onto dendritic arborizations
of Purkinje cells and the role of accumulating reactive oxygen species contributes to
cerebellar degeneration [122]. While the exact metabolic “cost” required to preserve normal
membrane homeostasis, lipid recycling (including GM2), resting membrane potentials and
other basic housekeeping functions of Purkinje cells and anterior horn cells is unknown;

it is likely to be substantial and to contribute to neurodegeneration [123-126]. Lysosomal
GMz2-incompetence in Purkinje, anterior horn cells and in the large cadre of related support
cells represent a system vulnerability capable of engaging known pathways of Purkinje cell
degeneration [126].

In the last two decades clinical and human functional neuroimaging studies of cognition
have discovered a surprising involvement of the cerebellum for activities well beyond

those associated with motor control [127]. Anatomically, the cerebellum is well position

to reciprocally communicate broadly with other brain regions including cortical motor
sensory areas and multiple nonmotor areas in the prefrontal and posterior parietal cortex
(Fig. 4B). Thus, the closed-loop arrangement provides a network basis for neocortical-
cerebellar interactions and the anatomical substrate to influence not only the control of
movement but also many other aspects of human development, cognition and behavior
[128]. The concept of the cerebellar cognitive affective syndrome (CCAS) has become a
well-defined entity that captures the neuropsychological profiles and deficits that emerge in
the context of cerebellar pathology [129] (Fig. 4 B and C) (modified from [112]) and involve
neocortical areas engaged in complex cognitive processes, such as attention, executive
function, language processing, learning etc. Aside from neuromuscular weakness (emerging
from spinal cord pathology), dysfunction of large scale networks through the cerebellum
may account for many clinical and behavioral aspects of late-onset GM2 gangliosidoses
such as incoordination, tremor, executive dysfunction [30,91], impaired eye movements
[30,31], dysarthria and conceivably some aspects of the psychiatric symptoms [32].

6. Therapeutic possibilities

Therapy in the GM2 disorders will require mitigation and/or reversal of stored GM2
ganglioside in disease-relevant tissues. Minimizing the diagnostic odyssey through newborn
screening and community and physician education will be keys to successful therapy,
particularly in the rapidly progressive infantile onset disease. Early diagnosis will also

be critical in juvenile and adult-onset forms where considerable compromise of the CNS
takes place before symptom onset and subsequent diagnosis. However, even initiating
treatment in the first few weeks of life may not be sufficient to reverse the storage and/or
the consequences of storage that have been present since mid-gestation in infantile onset
patients [130,131]. Trials in juvenile and late-onset disease are confounded by small patient
numbers (juvenile) and the variability in symptom onset and progression (juvenile and
late-onset) and may require novel or more lengthy trial designs to demonstrate a positive
outcome.

Mitigation of GM2 storage can theoretically be accomplished by reducing GM2 substrate
accumulation, increasing B-hexoaminidase A enzyme activity, or a combination of the two.
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Small molecules such as miglustat, eliglustat, and more recently venglustat, all competitive
inhibitors of glucosylceramide synthase, the first committed step in glycosphingolipid
synthesis, have been used with variable effect. Miglustat was shown to be successful in
extending the lifespan of the Sandhoff mouse model by 40%, from 125 to 170 days [132]
yet miglustat in a human clinical trial did not achieve its proposed endpoint of increase in
manual muscle strength at the 12 and 36 month timepoints [133] although there was some
indication that the dysarthria was improved in some adult-onset patients. Unacceptable side
effects such as diarrhea and flatulence caused early withdrawal of some subjects from the
study. Eliglustat has been effective in treating type 1 Gaucher disease [134-137] and is
now FDA approved for this indication, but it has poor CNS penetration for neuronopathic
forms of the disease. Venglustat has improved CNS penetration and is currently in clinical
trials for LOTS and LOSD (NCT04221451), type 3 Gaucher disease (NCT02843035), and
Fabry disease (NCT02228460). NCT04221451 also has a small open-label arm to treat other
disorders including patients with juvenile onset GM1 or GM2 gangliosidoses.

Small molecule therapy extends beyond substrate reduction and utilizes strategies to screen
approved drugs for repurposing. Pyrimethamine is one such drug that showed the ability to
decrease GM2 storage [138]. A second drug, N-acetyl leucine, originally approved for the
treatment of motion sickness has recently been shown to improve lifespan in murine models
NPC and SD and in patients with NPC, TSD, and SD [139]. Multi-center open-label trials
of N-acetyl-L-leucine for NPC (NCT03759639), GM2 gangliosidoses (NCT03759665) and
ataxia telangiectasia (NCT 03759678) are currently underway.

Reasoning that microglia are macrophage derived, Norflus et al demonstrated an increase
in survival from 4.5 months to 8 months and improvements in behavioral testing in the
Sandhoff disease mouse receiving bone marrow transplantation at 10-16 days of age [140].
Treating with a combination of BMT and miglustat further improved survival [141]. In a
similar effort, three of five children with infantile Tay-Sachs disease undergoing umbilical
cord blood transplant survived greater than 5 years but the quality of life was severely
limited [142]. Bone marrow transplant (BMT) did not impact disease progression in a
patient with juvenile Tay-Sachs disease when compared with her older untreated sibling
[143], though, on a single case report, BMT was reported to slow neurodegeneration in
patients with LOTS [138,144]

Enzyme replacement therapy (ERT) [1] is widely available for many LSDs including
Gaucher, Fabry, and Pompe diseases and several mucopolysaccharidoses. ERT for

GM2 gangliosdiosis was first attempted by Johnson who delivered p-hexosaminidase A
intravenously to a child with Sandhoff disease. Although enzyme was detected in the liver
at autopsy it was not found in the CSF or brain parenchyma presumably because enzyme
was not able to cross the blood brain barrier (BBB) [145]. Highly phosphomannosylated
B-hexosaminidase A enzyme delivered intraventricularly to Sandhoff disease mice restored
enzyme activity in neurons, reduced GM2 and GA2 substrates and resulted in modest
improvement in behavior and longevity [146]. More recently, a genetically engineered
HEXB enzyme encoding the chimeric human B-subunit containing partial amino acid
sequence of the a-subunit by structure-based homology was injected into the cerebral
ventricles of Sandhoff disease mice restoring p-hexosaminidase A activity in the brains
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and reducing GM2 ganglioside storage in brain parenchyma. The authors suggest that this
re-engineered HexB protein might be less antigenic in Tay-Sachs disease patients with

null mutations in the HexA gene [147]. The delivery of fusion proteins comprised of
B-hexosaminidase A enzyme coupled with ferritin or other proteins containing receptors on
the surface of brain endothelial cells have also been proposed as strategies to traverse the
BBB, but none have progressed to clinical trials.

Gene therapy provides an attractive option for therapy for LSDs including GM2 disease
since cross correction by secretion of enzyme and uptake by neighboring cells implies

that not all cells need to be transfected to provide widespread enzyme distribution [148].
Effective gene therapy for GM2 disease was demonstrated first in the Sandhoff mouse model
[149,150] using intracranial injection of AAV2 vectors containing the sequence for the
human alpha (HEXA) and beta (HEXB) subunits of B-hexosaminidase A enzyme. Lifespan
and function were extended from 4 months to greater than 1 year in treated animals.

