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Abstract of the Dissertation
Role and Regulation of Sphingolipids in Neuropathy
by
Nicholas Urban Schwartz
Doctor of Philosophy
in
Neuroscience
Stony Brook University
2017

Charcot-Marie-Tooth (CMT) disease is the most commonly inherited neurological
disorder, but its molecular mechanisms remain unclear. One variant of CMT, Charcot-
Marie-Tooth 2F (CMT2F), is characterized by mutations in heat shock protein 27
(Hsp27). Bioactive sphingolipids have been implicated in many neurodegenerative
diseases, but it was wunknown if they were dysregulated in CMT. Liquid
chromatography/mass spectrometry was used to profile sphingolipids in CMT models.
Hsp27 KO mice demonstrated decreases in ceramide in peripheral nerve tissue at an
increased age, suggesting that sphingolipid metabolism may be involved in CMT2F.
Indeed, the disease-associated Hsp27 S135F mutant demonstrated decreases in
mitochondrial ceramides. Given that Hsp27 is a chaperone protein, its role was
examined in regulating Ceramide Synthases (CerSs), an enzyme family responsible for
catalyzing generation of ceramide. Using confocal microscopy, CerSs co-localized with
Hsp27, and upon the presence of S135F mutants, CerS1 lost its co-localization with
mitochondria, suggesting that decreased mitochondrial ceramides result from reduced
mitochondrial CerS localization rather than decreased CerS activity. Mitochondria in
mutant cells appeared larger and demonstrated increased interconnectivity.
Furthermore, mutant cell lines displayed decreased mitochondrial respiratory function
and increased autophagic flux. Mitochondrial structural and functional changes were
recapitulated by blocking ceramide generation pharmacologically. These results
suggest that mutant Hsp27 decreases mitochondrial ceramide levels, producing
structural and functional changes in mitochondria leading to neuronal degeneration.
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Chapter 1

SPHINGOLIPID METABOLISM IN NEUROPATHY AND NEURODEGENERATION



Chapter 1: Sphingolipid Metabolism in Neuropathy and Neurodegeneration

Overview of Sphingolipid Metabolism in Neurodegeneration
The first isolation of sphingolipids was performed from brains. In fact, many of the

first discovered classes of sphingolipids carry names that highlight their early origins,
such as sphingomyelin (SM) and cerebrosides (1). J.L.W. Thudichum named these
discovered lipid species with a sphingosine background after the Egyptian Sphinx
because of their mysterious nature (2). Since 1884, we have still not completely
answered the riddle of the role of sphingolipids in neuropathy, although studies from the

past 100 years have yielded a tremendous wealth of knowledge.

Sphingolipids have been linked to almost every major cellular pathway and have
been found to have increasing relevance in almost every major disease state (3). The
family of sphingolipids contain a large diversity of individual species which have poor
water solubility and are constantly in a state of rapid flux. These properties have made
the study of sphingolipids traditionally difficult for groups not especially focusing on
sphingolipid metabolism. However, foundational advances in identifying all the key
metabolic enzymes, development of a variety of animal model systems, technical
progression such as advancing liquid chromatography —mass spectrometry (LC/MS),
and development of imaging modalities such as matrix-assisted laser
desorption/ionization (MALDI) and positron emission tomography (PET) have made
research involving sphingolipids accessible to more scientists. As such, we have rapidly

increased our understanding of sphingolipid dysregulation in disease (3).



The sphingolipid pathway exhibits intricate regulation and interacts with a
complex variety of biological pathways; thus, it is able to exert a multiplicity of effects
(4). Moreover, increasing evidence has clarified that ceramide serves as a family of
distinct molecules with closely related structures but oftentimes distinct functions.
Multiple connected “hubs” of ceramides located in distinct compartments coordinate
intracellular sphingolipid metabolism (5). These hubs organize the conversion of

ceramide into many types of intermediates with structural and functional roles in the cell.

Ceramides are converted to other more complex sphingolipid species, such as
glucosylceramide (GlcCer), sphingomyelin (SM), acylceramides, and ceramide-1-
phosphate by modifications at the 1-hydroxyl position. Species-specific enzymes exist
to hydrolyze these molecules back to ceramide, which can be deacylated to form
sphingosine, which can then be phosphorylated to form sphingosine-1-phosphate
(S1P). S1P can be either degraded by S1P lyase (SPL) into free aldehydes and
ethanolamine phosphate or converted back to sphingosine (3). Ceramide accumulation
has been demonstrated to induce both apoptotic cell death and promote differentiation
in a variety of neuronal cells. These differential effects are dependent on cell type,
developmental stage, ceramide concentration, and cellular location of action. S1P, while
traditionally associated with proliferation, has also been shown to induce neurite
retraction and apoptosis (6). There are six isoforms of ceramide synthase (CerS), a set
of six enzymes each using specific fatty acyl CoAs to catalyze N-acylation of sphingoid
bases in generation of ceramide. All CerS except CerS3 are expressed in the central

nervous system (CNS), with CerS1 expression being the highest. CerS2, however, is



most highly expressed in the peripheral nervous system (PNS) and is necessary for

proper myelin organization (7).

More complex sphingolipid species include GlcCers and other glycosphingolipids
(GSLs or glycolipids), whose expression is tied to both cell type and developmental
state and have shown to be highly important in the nervous system (8). Hundreds of
distinct GSLs can be generated, causing a tremendously powerful array of different
signaling molecules (9). All GSLs are dependent on GlcCer generation, which is
catalyzed by glucosylceramide synthase (GCS), also known as Ugcg (UDP-
glucose:ceramide glucosyltransferase). This is thought to occur from vesicular transport
of ceramide to the cis-Golgi, whereas transport by CERT to the trans-Golgi is typically
associated with SM production. Contrarily, subsequent addition of a galactose moiety to
GlcCer generates lactosylceramide (LacCer), which can be further modified with
additions of sialic acid or N-acetylgalactosamine (GalNAc) groups to a saccharide chain
by a network of further enzymatic glycosyltransferase reactions that act in parallel
pathways in ganglioside generation (8—10). The relative expression of SialT-1, SialT-2
and SialT-3 compared to GalNAc-T can affect the predominance of species made in
each pathway (11). Notably, addition of sialic acid to lactosylceramide generates GMS3.
GSLs and SM are thought to be highly enriched in “lipid raft” domains in the plasma
membrane (12). GSLs are essential for brain development, as mice deficient in GCS
are non-viable (13), and neuronal specific deletions in mice result in neurons with
decreased axon branching and dendritic complexity, and impairment of cerebellum and

peripheral nerve function (14). Moreover, loss of the enzyme necessary for producing



GalCer and sulfatides, results in many severe neural defects, presumably due to

abnormal myelin (15).

Gangliosides are defined as GSLs that contain at least one sialic acid residue
and comprise approximately 1% of all lipids in the brain and typically exist in the plasma
membrane. Over 95% of human brain gangliosides consist of four species: GM1, GD1a,
GD1b, and GT1b. The ceramide backbone typically contains a sphingosine chain that is
18 or 20 carbons in length and a saturated acyl chain. These chains derived from
ceramide extend within the outer leaflet of the plasma membrane, allowing species-
specific glycan chains to extend into the extracellular space and interact with other
membrane molecules in the same or adjacent cells (16, 17). Gangliosides have been
shown to be particularly important for recognition of myelin, a membrane that wraps
around and insulates nerves and serves to enhance speed of signal transmission and
nurture axons. In human development, brain ganglioside expression increases in the
third trimester through the second year of life, coincident with active myelination. Myelin-
associated glycoprotein (MAG) is a lectin receptor with high binding affinity to sialic
acids, specifically in GD1a and GT1b, but not with other gangliosides with a different
saccharide terminus. Diseases in ganglioside enzymes are typically associated with
defective catabolism, including many of the lysosomal diseases, although defects of
enzymes involved in ganglioside synthesis, such as mutations in GM3 synthase, have
also been reported to cause clinical syndromes (16—18). On the other hand,

administration of GM1 ganglioside has shown to protect neurons from many different



stresses in laboratory settings, although clinical trials have largely failed to show strong

benefits in treating neurodegenerative disease (19).

Overall, the sheer diversity in structure and functions of sphingolipid molecules in
the nervous system underlies the complexity of sphingolipid signaling. It is an
evolutionary marvel, that no doubt draws some of the most ambitious scientists to the
field. Careful dissection of particular species’ involvement in select cellular localizations
in specific cell types at certain developmental stages in distinct conditions will be
absolutely necessary to draw the most accurate conclusions and progress the field.
Nevertheless, this complexity also provides optimism that precise alterations in
sphingolipid homeostasis can be explicitly identified, and selective therapeutic

strategies can be developed with great potential efficacy.