These encouraging results were extended to the feline Sandhoff model where intracranial
injection of AAVrh8 vectors containing alpha and beta subunits corrected GM2 storage

and resulted in improved survival [151-154] even when administered to symptomatic
animals, a similar correlate to human patients at the time of diagnosis [155]. Utilizing a
brain size more commensurate with that of a young child, Gray-Edwards and colleagues
[156] demonstrated therapeutic efficacy using intracranial injection in a Tay-Sachs sheep
with AAVrh8 vectors containing the alpha and beta subunits. This intracranial injection

of equimolar concentrations of AAV vectors containing the alpha and beta subunits has
recently been advanced to clinical trials for patients with infantile and juvenile TSD and SD
(NCTO04669535). Improvements in vector design to accommodate alpha and beta subunits
in the same AAV vector [157] and safe and reliable vector delivery [158] have also been
demonstrated. A similar, bicistronic AAV9 vector containing both HEXA and HEXB has
recently been approved for a phase 1 trial in infantile GM2 patients (NCT04798235).

To alleviate the need for delivery of both HEXA and HEXB genes, a modified a-subunit
containing critical sequences from the B-subunit was used to create a homodimer (Hex
M) [159] that was able to degrade GM2 substrate. This AAV-based vector injected into
neonatal SD mice was able to extend the lifespan and improve behavior [160]. As a

first demonstration of the potential for genetic manipulations in the treatment of GM2
gangliosidoses, AAV8 carrying the HexM construct was also used in combination with
a second vector carrying the CRISPR Cas9 gene editing construct for integration into
the albumin locus. Neonatally injected SD mice examined at 4 months showed increased
enzyme activity in all tissues examined, including brain, and improved performance on
rotarod analysis [161].

Intravenous administration and targeted delivery of AAVSs selective for brain endothelial
receptors and containing HEXA and HEXB have also been shown to reduce ganglioside
accumulation and improve survival and motor function in SD mice [162].

Progress using gene therapy has not been limited to in vivo delivery of AAV vectors. A
novel lentiviral vector containing both HEXA and HEXB genes successfully transduced
SD mouse neurons and glial cells as well as bone marrow-derived hematopoietic stem/
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progenitor cells and human SD fibroblasts [163]. A similar HEXA/HEXB lentiviral vector
has recently been used to transduce hematopoietic stem cells from a humanized SD mouse
model for ex vivo delivery. The engrafted mice showed improvements in both motor and
behavioral skills [164].

Approval of specific therapies for the GM2 gangliosidoses will require not only
improvement in relevant biomarkers of disease progression, but in outcomes that
demonstrate meaningful clinical improvements in the quality of life for patients and

their families. Optimizing supportive care with physical, occupational and speech/language
therapies will be equally important. A multiprong approach combining therapies that reduce
substrate synthesis, improve or restore p-hexosaminidase A activity against stored GM2
while mitigating inflammation/neurodegeneration may be required to obtain consistently
improved lasting outcomes.

7. Conclusions

The last three decades have provided a much better understanding of GM2 gangliosidoses.
Cloning and sequencing of the genes for HEXA and HEXB allowed recognition of common
mutations, which combined with enzyme testing has offered the possibility of carrier testing
for at risk populations, prenatal testing, and more rapid and accurate patient diagnosis. The
development of animal models of GM2 gangliosidoses has provided platforms to understand
the biology of B-hexosaminidase A, the effects of GM2 accumulation on the nervous system
and the cascade of events that unfolds as the disease process evolves in time and space,
including complex neurodevelopmental, neuroinflammatory and neurodegenerative aspects
involving not only neurons but also microglia, oligodendrocytes and astrocytes [76,165].
Cell and animal-based models have provided the opportunity to test a variety of therapeutic
strategies, most recently, in vivo delivery of viral vectors containing both HEXA and HEXB.
Translation of these efforts to patients suffering from GM2 gangliosidoses are currently
being sought.

While we divide GM2 gangliosidoses in subgroups, it is very clear that GM2 gangliosidoses
represents a disease continuum driven by the amount of residual p-hexosaminidase

A activity. At the extremes of this disease spectrum, early and late onset GM2
gangliosidoses, the patient-experience is quite different. Despite sharing a common
mechanism (B-hexosaminidase A enzyme deficiency), the time of symptoms onset, slope

of progression, distribution of pathology and mechanisms leading to neuronal dysfunction
may vary. Early disease may have a neurodevelopmental and dysmyelination aspects
followed by neuroinflammatory and rapidly progressing neurodegenerative processes that
burden the hemispheres, cortex, white matter, and retina; while late-onset disease has
neuroinflammatory and neurodegenerative features that disproportionally burden the spinal
cord anterior horn cells and the cerebellum and may share features more common to other
age-related neurodegenerative diseases. The latter creates a challenge for early diagnosis as
many patients may easily be mistaken for common forms of adult neurodegeneration such as
ALS or spinal cerebellar ataxias. While the clinical course of GM2 gangliosidoses emerging
from HEXA or HEXB mutations have been largely considered indistinguishable from each
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other in early disease (Table 1), in late-onset disease, some features may be more prevalent
in one form than the other.

As potential disease modifying therapies, including gene therapy emerge, their success
(alone or in combination) are likely to be dependent on disease burden and preexisting
pathology at the time of therapy initiation. The definition of successful outcome(s) will
require careful consideration of the age of symptom onset, disability, slope of progression,
targeted tissues, and targeted symptoms, all variable across the disease spectrum. A
concerted educational effort should be in place for early recognition of GM2 gangliosides
across all age groups, but particularly in adults with late-onset disease, since the success of
therapy may be measured in the long-term preservation of function. Currently, time from
symptom onset to a molecular diagnosis of late-onset GM2 gangliosidoses is unacceptably
protracted with many patients being diagnosed at advanced stages of disability.

Acknowledgements

The authors wish to thank and acknowledge all patients and families that have participated in the Natural History
of Glycosphingolipid and Glycoprotein Lysosomal Storage Disorders (NCT0002996) at the National Institutes

of Health (NIH) in Bethesda, MD. We also wish to acknowledge the National Tay-Sacks & Allied Diseases
Association (NTSAD) for their enduring dedication and support to patients and families with GM2 gangliosidoses
and related disorders and the Katie and Allie Buryk Research Fund for supporting increased multidisciplinary
scientific collaboration on GM2 gangliosidoses. The authors thank Dr. Rick Proia for his comments, suggestions,
and critical review of this manuscript.

This work is supported by funds from the NIH Intramural Research Program (IRP) to the National Human Genome
Research Institute (NHGRI) and funding from the Office of the Director’s Common Fund to the Undiagnosed
Diseases Program/Undiagnosed Diseases Network.

References

[1]. Desnick RJ, Kaback MM, Tay-Sachs Disease, Academic, San Diego, Calif. London, 2001, p. 363.

[2]. Platt FM, et al. , Lysosomal storage diseases, Nat. Rev. Dis. Primers 4 (1) (2018) 27. [PubMed:
30275469]

[3]. O’Brien JS, et al. , Characterization of unusual hexosaminidase A (HEX A) deficient human
mutants, Am. J. Hum. Genet 30 (6) (1978) 602—-608. [PubMed: 747188]

[4]. Kaback MM, Population-based genetic screening for reproductive counseling: the Tay-Sachs
disease model, Eur. J. Pediatr 159 (Suppl 3) (2000) S192-S195. [PubMed: 11216898]

[5]. Sandhoff K, Andreae U, Jatzkewitz H, Deficient hexosaminidase activity in an exceptional case of
Tay-Sachs disease with additional storage of kidney globoside in visceral organs, Pathol Eur 3 (2)
(1968) 278-285. [PubMed: 5688464]

[6]. Sandhoff K, Variation of beta-N-acetylhexosaminidase-pattern in Tay-Sachs disease, FEBS Lett 4
(4) (1969) 351-354. [PubMed: 11947222]

[7]. Krivit W, et al. , Generalized accumulation of neutral glycosphingolipids with GM2 ganglioside
accumulation in the brain. Sandhoff’s disease (variant of Tay-Sachs disease), Am. J. Med 52 (6)
(1972) 763-770. [PubMed: 5030173]

[8]. Sandhoff K, Christomanou H, Biochemistry and genetics of gangliosidoses, Hum. Genet 50 (2)
(1979) 107-143. [PubMed: 116955]

[9]. Geiger B, Arnon R, Chemical characterization and subunit structure of human N-
acetylhexosaminidases A and B, Biochemistry 15 (16) (1976) 3484—3493. [PubMed: 952871]

[10]. Scott SA, et al. , Experience with carrier screening and prenatal diagnosis for 16 Ashkenazi
Jewish genetic diseases, Hum. Mutat 31 (11) (2010) 1240-1250. [PubMed: 20672374]

[11]. Toro C, Shirvan L, and Tifft C, HEXA Disorders, in GeneReviews((R)), Adam MP, et al., Editors.
1993: Seattle (WA).

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.


https://clinicaltrials.gov/ct2/show/NCT0002996

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Toro et al.

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].
[21].

[22].

[23].
[24].
[25].

[26].

[27].
[28].
[29].
[30].
[31].
[32].

[33].

Page 16

National Organization for Rare Disorders. Rare Disease Database 2021 4 4 2021]; Available
from: https://rarediseases.org/rare-diseases/sandhoff-disease/.

Myerowitz R, Proia RL, cDNA clone for the alpha-chain of human beta-hexosaminidase:
deficiency of alpha-chain mRNA in Ashkenazi Tay-Sachs fibroblasts, Proc. Natl. Acad. Sci.
USA 81 (17) (1984) 5394-5398. [PubMed: 6236461]

Navon R, Proia RL, The mutations in Ashkenazi Jews with adult GM2 gangliosidosis, the adult
form of Tay-Sachs disease, Science 243 (4897) (1989) 1471-1474. [PubMed: 2522679]

Myerowitz R, Splice junction mutation in some Ashkenazi Jews with Tay-Sachs disease:
evidence against a single defect within this ethnic group, Proc. Natl. Acad. Sci. USA 85 (11)
(1988) 3955-3959. [PubMed: 3375249]

Myerowitz R, Costigan FC, The major defect in Ashkenazi Jews with Tay-Sachs disease is an
insertion in the gene for the alpha-chain of beta-hexosaminidase, J. Biol. Chem 263 (35) (1988)
18587-18589. [PubMed: 2848800]

Paw BH, et al. , Frequency of three Hex A mutant alleles among Jewish and non-Jewish

carriers identified in a Tay-Sachs screening program, Am. J. Hum. Genet 47 (4) (1990) 698-705.
[PubMed: 2220809]

Miner ClinVar. List of variants in gene HEXA reported as pathogenic for Tay-Sachs disease
2021 4 4 2021]; Available from: https://clinvarminer.genetics.utah.edu/variants-by-gene/HEXA/
condition/Tay-Sachs%20disease/pathogenic.

NTSAD. NTSAD Position Statement 2019 Update. 2019 May 9, 2021];
Available from: https://www.ntsad.org/index.php/resources/library/prevent/471-2019-ntsad-tay-
sachs-carrier-screening-position-statement.

O’Dowd BF, et al. , Isolation of cDNA clones coding for the beta subunit of human beta-
hexosaminidase, Proc. Natl. Acad. Sci. USA 82 (4) (1985) 1184-1188. [PubMed: 2579389]

Bapat B, et al. , Cloning and sequence analysis of a cDNA encoding the beta-subunit of mouse
beta-hexosaminidase, FEBS Lett 237 (1-2) (1988) 191-195. [PubMed: 2971567]

Miner ClinVar. List of variants in gene HEXB reported as pathogenic for Sandhoff disease
2021 4 4 2021]; Available from: https://clinvarminer.genetics.utah.edu/variants-by-gene/HEXB/
condition/Sandhoff%20disease/pathogenic.

de Baecque CM, et al. , GM2-gangliosidosis, AB variant: clinico-pathological study of a case,
Acta Neuropathol 33 (3) (1975) 207-226. [PubMed: 174379]

Schroder M, et al. , Isolation of a cDNA encoding the human GM2 activator protein, FEBS Lett
251 (1-2) (1989) 197-200. [PubMed: 2753159]

Schroder M, et al. , A mutation in the gene of a glycolipid-binding protein (GM2 activator) that
causes GM2-gangliosidosis variant AB, FEBS Lett 290 (1-2) (1991) 1-3. [PubMed: 1915858]

Miner ClinVar. List of variants in the gene GM2A reported

pathogenic 2021 3 20, 2021]; Available from: https://clinvarminer.genetics.utah.edu/
variants-by-gene/GM2A/condition/Tay-Sachs%20disease%2C%?20variant%20AB/pathogenic?
min_stars1=&method1=&min_conflict_level=&gene_type=&date=2021-05-01.

\Volk BW and Schneck L, The Gangliosidoses 1975, New York: Plenum Press. xv, 277 p.

Gravel RA, K.M.M., Proia RL, Sandhoff K, Suzuki K, Suzuki K, The GM2 gangliosidoses, in
The Online Metabolic and Molecular Bases of Inherited Disease, A.S. Valle DL, Ballabio A,
Beaudet AL, Mitchell GA, Editor. 2019, McGraw Hill.

Masingue M, et al. , Natural History of Adult Patients with GM2 Gangliosidosis, Ann. Neurol 87
(4) (2020) 609-617. [PubMed: 31995250]

Stephen CD, et al. , Quantitative oculomotor and nonmotor assessments in late-onset GM2
gangliosidosis, Neurology 94 (7) (2020) e705—e717. [PubMed: 31964693]

Rucker JC, et al. , Neuro-ophthalmology of late-onset Tay-Sachs disease (LOTS), Neurology 63
(10) (2004) 1918-1926. [PubMed: 15557512]

MacQueen GM, Rosebush PI, Mazurek MF, Neuropsychiatric aspects of the adult variant of
Tay-Sachs disease, J. Neuropsychiatry Clin. Neurosci 10 (1) (1998) 10-19. [PubMed: 9547461]
Grim KK, Phillips GD, Renner DR, Dysarthria and Stutter as Presenting Symptoms of Late-
Onset Tay-Sachs Disease in Three Siblings, Mov Disord Clin Pract 2 (3) (2015) 289-290.
[PubMed: 30363497]

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.


https://rarediseases.org/rare-diseases/sandhoff-disease/
https://clinvarminer.genetics.utah.edu/variants-by-gene/HEXA/condition/Tay-Sachs%20disease/pathogenic
https://clinvarminer.genetics.utah.edu/variants-by-gene/HEXA/condition/Tay-Sachs%20disease/pathogenic
https://www.ntsad.org/index.php/resources/library/prevent/471-2019-ntsad-tay-sachs-carrier-screening-position-statement
https://www.ntsad.org/index.php/resources/library/prevent/471-2019-ntsad-tay-sachs-carrier-screening-position-statement
https://clinvarminer.genetics.utah.edu/variants-by-gene/HEXB/condition/Sandhoff%20disease/pathogenic
https://clinvarminer.genetics.utah.edu/variants-by-gene/HEXB/condition/Sandhoff%20disease/pathogenic
https://clinvarminer.genetics.utah.edu/variants-by-gene/GM2A/condition/Tay-Sachs%20disease%2C%20variant%20AB/pathogenic?min_stars1=&method1=&min_conflict_level=&gene_type=&date=2021-05-01
https://clinvarminer.genetics.utah.edu/variants-by-gene/GM2A/condition/Tay-Sachs%20disease%2C%20variant%20AB/pathogenic?min_stars1=&method1=&min_conflict_level=&gene_type=&date=2021-05-01
https://clinvarminer.genetics.utah.edu/variants-by-gene/GM2A/condition/Tay-Sachs%20disease%2C%20variant%20AB/pathogenic?min_stars1=&method1=&min_conflict_level=&gene_type=&date=2021-05-01

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toro et al.