Amyotrophic Lateral Sclerosis

Research involving sphingolipid metabolism has not been as extensively studied
in amyotrophic lateral sclerosis (ALS), perhaps due to conflicting results in early studies.
One study did not find changes in the major ganglioside species in ALS patient spinal
cords besides the presence of three additional gangliosides (20). Another study
reported increases in ceramide species in patient spinal cords and Cu/Zn-SOD model
mice but hypothesized that these changes were due to increased oxidative stress and
directly increased neuronal vulnerability to cell death (21). However, other early studies
examining muscle from ALS patients reported twice the normal amount of sialic acid
content (22), varied levels of different gangliosides in diverse brain regions. Notably
there was decreased sialic acid selectively in the motor cortex (23), and elevated CSF
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antibodies to almost all major gangliosides (24, 25). Evidence concerning serum

ganglioside antibodies in disease is mixed (25).

However, recent studies suggest that there are alterations in GSLs, which should
prompt a reexamination for novel pharmacological targets. Sphingolipid involvement
was identified by two concordant studies in 2015 using patient samples and mouse
models that both generally demonstrated increases in ceramide, GlcCer, and many
downstream GSL species as well as the corresponding enzymes regulating their
production and degradation (26, 27). These studies suggested that GCS inhibitors could
have potential deleterious effects. However, there were substantial differences in the

results of both studies which leave many questions unresolved.

Dodge et al. used patient and G93A mutant SOD1 (superoxide dismutase 1)
mouse spinal cord tissue and further demonstrated that GCS inhibition via a small
molecule applied to the CNS in the mouse model shortened lifespan and exacerbated
the disease course whereas GM3 administration alleviated the disease course (26).
These results suggest that the accumulation of GlcCer observed in ALS may be a
compensatory response that is not directly toxic. This group separately analyzed gray
matter and white matter in patient samples and observed increased sphingolipid
species in both, particularly in gray matter. The variation between spinal cord regions
used for analysis and increased precision from using LC/MS instead of thin-layer
chromatography (TLC) isolation and quantification may explain why the aforementioned
study did not observe large significant differences (20, 26). Interestingly though, many

sphingolipids were decreased in symptomatic and partially paralyzed mice, although as
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paralysis progressed these lipids tended to increase more. GM3 was notably increased
in symptomatic mice, but GM3 was one of the few species not substantially increased in
human spinal cord tissue (26). These results further suggest that increases in GlcCer
and gangliosides may be compensatory as primary pathogenesis progresses. Gene
expression profiling has shown hexosaminidase induction near symptom onset in G93A
SOD1 mice and in patient spinal cords, perhaps explaining the lack of increase of GM3
in mice (26, 28). The mouse model also exhibited decreases in some sphingolipid
enzymes in contrast to human samples which were typically elevated in gray matter
(26). The authors suggest that the disease course may result in an initial decrease in
ceramide, with later increases in ceramide and further shunting of ceramide to GlcCers
to prevent accumulation of other more toxic ceramides. However, many questions still
remain, as this does not explain the directly beneficial effects of GM3 administration,
why ceramides accumulate later in the disease in patients, and the origin of these

ceramides.

Similar to Dodge et al., Henriquez et al. also demonstrated that GCS inhibition
in the PNS rather than the CNS seems to worsen the ALS phenotype by delaying
regeneration of motor units and motor recovery in mice (27). Furthermore, this group
showed that GCS is upregulated in muscle in the ALS model G86R SOD mice and
patient tissue, leading to increases in GlcCer and many GSL species. As mechanically-
induced limb and sciatic nerve injury produced similar increases that were not observed
with GCS inhibition, this group also hypothesized these species were likely protective

and induced in a compensatory mechanism. However, they did not observe a difference



in spinal cord GlcCer or GCS expression, and while GM1a ganglioside levels were
increased, many spinal cord sphingolipids were significantly decreased. While these
groups employed different mouse models, the time points used were similar, so the

disparity in spinal cord sphingolipids should warrant further investigation.

Both of these studies implicated potential pharmacological therapies targeting
GSL metabolism as another potential treatment strategy for ALS, and Hernandez et al.,
have subsequently followed up with evidence that Conduritol B epoxide (CBE), a partial
inhibitor of glucocerebrosidase, decreases many measures of degeneration in the ALS
mouse model. CBE delayed onset of ALS and improved motor function, increased
neuromuscular junction function, and helped restore expression of genes important in
axonal function. An in vitro model of neuromuscular junctions also showed beneficial

effects of treatment (29).

Hereditary Sensory and Autonomic Neuropathy |

Mutations in the initial enzyme of de novo sphingolipid synthesis directly cause a
form of inherited neuropathy called hereditary and sensory autonomic neuropathy type |
(HSANT1) (30, 31). HSANSs are a group of clinically heterogeneous disorders that result
in progressive loss of sensation in the distal limbs that often progresses with age. Loss
of pain and temperature with shooting and burning pain in the distal limbs is an
especially prominent symptom, and can result in the development of many lesions on
the distal limbs. Despite the name of the disease, many patients also exhibit loss of
motor function (32). HSANs are categorized from |-V based on clinical symptomatology;
HSAN1 most often presents in young adulthood to adulthood initially with loss of

9



sensory symptoms, progressively worsens throughout life with weakness, neuropathic
pain, and skin ulceration (32, 33). A wide array of other symptoms can rarely occur in
HSANT1, such as juvenile cataracts, retinal detachment, mental retardation, and vocal
cord paralysis (34, 35). Symptoms are often most severe in men (32, 33). In 2001,
multiple groups simultaneously discovered three point mutations occurring at the C133
and V144 residues of SPTLCT1 that were responsible for causing HSAN1 and caused an

increase in GlcCer synthesis (36, 37).

SPTLC1 is one of three genes encoding the subunits of the enzyme serine
palmitoyltransferase (SPT). SPT is the preliminary enzyme in sphingolipid synthesis,
located the outer member of the ER, responsible for condensing serine and palmitoyl
CoA to form a 3-ketodehydrosphinganine intermediate. This species can then
subsequently be converted by a series of enzymes to ceramide and other more
complex sphingolipids. SPT consists of dimers of LCB1 and either LCB2 or LCB3
subunits, which in humans are coded for by the SPTLC1, SPTLC2, and SPTLC3

genes, respectively (38—40).

Subsequent follow-up studies using yeast, Chinese hamster ovary (CHO) cells,
and patient-derived lymphoblasts, on the contrary, suggested that these mutations
decreased the activity of both of the LCB1 and LCB2 subunits of SPT as a dominant
effect, although reports were mixed whether this actually caused a decreased
production of many sphingolipid species. However, the mutants still bound wild-type
(WT) LCB2 subunit, suggesting that the autosomal dominant pattern of inheritance was

due to dominant-negative effects due to competitive inhibition of the otherwise
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functional LCB2 subunits (41-43). The lack of change in sphingolipid levels in
lymphocytes from patients and a mutant mouse model demonstrating neuropathy with a
similar disease course to humans suggested that an abnormal species could
accumulate (43, 44). Further clinical reports discovered other mutations and detailed
great variability in penetrance, age of onset, and presence of motor symptoms (34, 45,

46), but the cause of pathology remained elusive.

This remained uncertain for many years, until another set of papers were
released, suggesting that these mutations altered SPT’s catalytic activity, causing it to
incorporate other amino acids and produce abnormal 1-deoxysphingoid bases (35, 47—
51). The mutations effectively altered SPT’s substrate specificity, causing SPT to
increasingly incorporate alanine and glycine with acyl-CoA chains; it is debatable
whether the mutants cause SPT to have an explicitly increased affinity for alanine (Ky)
or increase the enzymatic activity of this reaction (Vmax) (49, 50). These amino acids
were correspondingly used to produce 1-deoxysphinganine (deoxySA) and
1-deoxymethylsphinganine, both of which are formed because they lack the hydroxyl
group of serine. Deoxysphingoid bases were elevated in the plasma of patients and
sciatic nerve of mutant mice and decreased neurite formation and length in dorsal root
ganglia cultures, suggesting that deoxysphingoid bases may play a pathological role in
HSAN1. Deoxysphingoid bases can accumulate as the lack of hydroxyl group prevents
addition of a phosphate group to the sphingoid base, which both inhibits the conversion
of ceramide to more complex sphingolipid species and its degradation by SPL.

Moreover, these studies showed that the mutations did not alter the total level of
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sphingolipids. These deoxysphingoid bases were similarly discovered to accumulate in
the inhibition of de novo ceramide synthesis and have toxic effects on many types of

cells, potentially from increasing ER stress (50, 52—-54).

Other groups have also confirmed that SPTLC2 mutants can cause HSAN1.
Rotthier et al. demonstrated that mutations in SPTLCZ2 can also cause HSAN and
similarly reduce SPT activity and increase deoxySA (51). Other genetic screening
studies have confirmed these findings, but failed to find mutations in SPTLC3 (55, 56).
SPTLC3 may not be highly expressed in neurons, so its lack of involvement should not
be surprising (39). Since this discovery, there are four other genes currently thought to
cause HSAN-I, bringing the total to six: SPTLC1, SPTLC2, ATL1, ATL3, RAB7A, and
DNMT1 (33, 57). A screening analysis of HSAN patients in 2012 concluded that

SPTLC1 mutations were the most common cause of HSAN1 (58).

These results suggested that therapeutic strategies could focus on altering amino
acid intake to prevent toxic deoxySL accumulation. HSAN1 mutant mice demonstrated
decreased deoxysphingoid base accumulation and improvement in symptoms with a
diet that contained as little as 10% additional serine. Decreases in deoxysphingoid
bases were also observed in a small patient cohort using serine supplementation.
Conversely, alanine supplementation increased deoxysphingoid base levels and
worsened signs of neuropathy (59). Alanine supplementation also increased
deoxysphingoid bases and worsened morphological defects in synapses in a mutant
SPTLC1 Drosophila HSAN1 model, with serine co-administration partially rescuing

many of these defects (60). Serine supplementation has also been shown to decrease
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deoxysphingoid bases in HSAN1 patients with SPTLC2 mutations (61), whereas
contrarily, serine deprivation elevates deoxysphingolipids (deoxySLs) (62). Studies
examining serine and alanine administration on cells transfected with a variety of
mutations have shown consistent effects (63), suggesting that serine administration or
alanine reduction in diet may be therapeutic for all patients. Finally, a Phase | clinical
trial has proved safety and a potential improvement in signs of neuropathy in a small

patient population, providing hope for potential treatment (64).

Other results have tried to further examine the biological consequences of
increased deoxySLs. Building on the findings of increased ER stress by Gable et al.,
Oswald et al. also observed that ER function was disturbed by the mutant SPT causing
dysfunction in ER—Golgi trafficking, and neuronal function could be rescued by
increasing ER—Golgi trafficking by expressing Rab1 (41, 60). Decreased ER-Golgi
trafficking has also been demonstrated with knockout of ORM proteins, which are
known regulators of SPT (65). Altered expression of ER proteins have also been
reported in patient lymphoblasts and cell models (66—68). DeoxySA is thought to be
toxic and cause apoptosis and necrosis by altering intracellular signaling and disrupting
the actin cytoskeleton via activation of Rac1 (49, 69). Lipid droplets, tiny organelles that
facilitate the intracellular transport of lipids and some membrane proteins, have been
shown to be increased in HSAN patient-derived lymphoblasts (70, 71). Additional work
will need to further investigate the effects of downstream metabolites,
deoxydihydroceramides (deoxydhCers) and deoxyceramides (deoxyCers), and

determine how they exactly contribute to biological changes associated with
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deoxysphingoid bases. DeoxySA can induce ceramide synthase 5 expression and
deoxydihydroceramide is thought to exert toxic effects observed from deoxySA (69).
Recently, CYP4F enzymes have been reported to hydroxylate deoxySLs, suggesting
deoxySLs may be further metabolized and should not necessarily be considered as
“dead end” metabolites. Induction of CYP4F enzymes may have therapeutic value for

HSAN1 patients (72).

Deoxysphingoid bases and their subsequent metabolites have also been
suggested to be toxic to mitochondria when elevated. HSAN1 patient lymphoblasts
demonstrate swollen mitochondria with discontinuous outer membranes and abnormal
cristae (71). Mitochondria further demonstrated an altered expression of various
proteins (73). DeoxySA localizes to mitochondria and causes mitochondrial structural
defects, including swelling, fragmentation, and loss of internal cristae, as well as
functional defects in decreased respiratory capacity and reduced cellular ATP levels.
Inhibition of ceramide synthase with fumonisin B1 rescues these defects, suggesting

deoxydhCers or deoxyCers may mediate the observed mitochondrial toxicity (54).

Attempts to correlate the location of mutations of SPTLC1 and SPTLC2 with
clinical and biological phenotypes have suggested that mutations in the active site are
associated with a mild phenotype whereas mutations on the surface of the protein are
associated with a severe phenotype (63). Mutations with worse clinical phenotypes
were associated with increased utilization of C20 sphingoid bases instead of C18 bases
in HEK293 cells. Contrary to earlier studies, Bode et al. did not observe a decrease in

SPT activity in any of the 17 mutations they expressed in HEK293 cells, and in fact,
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observed that 3 mutations actually increased SPT activity (63). Further, Bode et al.
observed that some mutants did not demonstrate an increase in deoxySL generation in
response to fumonisin B1. Taken together, these results suggest there is a great degree
of heterogeneity in disease-causing mutations, and that these mutations may result in
clusters biological and clinical phenotypes based on the structural location of the
mutation. Going forward, further examination of the effects of different mutations and
implicating the role of deoxydhCers and deoxyCers in HSAN1 will be critical to improve

our understanding of this disease.

Charcot-Marie-Tooth Disease

Ironically, mutations in what could be considered the /ast enzyme in the
sphingolipid pathway are also capable of causing a similar neuropathy. SPL is
responsible for degrading sphingolipids by cleaving S1P into a long-chain aldehyde and
phosphoethanolamine (74). Mutations in SPL were recently discovered in patients with
Charcot-Marie-Tooth disease (75), the most commonly inherited neurological disorder
representing a heterogeneous array of mutations that cause motor and sensory loss in
patients, typically in young adulthood to older age (76). An 1184T mutation that caused
partial protein degradation and an S316* mutation that triggered nonsense-mediated
mRNA decay of SPL were both observed in two related patients. These patients had a
sphingosine:sphinganine ratio that was approximately increased by 4 times. However,
the level of S1P was only very moderately elevated, suggesting that this deficiency may
cause a backup of other sphingolipid intermediates. The authors also showed that

decreased expression of SPL in Drosophila neurons alters synaptic architecture (75).
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While S1P is traditionally viewed to behave antagonistically to ceramide, S1P
has been shown to have both proliferative and apoptotic effects in different types of
neural cells. Studies have shown a relatively high level of phosphorylation of sphingoid
bases species in neurons, suggesting that S1P is functionally important in nervous
tissue, and altered SPT activity in feedback mechanisms to regulate sphingolipid
synthesis (77). Previously, deficiency of SPL has been shown to decrease degradation
of APP in lysosomes, suggesting that its impairment may play a role in Alzheimer’s
(78). While sphingosine kinase (SK) 1 and SK2 deficient mice are embryonic lethal due
to neurodevelopmental and vascular defects (79), SPL deficient mice can demonstrate
tremendous relative increases in S1P and sphingolipids (80). The relatively moderate
increase in S1P observed in the CMT mutant mice drastically differs from neuronal
cultures derived from SPL KO mice that demonstrate up to 2000% increases in S1P
(75, 80). However, SPL KO mice exhibited slightly larger relative increase in Sph
(sphingosine) than dhSph (sphinganine), similar to increased Sph:dhSph ratio reported
in the CMT mutant mice. Interestingly, despite impaired degradation, and backup of
intermediates, levels of ceramide, SM, GlcCer and various gangliosides were largely
unaffected in SPL KO mice, besides decreases in some dhCer and dhSM species, due
to decreased de novo synthesis (80). A different study using mouse serum and liver
tissue, in contrast, observed quite substantial elevation of many ceramides and SMs,
and even greater elevations in sphingoid species (81). An earlier study by the same
group determined that the increased S1P that is toxic to these mouse cerebellar cells is

specifically derived from SK2 action rather than SK1 (82, 83). Moreover, due to the

16



results from their model, the authors argue that increases in ceramides are less
responsible for the neuronal degeneration. SK2 is typically localized to the ER as
opposed to the plasma membrane like SK1, and studies suggest SK2-derived S1P may
also exhibit an ER localization (83—-85). As SPL has been shown to be localized to the
ER, this suggests that the minor increases in S1P observed in CMT could potentially be
due to accumulation of S1P at the ER (86). The origin of S1P alters its biological effects,
and backup of S1P in nerve cells could alter the relative cellular distribution of S1P
produced. Compartment specific effects are a common theme for many species of
sphingolipids (5). Since SPL KO mice had decreased de novo synthesis, similar
hypotheses should be entertained for other sphingolipid species, even if their total levels

do not appear altered.