Page 17

[34]. Jahnova H, et al. , Amyotrophy, cerebellar impairment and psychiatric disease are the main

symptoms in a cohort of 14 Czech patients with the late-onset form of Tay-Sachs disease, J.
Neurol 266 (8) (2019) 1953-1959. [PubMed: 31076878]

[35]. Kuil LE, et al. , Hexb enzyme deficiency leads to lysosomal abnormalities in radial glia and

microglia in zebrafish brain development, Glia 67 (9) (2019) 1705-1718. [PubMed: 31140649]

[36]. Rowe OE, et al. , Magnetic resonance imaging and spectroscopy in late-onset GM2-

gangliosidosis, Mol. Genet. Metab 133 (4) (2021) 386-396. [PubMed: 34226107]

[37]. Sedel F, et al. , Psychiatric manifestations revealing inborn errors of metabolism in adolescents

and adults, J. Inherit. Metab. Dis 30 (5) (2007) 631-641. [PubMed: 17694356]

[38]. Rosebush PI, et al. , Late-onset Tay-Sachs disease presenting as catatonic schizophrenia:

diagnostic and treatment issues, J. Clin. Psychiatry 56 (8) (1995) 347-353. [PubMed: 7635850]

[39]. Shayman JA, Abe A, Drug induced phospholipidosis: an acquired lysosomal storage disorder,

BBA 1831 (3) (2013) 602-611. [PubMed: 22960355]

[40]. Shapiro BE, et al. , Late-onset Tay-Sachs disease: adverse effects of medications and implications

for treatment, Neurology 67 (5) (2006) 875-877. [PubMed: 16966555]

[41]. Hurowitz Gl, et al. , Neuropsychiatric aspects of adult-onset Tay-Sachs disease: two case reports

with several new findings, J. Neuropsychiatry Clin. Neurosci 5 (1) (1993) 30-36. [PubMed:
8428133]

[42]. Cox TM, Lysosomal Diseases and Neuropsychiatry: Opportunities to Rebalance the Mind, Front

Mol Biosci 7 (2020) 177. [PubMed: 33005626]

[43]. Gomez-Lira M, et al. , A common beta hexosaminidase gene mutation in adult Sandhoff disease

patients, Hum. Genet 96 (4) (1995) 417-422. [PubMed: 7557963]

[44]. Grunseich C, et al. , Peripheral neuropathy in a family with Sandhoff disease and SH3TC2

deficiency, J. Neurol 262 (4) (2015) 1066-1068. [PubMed: 25736553]

[45]. Schnorf H, et al. , Early and severe sensory loss in three adult siblings with hexosaminidase A

and B deficiency (Sandhoff disease), J. Neurol. Neurosurg. Psychiatry 59 (5) (1995) 520-523.
[PubMed: 8530938]

[46]. Salman MS, et al. , Peripheral and autonomic nervous system involvement in chronic GM2-

gangliosidosis, J. Inherit. Metab. Dis 24 (1) (2001) 65-71. [PubMed: 11286385]

[47]. Modigliani R, et al. , Diarrhea and autonomic dysfunction in a patient with hexosaminidase B

deficiency (Sandhoff disease), Gastroenterology 106 (3) (1994) 775-781. [PubMed: 8119549]

[48]. Shapiro BE, et al. , Late-onset Tay-Sachs disease: the spectrum of peripheral neuropathy in 30

affected patients, Muscle Nerve 38 (2) (2008) 1012-1015. [PubMed: 18642377]

[49]. Oates CE, Bosch EP, Hart MN, Movement disorders associated with chronic GM2

gangliosidosis. Case report and review of the literature, Eur. Neurol 25 (2) (1986) 154-159.

[50]. Kornfeld M, Neuropathology of chronic GM2 gangliosidosis due to hexosaminidase A

deficiency, Clin. Neuropathol 27 (5) (2008) 302-308. [PubMed: 18808061]

[51]. Rapin I, et al. , Adult (chronic) GM2 gangliosidosis. Atypical spinocerebellar degeneration in a

Jewish sibship, Arch. Neurol 33 (2) (1976) 120-130. [PubMed: 175770]

[52]. Shirabe T, Hirokawa M, Asaki H, An autopsy case of Tay-Sachs disease-with special reference

to axonal swellings of the central nervous system and freeze-fracture replication studies of the
membranous cytoplasmic bodies, Folia Psychiatr Neurol Jpn 34 (4) (1980) 515-523. [PubMed:
7262729]

[53]. Colussi DJ, Jacobson MA, Patient-Derived Phenotypic High-Throughput Assay to Identify Small

Molecules Restoring Lysosomal Function in Tay-Sachs Disease, SLAS Discov 24 (3) (2019)
295-303. [PubMed: 30616450]

[54]. Lecommandeur E, et al. , Decrease in Myelin-Associated Lipids Precedes Neuronal Loss and

Glial Activation in the CNS of the Sandhoff Mouse as Determined by Metabolomics, Metabolites
11 (1) (2020).

[55]. Poliani PL, et al. , TREMZ2 sustains microglial expansion during aging and response to

demyelination, J Clin Invest 125 (5) (2015) 2161-2170. [PubMed: 25893602]

[56]. Nugent AA, et al., TREM2 Regulates Microglial Cholesterol Metabolism upon Chronic

Phagocytic Challenge, Neuron 105 (5) (2020) 837-854 9. [PubMed: 31902528]

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toro et al.

Page 18

[57]. Keilani S, et al. , Lysosomal dysfunction in a mouse model of Sandhoff disease leads to
accumulation of ganglioside-bound amyloid-beta peptide, J. Neurosci 32 (15) (2012) 5223-5236.
[PubMed: 22496568]

[58]. Huang JQ, et al. , Apoptotic cell death in mouse models of GM2 gangliosidosis and observations
on human Tay-Sachs and Sandhoff diseases, Hum. Mol. Genet 6 (11) (1997) 1879-1885.
[PubMed: 9302266]

[59]. Wang C, et al. , Critical roles of sphingosine kinase 1 in the regulation of neuroinflammation
and neuronal injury after spinal cord injury, J Neuroinflammation 18 (1) (2021) 50. [PubMed:
33602274]

[60]. Jeyakumar M, et al. , Central nervous system inflammation is a hallmark of pathogenesis in
mouse models of GM1 and GM2 gangliosidosis, Brain 126 (Pt 4) (2003) 974-987. [PubMed:
12615653]

[61]. Hooper AW, Igdoura SA, Bi-phasic gliosis drives neuropathology in a Sandhoff disease mouse
model, J. Neuroimmunol 299 (2016) 19-27. [PubMed: 27725117]

[62]. Liddelow SA, et al. , Neurotoxic reactive astrocytes are induced by activated microglia, Nature
541 (7638) (2017) 481-487. [PubMed: 28099414]

[63]. Nestrasil I, et al. , Distinct progression patterns of brain disease in infantile and juvenile
gangliosidoses: Volumetric quantitative MRI study, Mol. Genet. Metab 123 (2) (2018) 97-104.
[PubMed: 29352662]

[64]. Maegawa GH, et al. , The natural history of juvenile or subacute GM2 gangliosidosis: 21 new
cases and literature review of 134 previously reported, Pediatrics 118 (5) (2006) e1550-e1562.
[PubMed: 17015493]

[65]. Sargeant TJ, et al. , Characterization of inducible models of Tay-Sachs and related disease, PLoS
Genet 8 (9) (2012), €1002943. [PubMed: 23028353]

[66]. Ayata P, et al. , Epigenetic regulation of brain region-specific microglia clearance activity, Nat.
Neurosci 21 (8) (2018) 1049-1060. [PubMed: 30038282]

[67]. Paolicelli RC, et al. , Synaptic pruning by microglia is necessary for normal brain development,
Science 333 (6048) (2011) 1456-1458. [PubMed: 21778362]

[68]. Schafer DP, et al. , Microglia sculpt postnatal neural circuits in an activity and complement-
dependent manner, Neuron 74 (4) (2012) 691-705. [PubMed: 22632727]

[69]. Schafer DP, Lehrman EK, Stevens B, The “quad-partite” synapse: microglia-synapse interactions
in the developing and mature CNS, Glia 61 (1) (2013) 24-36. [PubMed: 22829357]

[70]. Ginhoux F, et al. , Fate mapping analysis reveals that adult microglia derive from primitive
macrophages, Science 330 (6005) (2010) 841-845. [PubMed: 20966214]

[71]. Chitu V, et al. , Emerging Roles for CSF-1 Receptor and its Ligands in the Nervous System,
Trends Neurosci 39 (6) (2016) 378-393. [PubMed: 27083478]

[72]. Walker DG, Lue LF, Immune phenotypes of microglia in human neurodegenerative disease:
challenges to detecting microglial polarization in human brains, Alzheimers Res Ther 7 (1)
(2015) 56. [PubMed: 26286145]

[73]. Masuda T, et al. , Novel Hexb-based tools for studying microglia in the CNS, Nat. Immunol 21
(7) (2020) 802—-815. [PubMed: 32541832]

[74]. Myerowitz R, et al. , Molecular pathophysiology in Tay-Sachs and Sandhoff diseases as revealed
by gene expression profiling, Hum. Mol. Genet 11 (11) (2002) 1343-1350. [PubMed: 12019216]

[75]. Cash E, Zhang Y, Rott O, Microglia present myelin antigens to T cells after phagocytosis of
oligodendrocytes, Cell. Immunol 147 (1) (1993) 129-138. [PubMed: 7681729]

[76]. Lawson CA, Martin DR, Animal models of GM2 gangliosidosis: utility and limitations, Appl
Clin Genet 9 (2016) 111-120. [PubMed: 27499644]

[77]. Wada R, Tifft CJ, Proia RL, Microglial activation precedes acute neurodegeneration in Sandhoff
disease and is suppressed by bone marrow transplantation, Proc. Natl. Acad. Sci. USA 97 (20)
(2000) 10954-10959. [PubMed: 11005868]

[78]. Yamanaka S, et al. , Targeted disruption of the Hexa gene results in mice with biochemical and
pathologic features of Tay-Sachs disease, Proc. Natl. Acad. Sci. USA 91 (21) (1994) 9975-9979.
[PubMed: 7937929]

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toro et al.

Page 19

[79]. Taniike M, et al. , Neuropathology of mice with targeted disruption of Hexa gene, a model of
Tay-Sachs disease, Acta Neuropathol 89 (4) (1995) 296-304. [PubMed: 7610760]

[80]. Sango K, et al. , Mouse models of Tay-Sachs and Sandhoff diseases differ in neurologic
phenotype and ganglioside metabolism, Nat. Genet 11 (2) (1995) 170-176. [PubMed: 7550345]

[81]. Miklyaeva El, et al. , Late onset Tay-Sachs disease in mice with targeted disruption of the Hexa
gene: behavioral changes and pathology of the central nervous system, Brain Res 1001 (1-2)
(2004) 37-50. [PubMed: 14972652]

[82]. Seyrantepe V, et al. , Murine Sialidase Neu3 facilitates GM2 degradation and bypass in mouse
model of Tay-Sachs disease, Exp. Neurol 299 (Pt A) (2018) 26—41. [PubMed: 28974375]

[83]. Kolodny EH, et al. , Properties of a particle-bound enzyme from rat intestine that cleaves sialic
acid from Tay-Sachs ganglioside, J. Biol. Chem 246 (5) (1971) 1426-1431. [PubMed: 5545085]

[84]. Demir SA, et al. , GM2 ganglioside accumulation causes neuroinflammation and behavioral
alterations in a mouse model of early onset Tay-Sachs disease, J. Neuroinflamm 17 (1) (2020)
277.

[85]. Ogawa Y, et al. , FcRgamma-dependent immune activation initiates astrogliosis during the
asymptomatic phase of Sandhoff disease model mice, Sci. Rep 7 (2017) 40518. [PubMed:
28084424]

[86]. Allende ML, et al. , Cerebral organoids derived from Sandhoff disease-induced pluripotent
stem cells exhibit impaired neurodifferentiation, J. Lipid Res 59 (3) (2018) 550-563. [PubMed:
29358305]

[87]. Walkley SU, et al. , GM2 ganglioside as a regulator of pyramidal neuron dendritogenesis, Ann.
N. Y. Acad. Sci 845 (1998) 188-199. [PubMed: 9668352]

[88]. Purpura DP, Suzuki K, Distortion of neuronal geometry and formation of aberrant synapses in
neuronal storage disease, Brain Res 116 (1) (1976) 1-21. [PubMed: 824017]

[89]. Ogawa Y, et al. , Abnormal organization during neurodevelopment in a mouse model of Sandhoff
disease, Neurosci. Res 155 (2020) 12-19. [PubMed: 31340161]

[90]. Steenweg ME, et al. , Magnetic resonance imaging pattern recognition in hypomyelinating
disorders, Brain 133 (10) (2010) 2971-2982. [PubMed: 20881161]

[91]. Frey LC, Ringel SP, Filley CM, The natural history of cognitive dysfunction in late-onset GM2
gangliosidosis, Arch. Neurol 62 (6) (2005) 989-994. [PubMed: 15956171]

[92]. Inglese M, et al. , MR imaging and proton spectroscopy of neuronal injury in late-onset GM2
gangliosidosis, AINR Am. J. Neuroradiol 26 (8) (2005) 2037-2042. [PubMed: 16155156]

[93]. Bellou E, Stevenson-Hoare J, Escott-Price V, Polygenic risk and pleiotropy in neurodegenerative
diseases, Neurobiol. Dis 142 (2020), 104953. [PubMed: 32445791]

[94]. Chen Y, et al. , Progranulin associates with hexosaminidase A and ameliorates GM2 ganglioside
accumulation and lysosomal storage in Tay-Sachs disease, J. Mol. Med. (Berl) 96 (12) (2018)
1359-1373. [PubMed: 30341570]

[95]. Suzuki K, et al. , Accumulated alpha-synuclein affects the progression of GM2 gangliosidoses,
Exp. Neurol 284 (Pt A) (2016) 38-49. [PubMed: 27453479]

[96]. Indellicato R, Trinchera M, The link between gaucher disease and Parkinson’s disease sheds light
on old and novel disorders of sphingolipid metabolism, Int. J. Mol. Sci 20 (13) (2019).