As HSAN and CMT present very similarly, it should be expected that there will be
more reports of defects in de novo synthesis in these and other related neuropathies.
These studies may reveal common intracellular mechanisms from neuropathies
resulting from distinct mutations. Focus will likely be directed at investigating potential

alterations in and effects of deoxySLs, particularly in the mitochondria.

Friedreich’s Ataxia

Two recent studies have suggested that there is an increase in sphingolipid
synthesis in Friedreich’s ataxia using two different animal models. In Friedreich’s ataxia,
mutations in Frataxin (FXN) cause a progressive degeneration of nerves in the spinal
cord and PNS, causing problems with ambulation, heart disease, diabetes, and other
chronic conditions. The authors showed that loss of the FXN gene through a mutation in
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Drosophila is lethal before animals reach the adult fly stage, including when the
mutation is only expressed in neurons, glia, and muscles. To study the effects of the
mutation in the adult fly nervous system, the authors generated mosaic mutant clones of
adult photoreceptors, in which they observed an increase in lipid droplets in glial cells.
The authors observed that the mutation causes an accumulation of iron in the nervous
system, which successively increased sphingolipid synthesis. Moreover, there were
elevations in dhSph and sphingosine in larva; ceramide and dhCer were also elevated.
According to the authors’ model, increased synthesis of sphingolipids activates 3-
phosphoinositide dependent protein kinase 1 (Pdk1) and myocyte enhancer factor-2
(Mef-2), altering Mef-2’s role in regulating transcription. However, artificially decreasing
sphingolipids by RNA inhibition or pharmacological inhibition, or similarly reducing iron
ore Pdk1/Mef-2 activation, decreased symptoms (87), suggesting the increases in
sphingolipid species are involved in the mechanism of pathogenesis. Similar results
were soon after reported by the same group using a mouse model with decreased Fxn
expression, which allowed for a more nuanced investigation of FXN’s effects on the
nervous system. These mice displayed many signs of motor dysfunction, neuronal
damage in the brain, and signs of iron accumulation and increased expression of Pdk1
and Mef-2. However, relative changes in sphingolipids were reported for human heart
tissue but not nervous system tissue in neither mice nor humans. Many ceramide and
dhCer species, as well as dhSph and Sph were increased, although very long chain

ceramides and dhCers did not seem to be affected (88).
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These studies have suggested that increased sphingolipids are involved in the
pathology of Friedreich’s ataxia, although their exact role in causing neuronal and
cardiac pathology remains unclear. Previous studies in yeast have also provided some
evidence that high iron can increase sphingolipids and decreasing sphingolipid
synthesis can alleviate this toxicity (89, 90). A recent study on cystic fibrosis also
demonstrated that C4-ceramide is capable of autophosphorylating Pdf (91). However
exactly which sphingolipid species are altered by iron, the mechanism of how this
occurs, particularly in mammalian cells, and how these lipids cause changes in
downstream signaling in Friedreich’s ataxia, remain unknown. Another consideration
that future studies will need to address will be to profile changes in different types of
tissues and cells. Levels of different species can be highly tissue specific, so
investigation of mouse model and clinical nervous system samples will be vital for
understanding effects in dysregulation. Likewise, for the research community to better
understand primary alterations in sphingolipids, absolute values of individual species, or
at least totals, should be provided. While showing the full profile of relative changes in
different ceramides and sphingoid bases in heart tissue gives insight into particular
species that may be important in the disease, it does not convey overall trends as were
shown in Drosophila. Neither of these studies measured sphingolipids in nervous
system tissue, which will be important going forward. Finally, given the wide variation in
results of potential iron accumulation from different studies on Friedreich’s ataxia, it is
worthwhile for other groups to replicate sphingolipid studies in other model systems to

determine if the reported increases are robust.
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Spinal Muscular Atrophy with Progressive Myoclonic Epilepsy

Spinal Muscular Atrophy associated with progressive myoclonic epilepsy (SMA-
PME) has been reported as an autosomally dominant, adult-onset disorder as early as
1979 (92), and reports of patients even exist earlier in the decade (93). However,
SMA-PME was only first clinically identified as a distinct etiology from SMN1-induced
SMA in 2002, with a similar onset in childhood with severe symptoms (94). Investigation
of the bovine form of spinal muscular atrophy (SMA), which was known to map to a
distinct location from the SMN gene as typically seen in humans, uncovered a point
mutation in the gene responsible for producing 3-ketodihydrosphingosine reductase in

the de novo pathway of ceramide genesis and inhibited enzymatic activity (95).

Subsequently, SMA-PME was linked to a point mutation (with deletion potentially
in occurring in the other allele) inherited in an autosomal recessive manner in ASAH1
(N-acylsphingosine amidohydrolase 1), which reduced acid ceramidase activity to about
a third of normal in patient fibroblasts (96). However, this T42M mutant did not affect
splicing nor ASAH1 expression. Furthermore, transfection of the mutant gene into
human fibroblasts lacking acid ceramidase function caused similar reductions in
ceramide levels compared to transfection wild-type acid ceramidase, although there
was decreased expression of the alpha-subunit. Morpholino knockdown of ASAH1 in
zebrafish caused structural defects with curving of the body, increased cell death in the
spinal cord and decreased motor neuron branching, with similar acid-ceramidase
activity and unaffected ceramide content, similar to human fibroblast data, further

suggesting ASAH1 mutations as a causative factor of SMA-PME.
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ASAH1 deficiency is also a known cause of the more severely presenting
Farber’s Disease, which typically initially presents with pathology in multiple organs by 4
months of age, including notably the triad of arthritic joint deformation, subcutaneous
nodules (lipogranulomas), and laryngeal involvement causing hoarseness, and leads to
death by 5 years. SMA-PME, on the other hand, typically presents after 3 years of age
with pathology restricted to the CNS, and results in death after 12 years (96). It is
suspected that a less robust deficiency of acid ceramidase with greater residual function
may cause the reduced phenotype in SMA-PME, especially since Farber Disease often
presents with hypotonia and signs of neuronal degeneration later in the disease course
(96-98). Since total ceramide levels are not altered in SMA-PME, the cause of
pathology is unknown, although it is possible that compensation from other enzymes in
the sphingolipid network accommodate for the decreased acid ceramidase activity. This

compensation, alternatively, could be responsible for the pathology.

These results have ushered in many other studies, in total identifying 11
individuals with SMA-PME as recently as 2016, as reviewed by Topaloglu and Melki
(99). In all but one identified patient, lower motor degeneration is progressive and
precedes epileptic incidents between 2.5 and 6 years, with patients notably having
difficulties in gait, changing positions, and decreased deep tendon reflexes, progressing
all the way to respiratory insufficiency. By 12 years of age, myoclonic, along with atonic
and absence seizures present along with EEG patterns consist with epilepsy, however
any cognitive impairment is relatively mild. Systemic symptoms in skin and joints that

are typical in Farber disease are generally not observed (99).
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However, one recent case report identified a patient with in-frame and missense
ASAH1 mutations inherited from parents presenting at 3 years of age initially with
polyarticular arthritis and later at 5 years with progressive muscular weakness, but a
lack of epileptic seizures or myoclonic jerks. Interestingly, patient leukocyte acid
ceramidase levels were less than 5% of those in the parents, which is similar to results
seen in Farber disease but represents a much greater reduction than observed by Zhou
et al. in SMA-PME (96, 100). It is possible that reduced ASAH1 expression resulted in
accumulation of sphingolipids that imparted pro-inflammatory effects similar to Farber
disease, although sphingolipid species were not analyzed in the patient. It is also
conceivable that pro-inflammatory sequelae, such as lipogranulomas, are only observed
with sphingolipids that are elevated over certain thresholds, whereas decreased
ceramidase activity may bestow apoptotic effects. These results suggest that SMA-PME
due to ASAH1 mutations may exist more on a spectrum with Farber disease than

previously thought (100).

Further supporting heterogeneity in clinical presentation caused by mutations of
ASAHT1, another patient initially presented with atonic and absence seizures—motor
neuron degeneration was only investigated and confirmed as causing proximal muscle
weakness once mutations in ASAH1 were identified. Interestingly, similar to data from
Teoh et al., patient fibroblasts also demonstrated a decrease to less than 5% of normal
acid ceramidase activity. Furthermore, patient fibroblasts showed over twice as much
total ceramide. It is notable that this patient presented with K152N and G284X

mutations occurring in the beta-subunit of ceramidase, and only a minor level of this
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subunit was expressed. It is unknown if either of these dual mutations cause the
delayed motor involvement, or if the mutations impart an additive effect on
pathophysiology. Given the recent discovery of ASAH1 and lack of other similarly
presenting patients, it is also unknown if there are any predisposing factors that may
cause a similar initial presentation. However, increased awareness of ASAH1 as a
cause of PME-SMA should lead to further surveillance, especially in patients presenting

with seizures or motor neuron disease and polyarticular arthritis (101).