[97]. Navarro-Romero A, Montpeyo M, Martinez-Vicente M, The emerging role of the lysosome in
Parkinson’s disease, Cells 9 (11) (2020).

[98]. Audano M, Schneider A, Mitro N, Mitochondria, lysosomes, and dysfunction: their meaning in
neurodegeneration, J. Neurochem 147 (3) (2018) 291-309. [PubMed: 29804302]

[99]. Nixon RA, Yang DS, Lee JH, Neurodegenerative lysosomal disorders: a continuum from
development to late age, Autophagy 4 (5) (2008) 590-599. [PubMed: 18497567]

[100]. Neudorfer O, et al. , Late-onset Tay-Sachs disease: phenotypic characterization and genotypic
correlations in 21 affected patients, Genet. Med 7 (2) (2005) 119-123. [PubMed: 15714079]

[101]. Patrick SK, Noah JA, Yang JF, Interlimb coordination in human crawling reveals similarities
in development and neural control with quadrupeds, J. Neurophysiol 101 (2) (2009) 603-613.
[PubMed: 19036860]

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toro et al.

Page 20

[102]. Francius C, Clotman F, Generating spinal motor neuron diversity: a long quest for neuronal
identity, Cell. Mol. Life Sci 71 (5) (2014) 813-829. [PubMed: 23765105]

[103]. Mifflin L, et al. , A RIPK1-regulated inflammatory microglial state in amyotrophic lateral
sclerosis, Proc. Natl. Acad. Sci. USA 118 (13) (2021).

[104]. Ito Y, et al. , RIPK1 mediates axonal degeneration by promoting inflammation and necroptosis
in ALS, Science 353 (6299) (2016) 603-608. [PubMed: 27493188]

[105]. Ofengeim D, Yuan J, Regulation of RIP1 kinase signalling at the crossroads of inflammation
and cell death, Nat. Rev. Mol. Cell Biol 14 (11) (2013) 727-736. [PubMed: 24129419]

[106]. Barton RA, Venditti C, Rapid evolution of the cerebellum in humans and other great apes, Curr.
Biol 24 (20) (2014) 2440-2444. [PubMed: 25283776]

[107]. Miyata M, et al. , Development of Purkinje cells in humans: an immunohistochemical study
using a monoclonal antibody against the inositol 1,4,5-triphosphate type 1 receptor (IP3R1), Acta
Neuropathol 98 (3) (1999) 226-232. [PubMed: 10483778]

[108]. Ascoli GA, Donohue DE, Halavi M, NeuroMorpho.Org: a central resource for neuronal
morphologies, J. Neurosci 27 (35) (2007) 9247-9251. [PubMed: 17728438]

[109]. Kirch C, Gollo LL, Spatially resolved dendritic integration: towards a functional classification
of neurons, PeerJ 8 (2020), e10250. [PubMed: 33282551]

[110]. Azevedo FA, et al. , Equal numbers of neuronal and nonneuronal cells make the human brain
an isometrically scaled-up primate brain, J. Comp. Neurol 513 (5) (2009) 532-541. [PubMed:
19226510]

[111]. Sereno M, et al. , The human cerebellum has almost 80% of the surface area of the neocortex,
Proc. Natl. Acad. Sci. USA 117 (32) (2020) 19538-19543. [PubMed: 32723827]

[112]. D’Angelo E, Casali S, Seeking a unified framework for cerebellar function and dysfunction:
from circuit operations to cognition, Front. Neural Circuits 6 (2012) 116. [PubMed: 23335884]

[113]. Koeppen AH, The neuropathology of the adult cerebellum, Handb Clin Neurol 154 (2018)
129-149. [PubMed: 29903436]

[114]. Welsh JP, et al. , Why do Purkinje cells die so easily after global brain ischemia? Aldolase
C, EAAT4, and the cerebellar contribution to posthypoxic myoclonus, Adv. Neurol 89 (2002)
331-359. [PubMed: 11968459]

[115]. Hekman KE, Gomez CM, The autosomal dominant spinocerebellar ataxias: emerging
mechanistic themes suggest pervasive Purkinje cell vulnerability, J. Neurol. Neurosurg.
Psychiatry 86 (5) (2015) 554-561. [PubMed: 25136055]

[116]. Sathyanesan A, et al. , Emerging connections between cerebellar development, behaviour and
complex brain disorders, Nat. Rev. Neurosci 20 (5) (2019) 298-313. [PubMed: 30923348]

[117]. Welniarz Q, Worbe Y, Gallea C, The forward model: A unifying theory for the role of the
cerebellum in motor control and sense of agency, Front. Syst. Neurosci 15 (2021), 644059.
[PubMed: 33935660]

[118]. van der Heijden ME, Gill JS, Sillitoe RV, Abnormal Cerebellar Development in Autism
Spectrum Disorders, Dev. Neurosci (2021) 1-10. [PubMed: 33789300]

[119]. Styliadis C, et al. , Atypical spatiotemporal activation of cerebellar lobules during emotional
face processing in adolescents with autism, Hum. Brain Mapp 42 (7) (2021) 2099-2114.
[PubMed: 33528852]

[120]. Brady RO Jr, et al. , Cerebellar-Cortical Connectivity Is Linked to Social Cognition Trans-
Diagnostically, Front. Psychiatry 11 (2020), 573002. [PubMed: 33329111]

[121]. Li Z, et al. , Cerebellar hypoactivation is associated with impaired sensory integration in
schizophrenia, J. Abnorm. Psychol 130 (1) (2021) 102-111. [PubMed: 33074697]

[122]. Fukumitsu K, et al. , Mitochondrial fission protein Drpl regulates mitochondrial transport
and dendritic arborization in cerebellar Purkinje cells, Mol. Cell. Neurosci 71 (2016) 56—65.
[PubMed: 26689905]

[123]. Howarth C, Gleeson P, Attwell D, Updated energy budgets for neural computation in the
neocortex and cerebellum, J. Cereb. Blood Flow Metab 32 (7) (2012) 1222-1232. [PubMed:
22434069]

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toro et al.

Page 21

[124]. Dell’Orco JM, et al. , Neuronal atrophy early in degenerative ataxia is a compensatory
mechanism to regulate membrane excitability, J. Neurosci 35 (32) (2015) 11292-11307.
[PubMed: 26269637]

[125]. Chung CG, et al. , Dysregulated plasma membrane turnover underlying dendritic pathology in
neurodegenerative diseases, Front. Cell. Neurosci 14 (2020), 556461. [PubMed: 33192307]
[126]. Huang M, Verbeek DS, Why do so many genetic insults lead to Purkinje Cell degeneration and

spinocerebellar ataxia? Neurosci. Lett 688 (2019) 49-57. [PubMed: 29421540]

[127]. Buckner RL, The cerebellum and cognitive function: 25 years of insight from anatomy and
neuroimaging, Neuron 80 (3) (2013) 807-815. [PubMed: 24183029]

[128]. Strick PL, Dum RP, Fiez JA, Cerebellum and nonmotor function, Annu. Rev. Neurosci 32
(2009) 413-434. [PubMed: 19555291]

[129]. Schmahmann JD, Sherman JC, The cerebellar cognitive affective syndrome, Brain 121 (Pt 4)
(1998) 561-579. [PubMed: 9577385]

[130]. Cutz E, Lowden JA, Conen PE, Ultrastructural demonstration of neuronal storage in fetal
Tay-Sachs disease, J. Neurol. Sci 21 (2) (1974) 197-202. [PubMed: 4374514]

[131]. Hoffman LM, Amsterdam D, Schneck L, GM2 ganglioside in fetal Tay-Sachs disease brain
cultures: a model system for the disease, Brain Res 111 (1) (1976) 109-117. [PubMed: 953690]

[132]. Jeyakumar M, et al. , Delayed symptom onset and increased life expectancy in Sandhoff disease
mice treated with N-butyldeoxynojirimycin, Proc. Natl. Acad. Sci. USA 96 (11) (1999) 6388-
6393. [PubMed: 10339597]

[133]. Shapiro BE, et al. , Miglustat in late-onset Tay-Sachs disease: a 12-month, randomized,
controlled clinical study with 24 months of extended treatment, Genet. Med 11 (6) (2009) 425—
433. [PubMed: 19346952]

[134]. Mistry PK, et al. , Effect of oral eliglustat on splenomegaly in patients with Gaucher disease
type 1: the ENGAGE randomized clinical trial, JAMA 313 (7) (2015) 695-706. [PubMed:
25688781]

[135]. Mistry PK, et al. , Long-term results of ENGAGE: a phase 3, randomized, double blind,
placebo-controlled, multi center study investigating the efficacy and safety of eliglustat in adults
with type 1 Gaucher disease, Mol. Genet. Metab 120 (1-2) (2017) S97-S98.

[136]. Mistry PK, et al. , Outcomes after 18 months of eliglustat therapy in treatment-naive adults with
Gaucher disease type 1: The phase 3 ENGAGE trial, Am. J. Hematol 92 (11) (2017) 1170-1176.
[PubMed: 28762527]

[137]. Lukina E, et al. , Outcomes after 8 years of eliglustat therapy for Gaucher disease type 1: Final
results from the Phase 2 trial, Am. J. Hematol 94 (1) (2019) 29-38. [PubMed: 30264864]

[138]. Clarke JT, et al. , An open-label Phase I/11 clinical trial of pyrimethamine for the treatment of
patients affected with chronic GM2 gangliosidosis (Tay-Sachs or Sandhoff variants), Mol. Genet.
Metab 102 (1) (2011) 6-12. [PubMed: 20926324]

[139]. Kaya E, et al. , Acetyl-leucine slows disease progression in lysosomal storage disorders, Brain
Commun 3 (1) (2021) p. fcaal48. [PubMed: 33738443]

[140]. Norflus F, et al. , Bone marrow transplantation prolongs life span and ameliorates neurologic
manifestations in Sandhoff disease mice, J Clin Invest 101 (9) (1998) 1881-1888. [PubMed:
9576752]

[141]. Jeyakumar M, et al. , Enhanced survival in Sandhoff disease mice receiving a combination of
substrate deprivation therapy and bone marrow transplantation, Blood 97 (1) (2001) 327-329.
[PubMed: 11133779]

[142]. Prasad VK, et al. , Unrelated donor umbilical cord blood transplantation for inherited metabolic
disorders in 159 pediatric patients from a single center: influence of cellular composition of the
graft on transplantation outcomes, Blood 112 (7) (2008) 2979-2989. [PubMed: 18587012]

[143]. Jacobs JF, et al. , Allogeneic BMT followed by substrate reduction therapy in a child with
subacute Tay-Sachs disease, Bone Marrow Transplant 36 (10) (2005) 925-926. [PubMed:
16151419]

[144]. Stepien KM, et al. , Haematopoietic Stem Cell Transplantation Arrests the Progression of
Neurodegenerative Disease in Late-Onset Tay-Sachs Disease, JIMD Rep 41 (2018) 17-23.
[PubMed: 29214523]

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toro et al.

Page 22

[145]. Johnson WG, et al. , Intravenous injection of purified hexosaminidase A into a patient with
Tay-Sachs disease, Birth Defects Orig Artic Ser 9 (2) (1973) 120-124. [PubMed: 4611523]

[146]. Tsuji D, et al. , Highly phosphomannosylated enzyme replacement therapy for GM2
gangliosidosis, Ann. Neurol 69 (4) (2011) 691-701. [PubMed: 21520232]

[147]. Matsuoka K, et al. , Therapeutic potential of intracerebroventricular replacement of modified
human beta-hexosaminidase B for GM2 gangliosidosis, Mol. Ther 19 (6) (2011) 1017-1024.
[PubMed: 21487393]

[148]. Fratantoni JC, Hall CW, Neufeld EF, Hurler and Hunter syndromes: mutual correction of the
defect in cultured fibroblasts, Science 162 (3853) (1968) 570-572. [PubMed: 4236721]

[149]. Cachon-Gonzalez MB, et al. , Effective gene therapy in an authentic model of Tay-Sachs-related
diseases, Proc. Natl. Acad. Sci. USA 103 (27) (2006) 10373-10378. [PubMed: 16801539]

[150]. Cachon-Gonzalez MB, et al. , Gene transfer corrects acute GM2 gangliosidosis—potential
therapeutic contribution of perivascular enzyme flow, Mol. Ther 20 (8) (2012) 1489-1500.
[PubMed: 22453766]

[151]. McCurdy VJ, et al. , Widespread correction of central nervous system disease after intracranial
gene therapy in a feline model of Sandhoff disease, Gene Ther 22 (2) (2015) 181-189. [PubMed:
25474439]

[152]. Bradbury AM, et al. , Biomarkers for disease progression and AAV therapeutic efficacy in feline
Sandhoff disease, Exp. Neurol 263 (2015) 102-112. [PubMed: 25284324]

[153]. Bradbury AM, et al. , AAV-mediated gene delivery attenuates neuroinflammation in feline
Sandhoff disease, Neuroscience 340 (2017) 117-125. [PubMed: 27793778]

[154]. Rockwell HE, et al. , AAV-mediated gene delivery in a feline model of Sandhoff disease
corrects lysosomal storage in the central nervous system, ASN Neuro 7 (2) (2015).