Nervous system involvement in Farber disease has been traditionally difficult to
study given the rare prevalence of the disease and difficulty in generating a viable
mouse model. However, a recent study specifically examined CNS defects in a viable
homozygous mutant ASAH1 Farber mouse model, and determined elevations of many
sphingolipid species, particularly with a 100-fold increase in hydroxyl-ceramides. These
mice seemed to display many motor defects, such as decreased movement, strength,
and coordination. They pathologically present with granuloma-like inclusions similar to
those seen in other tissue types and incur abnormal accumulations of microglia and

macrophages patrticularly in cerebellum (102, 103).

While ASAH1 mutations involve an enzyme involved in degradation of ceramide,
PME-SMA has also recently been discovered to be caused by mutations in Ceramide
Synthase 1 (CerS1), one of the six isomers of CerS necessary for the de novo synthesis
of ceramide species selectively using a variety of acyl chain lengths (104). Homozygous
H183Q mutations result in decreased CerS1 activity, producing decreased levels of

C18-ceramide, which is thought to increase endoplasmic reticulum stress (104—106).
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These mutations are believed to underlie a form of PME with cognitive impairment
(107), which is also thought to occur with heterozygous CerS2 deletion that
predominantly decreases very long-chain acylated ceramides and sphingomyelins
(C24:0 and C26:0) (108). CerS1 is generally thought to be the most highly expressed
isoform in the nervous system (109). Naturally occurring CerS1 mutations can cause a
loss of catalytic activity, and experimentally induced mutations can cause a loss of
protein expression in mice and similarly produce a neuronal phenotype with
accumulation of lifofuscin and ubiquitination, Purkinje cell degeneration and resulting
ataxia, depletion of all major classes of gangliosides in the brain, and motor defects
(110, 111). Similarly, CerS2 KO mice present also present with a neural phenotype
similar to PME with brief periods myoclonic jerks followed by loss of posture that were
associated with abnormal electroencephalogram (EEG) activity. This is thought to be
due to observed encephalopathy characterized by progressive loss of myelination,
degeneration, and formation of microcysts in the cerebellum, and vacuolization and
gliosis occurring throughout, especially in motor cortex, cingulate gyrus, retrosplenial
cortex, thalamus, and anterior and posterior colliculi (112, 113). Structural defects of

myelination of peripheral nerves were also observed in the PNS (112).

These groups have postulated that the aforementioned defects are likely due to
loss of GalCer and ceramide-derived gangliosides necessary for nervous system
development and maintenance (111, 113), although other groups have more recently
suggested that neurodegenerative defects, at least as observed in CerS1 KO mice, may

result from accumulation of sphingosine. CerS2 overexpression suppressed pathology
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in CerS1 KO mice, potentially by decreasing abnormally increased levels of free
sphingoid bases without rescuing the deficiency in C18 ceramide levels (114). These
long-chain sphingoid bases induce neurite fragmentation in cultured cells at levels
similar to those observed with CerS1 KO (114). Given the complex cell and tissue
specific effects and compensatory mechanisms induced by artificially altering the

sphingolipid network, it is possible multiple specific species may be involved.

Providing additional evidence for the dysregulation of CerS in neurodegenerative
disorders with epilepsy, another study involving patients with a variant of juvenile
neuronal ceroid lipofuscinosis (NCL), a neurodegenerative disease presenting in
children, were shown to harbor mutations in CLN5, causing a truncated CLN5 protein.
CLNS5 is thought to be an activator of CerSs, as experiments using mouse fibroblasts
with this mutation demonstrated decreased CerS activity and ceramide species, in
addition to increased apoptosis, which was corrected with increased CerS1 or CLN8
protein expression (115). Other NCLs have also been shown to have altered
sphingolipids (116). An early onset epileptic syndrome has also been shown to occur
with a mutation in GM3 Synthase resulting in accumulation of lactosylceramides (117).
Further understanding of how these sphingolipid defects result in epileptic syndromes

will aid in our ability to develop potential sphingolipid-based treatments for PME (116).

Spastic Paraplegia
Introduction
Hereditary spastic paraplegias (HSPs) are a large group of genetically

heterogeneous inherited disorders that cause progressive spasticity and weakness. All
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forms cause weakness in lower limbs that typically worsens with age and results in an
abnormal gait and difficulty with ambulation. “Uncomplicated” disease is usually limited
to spastic gait, lower limb hypertonicity, hyperreflexia, extensor-plantar response, and
muscle weakness, while “Complicated” or “Complex” disease also includes neurological
or other signs such as mental retardation, peripheral neuropathy, ataxia, epilepsy, and
defects with vision and hearing (118). Three defects in sphingolipid metabolism have
been identified in Hereditary Spastic Paraplegia. These mutations have been shown to
occur in the enzymes beta-1,4,N-acetyl-galactosaminyltransferase 1 (B4GALNT1),

beta-glucosylceramidase 2 (GBA2), and FA2H (fatty acid 2-hydroxylase) (31).

B4GALNT1 mutations cause SPG26

HSP due to mutations in B4GALNTT1 (also known as GM2/GD2 synthase and
Galgt1, or GalNAc-T) is known as SPG26. B4GALNT1 encodes a transferase
responsible for adding the third glucan subunit to complex glycosphingolipids to
generate GM2 and GD2 gangliosides. Four different research groups have recently
identified families across the world possessing a variety of different mutations in
B4GALNT1 causing SPG26 (119-122). Disease inheritance occurs in an autosomal
recessive pattern, with no apparent effects in heterozygous carriers (122). Patient
presentation ranges from a mild, uncomplicated spastic paraplegia to disease with
severe spasticity and complicated with factors such as severe intellectual disability,
peripheral neuropathy, and cerebellar ataxia. The degree of severity and specific

symptoms vary, even within families. For example, two patients described in Dad et al.
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show only mild spasticity with no muscle wasting in young adulthood, while another

younger patient exhibits attacks of febrile ataxia (122).

Despite multiple clinical reports, relatively little is known about the
pathophysiology of SPG26. Previously, only one other inherited disease, an infantile-
onset epileptic syndrome, was known to be due to a defect in the ganglioside synthetic
pathway. This disease, most common in the Amish community, is characterized by
mutations in SIAT3, which is responsible for producing GM3 synthase deficiency (117).
It is suspected that pathology may be due to GM3 accumulation or reduction of other
species. Cultured skin fibroblasts from patients demonstrated an increase in GM3 and
decrease in GM2, suggesting the mutations produce an enzymatic dysfunction.
Moreover, these patients appear to generate a novel sialyated Gb3, perhaps due to
ectopic STGALLII catalyzation due to lower concentrations of GM2 and more complex
GSLs (120). However, it is unknown if this species is either directly toxic or
compensates for deficiency in GSLs. Total GSLs were increased by about 25% in
patient fibroblasts, although it is premature to conclude this is a real increase without

reproduction of these results (120).

Many groups have studied B4GALNT1 mouse models to understand pathology
resulting from the mutation, which appears to be due to faulty myelination. These mice
exhibit increased levels of simple gangliosides, such as GM3 and GD3, yet no increase
is observed in total GSL levels, which contrasts with the minor increases in total GSLs
observed in patients in Harlalka et al. (120, 123). While an early study by Takamiya et

al. did not observe a substantial alteration in brain morphology in B4GALNT1 KO mice,
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more recent studies have shown these mice exhibit defects in myelination and axonal
degeneration in both the CNS and PNS (123-125). As these mice have reduced MAG
expression and phenotypically resemble mice with a disrupted MAG gene, they likely
suffer from defective axon-myelin stability since MAG cannot bind to the simple GSLs

that are produced due to the enzymatic deficiency (125).

GBA2 mutations cause SPG46

HSP due to mutations in GBAZ2 is also known as SPG46. GBA2, also known as
microsomal bile acid beta-glucosidase, catalyzes the hydrolysis of GlcCer into glucose
and ceramide in membranes nonlysosomally. Thus, GBAZ2 function is critical in the
extra-lysosomal metabolism of GSLs. GBAZ2 is thought to be most highly expressed in
the forebrain and cerebrum, although it is controversial if GBAZ2 is localized as a
transmembrane protein, plasma membrane-bound enzyme, or at the ER or Golgi,
adjacent to GlcCer synthesis. GBA2 has been linked in neuronal differentiation in many
different contexts and may increasingly localize to the plasma membrane as cells
become more differentiated. Glucocerebrodase, also known as GBA1 or simply as
GBA, catalyzes a similar reaction in the lysosome. Mutations in GBA1 cause Gaucher

disease (126).