[155]. McCurdy VJ, et al. , Therapeutic benefit after intracranial gene therapy delivered during the
symptomatic stage in a feline model of Sandhoff disease, Gene Ther 28 (3—4) (2021) 142-154.
[PubMed: 32884151]

[156]. Gray-Edwards HL, et al. , Adeno-Associated Virus Gene Therapy in a Sheep Model of Tay-
Sachs Disease, Hum. Gene Ther 29 (3) (2018) 312-326. [PubMed: 28922945]

[157]. Lahey HG, et al. , Pronounced Therapeutic Benefit of a Single Bidirectional AAV Vector
Administered Systemically in Sandhoff Mice, Mol. Ther 28 (10) (2020) 2150-2160. [PubMed:
32592687]

[158]. Taghian T, et al. , A safe and reliable technique for CNS delivery of AAV vectors in the cisterna
magna, Mol. Ther 28 (2) (2020) 411-421. [PubMed: 31813800]

[159]. Karumuthil-Melethil S, et al. , Novel vector design and hexosaminidase variant enabling self-
complementary adeno-associated virus for the treatment of Tay-Sachs disease, Hum. Gene Ther
27 (7) (2016) 509-521. [PubMed: 27197548]

[160]. Osmon KJ, et al. , Systemic gene transfer of a hexosaminidase variant using an sScCAAV9.47
vector corrects GM2 gangliosidosis in sandhoff mice, Hum. Gene Ther 27 (7) (2016) 497-508.
[PubMed: 27199088]

[161]. Ou L, etal., A novel gene editing system to treat both Tay-Sachs and Sandhoff diseases, Gene
Ther 27 (5) (2020) 226-236. [PubMed: 31896760]

[162]. Dogbevia G, et al. , Brain endothelial specific gene therapy improves experimental Sandhoff
disease, J. Cereb. Blood Flow Metab 40 (6) (2020) 1338-1350. [PubMed: 31357902]

[163]. Ornaghi F, et al. , Novel bicistronic lentiviral vectors correct beta-Hexosaminidase deficiency
in neural and hematopoietic stem cells and progeny: implications for in vivo and ex vivo gene
therapy of GM2 gangliosidosis, Neurobiol. Dis 134 (2020), 104667. [PubMed: 31682993]

[164]. Beegle J, et al. , Improvement of motor and behavioral activity in Sandhoff mice transplanted
with human CD34+ cells transduced with a HexA/HexB expressing lentiviral vector, J Gene Med
22 (9) (2020), e3205. [PubMed: 32335981]

[165]. Porter BF, et al. , Pathology of GM2 gangliosidosis in Jacob sheep, Vet. Pathol 48 (4) (2011)
807-813. [PubMed: 21123862]

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Toro et al.

Page 23

Molecular Cellular pathology Clinical features
Disease Microglia Infantile onset
Tay-Sachs Sandhoff * Abnormal synaptic pruning * Hypotonia

Mutant gene

HEXA HEXB
l Mutant protein l
a-subunit B-subunit

& ¥

Misfolded or missing enzyme
B-hexosaminidase A
a B
Accumulated substrate
GM2 ganglioside

Membranous
cytoplasmic body

and microglia homeostatic signals
* Microglia activation proliferation

* Proinflammatory cytokine
release

* Induction of necroptosis
on other cell types

Neurons

f

» Membranous cytoplasmic &

 Lysosome GM2
substrate accumulation

bodies (MCBs),

* Zebra bodies and

fingerprint inclusions Neurons
« Oxidative stress

* Apoptosis and cell death

Oligodendroglia

* Demyelination leading to
secondary axonal degeneration
and retrograde neuronal cell death

Microglia

Oligodendroglia

« Cherry red macula
* Delayed developmental

milestones (3-6 mo) followed
by regression
« Seizures

» Macrocephali
« Death 3-5 yrs

Juvenile onset
* Ataxia
« Dysarthria, dysphagia

» Developmental plateau
then regression and loss
of ambulation

* Seizures
* Death in 20’s
Late onset
« Ataxia, increased falls
« Neurogenic weakness
« Dysarthria
« Preserved cognition
« Decreased lifespan

MRI imaging
Infantile
« Macrocephaly
Juvenile
« Global atrophy

Late Onset
« Cerebellar atrophy

Cherry-red macula

Fig. 1.

Schematic representation of the GM2 gangliosidoses. p-Hexosaminidase A deficiency
emerges from biallelic null or missense mutations in the genes HEXA (Tay-Sachs)

or HEXB (Sandhoff) disease, coding the alpha or beta subunits of the enzyme. 8-
hexosaminidase A is the only configuration of this dimeric enzyme capable of degrading
GM2 substrate. Its deficiency renders neurons and other cells in the nervous system unable
to degrade GM2 gangliosides at the lysosomal level leading to substrate accumulation
exemplified by membranous cytoplasmic bodies visible on ultrastructural studies (L eft).
GM2 gangliosidoses involve dysfunction on multiple cell types including neurons, microglia
and oligodendrocytes ultimately resulting in neurodegeneration (Center). Residual enzyme
activity determines disease onset, symptoms and progression which has led to the
categorization into disease subtypes (infantile, juvenile, or late onset) GM2 gangliosidoses
(Right). A cherry-red spot is a characteristic ophthalmological feature of infantile GM2
gangliosidosis. A yellowish tint emerges from accumulated substrate in the macular region
of the retina that contrasts with the darker appearing foveal center (Bottom Right).
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Infantile  Juvenile Late-onset

/L
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20 25 60
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Natural history of three forms of GM2 gangliosidoses (Infantile, juvenile and adult or
Late-onset) disease. Note the differences in age and slope of progression for the three
forms. Progression is more homogeneous and steeper in earlier disease but more variable
and shallower in late-onset disease. Ultimately, disease onset is a function of residual
enzyme activity with early onset disease having complete or nearly complete absence of
B-hexosaminidase A enzymatic activity.
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Fig. 3.
Schematic representation of the progressive lower motor neuronopathy characteristic of

late-onset GM2 gangliosidoses. Degeneration of anterior horn cells (lower motor neurons)
due to late-onset Tay Sachs or Sandhoff disease leads to denervation and neurogenic muscle
weakness (A). Muscle atrophy in is particularly severe in the quadriceps muscles (red
arrow and highlighted muscle on thigh MRI) when compared to muscles on the posterior
compartment of the thigh. On routine histology, bundles of degenerating fibers (enclosed
in dashed oval) containing smaller angular fibers represent muscle fibers undergoing
degenerating due to loss of their innervating anterior horn cell prototypical of neurogenic
atrophy due to anterior horn cell neuronopathy (B & C). Hyperextension and “locking”
of the knees to achieve antigravity support is characteristic of the stance and ambulation
of patients with LOTS and LOSD experiencing quadriceps weakness (knee extension
weakness). This finding is often accompanied by increased lumbar lordosis (D).
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Late disease
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Fig. 4.

Pa?nel A. Cranial T1 weighted sagittal MRI images over the right middle cerebellar peduncle
in a healthy control (1), individual at the time of late-onset Tay Sachs diagnosis (2) and
individual in an advanced state of late-onset Tay Sachs (3). Arrow heads point to the
posterior fossa region normally occupied by the cerebellum. Images illustrate selective
progressive cortical atrophy out of proportion to atrophy of other brain regions in patients
with GM2 gangliosidoses (solid arrowheads) compared to a normal control subject (open
arrowhead). Panel B. Large scale distributed cortico-cerebellar loops provide the neural
substrate for the cerebellum to influence complex behaviors besides motor control in health
and diseases including late-onset GM2 gangliosidoses. All cerebellar outputs originates from
Purkinje cell connections to deep cerebellar nuclei including the dentate nuclei (DCN). In
turn these nuclei have broad projections to the cortex and other CNS regions (solid arrows).
Reciprocal cortical projections (dashed arrows) to the anterior pontine nuclei (APN) provide
the basis for cerebellar input with robust convergence of many inputs into Purkinje cells
which are particularly vulnerable to injury, including accumulation of GM2 ganglioside.
Panel C. Schematic representation of the many aspects of behavior (beyond motor control)
impacted by the function of the cerebellum and how cerebellar dysfunction could lead to not
only to ataxia but also to the cerebellar cognitive affective syndrome (CCAS) which likely

Neurosci Lett. Author manuscript; available in PMC 2021 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Toro et al.

Page 27

contributes to cognitive and affective symptoms of late-onset GM2 gangliosidoses. (B and C
are modified from D’Angelo & Casali, 2012 [112]).
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