A variety of different groups have reported cases of cerebellar ataxia and SPG
resulting from GBA2 mutations (127-131). Hammer et al. first reported the association
of two nonsense and a missense mutation in GBAZ2 with ataxia in Tunisian patients in
2013. Given that all patients presented with ataxia juvenile onset, the authors

designated these GBAZ2 mutations as an etiology of Autosomal-recessive cerebellar
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ataxia (ARCA). Yet, they noted that patients afterwards developed spasticity in the
lower and then upper limbs and other signs of pyramidal syndrome as well as sensory
neuropathy. Some individuals developed signs of complicated syndromes such as
structural deformities of the feet, abnormalities in ocular tracking, and mild intellectual
disability. However, other groups have reported clinical syndromes due to other GBA2
mutations that first present with lower limb spasticity (128, 129). Nevertheless, many of
the same ataxic and cerebellar features as well as many of the same complicated signs
predominate with disease progression. Overall, while there is great variety in signs and
symptoms and their severity, both spastic paraplegia and ataxia are generally common
in patients. A later study seemed to implicate an intermediate and mild form of these
two entities, suggesting GBA2 mutations may cause a syndrome that exists on a
spectrum from HSP to ARCA (130). Increased utilization of unbiased screening
approaches should aid in delineating the phenotypic spectra associated with GBA2

mutations (132).

In contrast to using mice as a model organism for the disease, perhaps the best
evidence of GBAZ involvement in pathology was performed in a zebrafish model using
morpholino knockdown of the GBAZ2 orthologue. Zebrafish demonstrated abnormal
locomotion and decreased axon outgrowth. Transfection of the human WT but not the
mutant mMRNA rescued the defects, suggesting GBA2 mutations play a role in the
pathology (128). Nonetheless, the GBA2 KO mouse is largely void of neuronal
symptoms, most prominently displaying morphological and functional defects in sperm

and impaired fertility, despite demonstrating GlcCer accumulation in the brain, testes,
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and liver (133). However, despite the KO of the protein, there was still residual
enzymatic activity, suggesting the mouse model may not approximate human disease
(133). Lymphoblasts isolated from an SPG46 patient and COS-7 and HeL A cells
transfected with 10 different mutations causing SPG46 showed essentially no activity
(128, 134). Some of these transfected mutants were more highly expressed than WT
GBAZ2, suggesting that the mutations decrease enzymatic activity rather than defective
expression (134). Furthermore, since affected male patients have fathered multiple
children (127), it is possible that GBAZ2 has different functions in humans. However,
further mechanistic studies are lacking. It’s not well known if GBA1 compensates for
deficient GBA2 in HSP. GBAZ2 deletion has been shown to reduce the Gaucher disease
phenotype in a conditional GBA1 knockout mouse, potentially due to reducing toxic
levels of sphingosine (135). These results suggest compensatory increases in the other

GBA in the presence of a deletion may be deleterious.

FA2H mutations cause SPG35

HSP due to mutations in FA2H is also known as SPG35. FA2H is an ER integral
protein that converts free fatty acids to 2-hydroxy fatty acids that can be transferred to
dihydrosphingosine by CerS and incorporated into ceramide and GalCer. These
hydroxy-GalCer species are thought to be an especially important constituent of myelin,
as enzymes such as galactosyltransferase show a preference for using hydroxy-
ceramides and more than half of myelin GalCer and sulfatide contain these hydroxy
chains (136). Similar to disease associated GBA2 mutations, FA2H mutations have also

been initially associated with multiple diseases. The first report by Edvardson et al. tied
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FA2H mutations to leukodystrophy with spastic paraparesis and dystonia, although the
first clinical signs began in childhood with lower limb spasticity and gait disturbance
(137). In some patients, cerebellar and cognitive dysfunction soon followed and the
disease progressed to the point where patients lost ambulatory ability. White matter
degeneration was apparent on MRI in these patients. Patients with the more severe
clinical presentation carried an intronic point mutation that resulted in a splicing defect
with the loss of two exons, while the milder mutation caused a substitution point

mutation.

Two years later, distinct FA2H mutants were identified as a cause of SPG35 and
Neurodegeneration with Brain Iron Accumulation (NBIA) (138, 139). The HSP case was
associated with seizures, intellectual disability, loss of ambulation, and white matter
abnormalities on MRI, suggesting that despite the different categorization, a similar
pathology may be responsible (138). Kruer et al. report FA2H mutations as causing
NBIA, but otherwise clinical presentation was generally similar with spasticity, loss of
motor ability, and white matter degeneration (139). The authors suggest there is
evidence of iron deposition on MRI images in the earlier two studies done by Edvardson
et al. and Dick et al., however, this is controversial (140). A variety of other case reports
have been documented, as compiled by Marelli et al. in 2015 and Cao et al. in 2013
(140, 141). Interestingly, multiple reports have recently suggested that SPG35 may be
inherited through uniparental disomy, which is otherwise rarely observed for

neurodegenerative diseases (142, 143).
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FA2H KO mouse models have recapitulated many neurological defects observed
in patients. Mice exhibit an age-related decline in myelination that induces axonal
degeneration, suggesting that FA2H is necessary for myelin maintenance (144). CNS
and PNS tissue from FA2H KO mice contained decreased GalCer, due to a large
decrease in 2-hydroxylated GalCer and sulfatide, and a small, presumably
compensatory, increase in non-hydroxylated GalCer. These results were largely
reproduced by Potter et al., who observed axonal demyelination and degeneration in 12
month old mice brains, but also noted regions of profound axon loss and some enlarged
axons (145). These mice exhibited abnormal cerebellar organization and deficits in
motor coordination at 7 months. Deficits in memory and learning were also present as
early as 4 months, but were not observed in models with conditional FA2H KO in
oligodendrocytes and Schwann cells, suggesting that dysfunction of FA2H outside of
myelinating cells can still affect these behaviors. Transfection of COS7 cells with D35Y
mutant caused a complete loss of FA2H enzymatic activity (137). Similarly, transfection
of CHO-K1 cells with R235C and the observed 18 base pair deletion produced an 80%
reduction and complete loss of enzymatic activity, respectively (138); this corresponds
with a milder disease course observed due to the point mutation, which is thought to

occur with other mutations as well (141).

With that being said, biological mechanisms are lacking. Macrophages isolated
from bone marrow have stained PAS-positive, suggestive of a lysosomal storage defect
(139). Large macrophages containing lipids have also been observed in multiple layers

of the rectum (146). Further research will need to continue to explore the potential link
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to lysosomal storage disorders, unorthodox models of inheritance, and effects of FA2H

both within and outside of the nervous system.

33



Chapter 2

CHARCOT-MARIE-TOOTH 2F DISEASE

34



Chapter 2: Charcot-Marie-Tooth 2F Disease

Discovery

The other sesquipedalian name of Hereditary Motor and Sensory Neuropathy,
Charcot-Marie-Tooth (CMT) Disease, owes substantially to its coincidentally concurrent
discovery. While earlier descriptions had been reported by other clinicians, Professor
Jean Martin Charcot, his student Pierre Marie, and medical student Howard Henry
Tooth, are credited for simultaneously identifying the disease in 1886. Tooth, in fact,
correctly surmised was CMT was a neuropathy (147—149). In 1957, Gilliatt and Thomas
reported reduced nerve conduction velocity (NCV) occurred in peripheral nerve

pathologies (150).

Then, in a pair of papers in JAMA in 1968, Peter James Dyck and Edward
Lambert described two distinct clinical presentations of CMT. Each featured symptoms
of neuropathy such as gait disturbance, weakness of muscles at the extremities, and
physical abnormalities of the extremities such as pes cavus. However, upon careful
inspection, a clear subset of cases featured marked decreases in nerve conduction
velocities (NCVs) of peripheral nerves, while conduction velocities in the other subset
were only at most mildly impaired. Symptoms were also reported to occur later in this
second form of CMT (151). This division later became the basis for the categorization of
CMT1 and CMT2, the former which was generally defined by a NCV below 38 m/s
(152). Since then, an intermediate division of CMT with NCVs above and below 38 m/s

and both demyelination and axonal pathology has been described (153). Many less
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common subtypes of CMT have been also identified, raising the current total to nine

(154).

As genetic sequencing technologies have developed, it became clear that even
CMT1 and CMT2 were genetically heterogeneous disorders owing to a diverse cast of
distinct mutations. The first genetic etiology of CMT was identified in 1991 as a DNA
duplication causing CMT1A (155), leading the way to the discovery of many distinct
types of CMT. Generally speaking, genes mutated in CMT1 have been shown to be
involved in myelin function, and often contain “myelin” or “Schwann” in their names.
Genes that are mutated in CMT2, on the other hand, tend to be expressed in neurons,
although they often subserve fundamental cellular functions in a variety of intracellular
locations and tissue types. Examples include amino-acyl tRNA synthases, heat shock
proteins, and enzymes involved in lipid metabolism (154). Determining how the
dysregulation of these proteins contributes to a purely peripheral nervous system (PNS)
phenotype remains one of the greatest challenges in CMT research. As such, the
biological consequences of CMT2 mutations resulting in pathology are not as well
understood as CMT1. Many recent reviews have served to update research on CMT
(76, 154, 156—160), however efforts have not specifically focused on CMT2F. This
chapter will focus specifically on examining, comparing, and analyzing the accumulated

knowledge we have developed on CMT2F.

CMT Clinical Overview
The prevalence of CMT is estimated at 1 in 2,500 (161, 162). CMT typically
presents similarly to neuropathy, except that motor weakness is more common as an
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early symptom of CMT (163). Decreases in sensation and balance can lead to
ulcerations, amputations, and fractures due to falls (163). Cross-sectional studies have
determined a significant relationship between age and severity of symptoms, suggesting
a worsening of phenotype with age. However, despite great disability, lifespan is
unaffected (161, 164). Most types and cases of CMT are inherited in an autosomal
dominant manner, although some cases exhibit X-linked or autosomal recessive
inheritance. The recessive cases are thought to often present with a more severe
disease course and potential mild central nervous system involvement (161). The
differential diagnosis includes the most common cause of distal symmetric
polyneuropathy, diabetes mellitus, which often initially presents with loss of pain and
temperature elicited upon testing. Further history and laboratory testing can rule out
other etiologies of neuropathy such as alcohol, Vitamin B12 deficiency, Guillain-Barre
syndrome, chronic inflammatory demyelinating polyneuropathy, and chemotherapy,

although the differential is large (163, 165).

The first prospective clinical study of CMT2 in 2003 followed 43 previously
identified Dutch CMT2 patients for 5 years. The results supported the traditional clinical
picture of CMT. Patients most often incurred moderately increased motor degeneration,
incidence of clawed toes, requirement of aids for ambulation, and disability in daily
activities. Earlier disease onset correlated with specific physical deformities, while
clawed toes increased in incidence over the course of the disease. Interestingly, these
data suggested that pain and muscle cramps may present with onset but remit during

the course of the disease (166).
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Diagnosis of CMT is rapidly changing as genetic testing is continuously more
prevalent and cost-effective. Traditionally, diagnosis was achieved with a thorough
medical history and neurological exam. Electrodiagnostic measures could also be
performed if suspicion of CMT was high. However, genetic testing is becoming more
common as it becomes increasingly cost-effective (163). Advances in whole-genome
sequencing (WGS) and whole-exome sequencing (WES) have exponentially
augmented our understanding of the genetic underpinnings of CMT (167—-169). While
increased utilization of genetic testing modalities may lead to further discovery of novel
genetic causes of CMT, its usage alone is not always diagnostic. Estimations made as
late as 2011 show that only half of CMT patients possess a causative mutation in a
known gene (170). Genetic abnormalities were identified in less than 20% of patients in
a cohort of 17,880 individuals with peripheral neuropathy in 2014 (171). In another
recent study, only around one half of families with a history consistent of CMT were

found to possess a CMT-causing mutation using whole-exome sequencing (172).

Nevertheless, genetic testing may hold most promise in screening many of the
more common types of CMT. Among a set of 14 common genes tested, copy number
variations (CNVs) in PMP22, comprising CMT1A, accounted for approximately 75% of
genetically identifiable caused CMT cases. When combined with data from the genes
GJB1, MFN2, MPZ, and PMP22, that number jumped to approximately 95% of CMT,
suggesting that physicians might be best served beginning clinical assessment by
screening this panel of genes (171). Over 80 genes and 1000 specific mutations have

been associated with CMT (169), and many clinical sequencing studies have failed to
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identify genetic causes for many cases (173), necessitating more extensive genetic to

identify patients with less common subtypes of CMT2.

CMT2F Clinical Presentation
Human genetics

CMT2F was initially discovered in 2001 through linkage analysis in a Russian
family as a novel mutation mapping to a region in Chromosome 7 (174). In 2004,
missense mutations in heat shock protein 27 (Hsp27) were identified as the cause of
CMT2F (175). The vast majority of CMT2F cases are due to point mutations, although a
premature stop codon in the C-terminus of Hsp27 has also been reported to present
similarly (176). Clinical evidence points almost exclusively to an autosomal dominant
mode of inheritance (162, 177, 178). However, very rarely in some families, CMT
occurring from Hsp27 mutations (L99M) presents in a autosomal recessive manner

(178, 179).

Hsp27 is a member of the class of small heat shock proteins, which are capable
of binding with partially denatured proteins to prevent aggregation. Many recent reviews
have extensively documented functional roles of small heat shock protein (sHsp)
function (180-182). As chaperones, they sequester proteins until ATP-dependent
chaperones are available to assist in refolding or targeting the misfolded protein for
degradation (183—185). These proteins also subserve many other functions including
modulation of cytoskeletal elements, promotion of cell growth and differentiation, and

apoptosis (184).
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Hsp27 itself performs many of these functions. In brief, Hsp27 is ubiquitously
expressed and able to protect cells, including peripheral neurons, from various cellular
stresses and apoptosis (186, 187). Hsp27 is thought to bind to targeted proteins and
serve, at least temporarily, to prevent their degradation in an ATP-independent process
(188—191). By preventing protein aggregation and regulating proteasomally mediated
protein degradation, as well as regulating caspase activity, redox state, proliferation,
and cytoskeletal integrity, Hsp27 and other sHsps are important regulators of cell death
(192). Hsp27 has been implicated as a contributing and protective factor in disease
states ranging from neurodegenerative disease to cancer to cardiovascular disease

(193).

Hsp27 contains a similar structure to many sHsps with a conserved a-crystallin
domain of approximately 90 amino acids with a beta-sheet facilitating dimer formation.
N-terminal and C-terminal regions flank both sides of the a-crystallin domain (194). Both
terminal regions are thought to have independently evolved, suggesting that they may
be functionally differentiated from other sHsps (195). The a-crystallin domain is thought
to be capable of dimer formation while the termini may facilitate the formation of larger
oligomers (196, 197). Oligomerization seems to largely be regulated by
phosphorylation, which occurs at three serine residues in the N-terminus (198). By
dynamic control of the rate of oligomerization and disassembly, Hsp27 can control its

function as a chaperone (194, 199).
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Epidemiology

Clinical studies suggest the prevalence of CMT2F and dHMN Il is worldwide.
Table 1 lists all known mutations of CMT2F reported in the literature to date. CMT2F
has been reported in China (177), Russia (174, 175), Belgium (175), England (178,
179), France (178), Finland (173, 200), ltaly (201-206), Korea (207), Taiwan (208), and

Armenia (178).

dHMN occurring due to Hsp27 mutations has been reported in England (175),
Ireland (209), Japan (210-213), England (175, 179), France (178, 214), Finland (200),
Germany (215), Belgium (175, 214), Croatia (175, 214), Austria (175, 214), Korea
(216), and Italy (178, 201, 203—-205, 217), Portugal (178), India (179), Pakistan (179),
Algeria (178) and the Ivory Coast (178). CMT2F and dHMNII are thought to comprise

about 4% to 0.3% and 8% of CMT and dHMN, respectively (171, 178, 203).

Clinical presentation

The clinical presentation of CMT2F generally mirrors the loss of axonal function
seen in CMT2. The first presenting symptom is often foot drop, initially occurring
unilaterally in most patients (178). Many patients often first complain of decreased
ambulatory ability and often suffer from falling (177, 212). Sometimes the degree of limb
involvement may be asymmetrical (218). Axonal biopsy typically reveals atrophy without
acute degeneration nor substantial change in myelination (201). Nevertheless, even
though CMT2 has been traditionally classified by axonal degeneration instead of
demyelination, some patients exhibit decreased NCVs in the lower limbs (177, 202). In

concordance with denervation, lower limb muscle with fatty replacement wasting occurs
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most drastically distally (206). Serum creatine kinase levels are generally moderately
elevated, presumably secondarily due to muscle degeneration resulting from

neuropathy (178).

Other aspects of clinical presentation are also similar to other types of CMT2.
Some evidence suggests males may be affected earlier and more severely than
females, although no comprehensive clinical studies have specifically addressed
differences in presentation due to gender (202). Age at onset appears to generally
decrease over succeeding generations, often by as much as 30 years (177, 201, 213,
216)However, this could be due to CMT’s relatively insidious onset and greater
surveillance from both patients and physicians for individuals with a family history.
There is still great variability of onset though — patients have exhibited symptoms in their
feet as early as age 6 while as others do not develop symptoms until their late 30s (177,
215), mid-50s (179) or even their 60s (203). dHMN patients may not present with
symptoms until much later in their mid-50s and fail to show changes in NCVs (215,

219).

While most identified mutations in CMT2F have been point mutations, a
nonsense frameshift mutation at position S158 has been identified in an Italian family,
presenting in a child at 3 months of age after a tetanus vaccination and worsening after
a subsequent booster dose months later (205). The patient subsequently lost
ambulatory ability and lacks motor or sensory NCVs. This suggests nonsense mutations
may cause a more dramatic phenotype, however the unvaccinated father has had a

rather typical course of disease with mildly impaired motor loss and no sensory loss. It

42



is unknown whether truncated forms of Hsp27 can cause a much earlier onset and
more severe disease, and whether immunizations or other potential stressors in

susceptible patients may exacerbate the disease course.

Other cases have also presented specific mutations that present as either
CMT2F or dHMN II. It may be difficult to generalize rules for certain point mutations
such as R136L presenting as CMT2F and dHMN Il, even in a single study (203). One
study determined that R136L patients present with greater loss of plantarflexion than
dorsiflexion in the ankles (202), whereas a different mutation encoding a premature stop
codon presented with equal loss of each type of flexion (176). Furthermore, it appears
that certain mutations may present slightly differently between different families — for
example, an R127W mutation in a Chinese family presents with an later age of onset
but with sensory involvement in hands compared to an R136W mutation in an Italian
family (177, 204), while onset of K141Q has differed in Japanese families (211, 213).
Additionally, even cases inherited within a single family have presented with consistent
motor but a wide spectrum of sensory symptoms, from no loss to severe failure, which
also further suggests that CMT2F and dHMN exist as a continuum and other factors

may affect symptom presentation (204, 206).

Considering that many of these same mutations occur in CMT2F and dHMN |II,
especially the commonly reported 404C>T (S135F), the categorical distinction of these
two diseases is likely more based on symptomatology than differences in cellular
pathology (175, 203, 207). Furthermore, many CMT2F patients show relatively minor

deficits in sensory function (49). However, determining why almost all patients with
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related Hsp27 mutations consistently develop motor systems, while only a subset
develop sensory symptoms, remains a lingering question. It is still unclear whether
genetic or environmental differences among individuals contribute to a varying clinical
presentation. While some studies have suggested that mutations in the C-terminus of
Hsp27 may cause a strictly motor phenotype (220), mutations in other regions of the
gene can produce a pure loss of motor capabilities (203), while some cases of C-

terminal mutations present with a mixed motor and sensory picture (176).

This level of variance suggests that if mutation location has an effect on
symptomatology, it is not generalizable. Consequently, researchers should exercise
caution when generalizing clinical findings that occur only in the presence of specific
mutations as pathological mechanisms that explain symptomatology, such as observed
alterations in mitochondrial transport in S135F but not P182L cells, as discussed more
later (220). As keenly pointed out by Rossor et al., 2012, the lack of patient-reported
sensory symptoms does not preclude sensory involvement of the disease on
examination (176). The later onset of dHMN Il may also reflect a milder disease

presentation.

Finally, clinical studies have also demonstrated heterogeneity in clinical
presentation beyond motor and sensory loss in limbs. A recent case report identified a
novel D129E Hsp27 mutation thought to cause both motor neuropathy and a distal
myopathy, although there was substantial variation in presentation, as the second
generation patient had only minor symptoms of cramping (209). Other reports have

detailed patients that demonstrate hearing loss that precedes motor and sensory
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symptoms (202), or ocular symptoms such as optic atrophy and ocular myopathy (161).
Interestingly, some patients also present with positive pyramidal signs including a
positive Hoffmann sign or Babinski sign, suggesting upper motor neuron deficits in the
corticospinal tract may also be present and potentially masked by peripheral dysfunction
(202, 203). However, signs of pathology have generally not been detected clinically in

the brain and spinal cord (178).

Patient data in further clinical reports should augment our understanding of how
certain mutations impart different likelihoods of developing distinct clinical phenotypes.
Thus far, the low prevalence of CMT2F among patients presenting with distal
symmetrical polyneuropathy has presented a challenge to producing sufficient data to
assertively shape conclusions about prevalence. However, as diagnostic sequencing
increases in ubiquity across the world, we should expect that our insight into the effects
of specific point mutations, genetic environment, and environmental exposures will

considerably increase our knowledge on CMT2F.

CMT2F Experimental Reports

Hsp27 knockout mice

Hsp27 is commonly referred to as Hsp (-1 or HspB1 in mice. As far as | know,
HspB1 knockout (KO) mice have been created and described in publications by three
different groups to date. Huang et al. 2007 ablated HspB1 and replaced it with a knock-
in of the lacZ reporter gene under the HspB1 promoter, allowing visualization of HspB1
tissue expression at different developmental stages (221). Despite the ubiquity of

HspB1 in mouse tissue, particularly in musculature, these mice were viable, fertile, and
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lacked any apparent musculoskeletal or visual abnormalities. HspB1 was notably
expressed in the spinal cord but expression was limited in the brain, and no neural
phenotypes were reported. The lack of phenotypes was thought to be due to synergistic
action as the levels of other Hsps, such as Hsp70, remained constant. However, upon
heat stress, isolated mouse skin ear fibroblasts (MSFs) showed reduced viability (221).
A second Hsp27 KO mouse model generated by Crowe et al. with deletion of all three
exons of HspB1 demonstrated decreased wound healing and increased inflammatory
markers in isolated mouse embryonic fibroblasts (MEFs). This suggests that HspB1
may physiologically restrain the immune response and promote progression of the cell
cycle (222). A third HspB1 KO generated by homologous recombination resulted in
male mice that exhibited diminished weight, reduced plasma lipids, and myofibrillar

abnormalities in muscle organization (223).

Hsp27 KO in fruit flies (224) and transient reduction through antisense
phosphorodiamidate morpholino oligonucleotides (PMOs) in zebrafish (225) further
suggest a lack of drastic developmental or neural phenotypes. Flies did have a reduced
stress response to starvation and decreased mean lifespan. The lack of stark
phenotypes in KO models may result from compensatory mechanisms from other sHsps
that otherwise could not similarly compensate gain-of-function mutations observed in

CMT2F (223).

Chaperone function

While Hsps operate as molecular chaperones under thermal and cellular

stresses arising from ischemic, oxidative, and toxic etiologies, Hsps also can operate to
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promote these functions in unstressed conditions (184). Given its intimate role as a
chaperone, Hsp27 has been examined in many CMT2F studies in both stressed and
unstressed states. Initially, the P182L Hsp27 mutation was found to irregularly cluster in
the soma instead of spreading into neurites when overexpressed in primary cortical
neurons (226). Minor levels of aggregation were also observed in the presence of WT
Hsp27, but were drastically increased by co-transfection with P182L. This suggested
that the P182L mutant could exert a dominant effect by drastically increasing the degree
of a normal aggregative process. Moreover, unlike the majority of WT Hsp27, P182L
mutant demonstrated predominantly insolubility in a Triton X-100 detergent solution, a
property of other proteins mutated in neurodegenerative diseases, further suggesting
that this mutation causes insoluble aggregates (226). However, this work did not clarify
if this pathology resulted primarily from the formation of Hsp27 aggregates in the soma

or the loss of WT Hsp27 in neurites.

The work by Ackerley et al. encouraged further exploration of aggregation of
Hsp27 using other cellular models. Increased aggregation of Hsp27 was further
observed in Hela cells expressing the G84R, S135F, R136W, and P182L mutants
compared to WT, as well as two mutants in Hsp22 (218), suggesting that many CMT2F
mutations can disrupt Hsp27’s chaperone function. The greatest levels of aggregation
were measured with the P182L mutant, suggesting that mutations in the C-terminus
may especially predispose Hsp27 to clumping in the cytoplasm (218). Recently,
Echaniz-Laguna et al. have also shown that the S187L mutant, but not P7S, G53D, nor

Q128R, displayed clumping, further suggesting that C-terminal mutations may
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selectively cause this phenotype. This group also presented evidence that these
aggregates are cleared via proteasomes and not autophagosomes (178). Increased
aggregation was also observed with another similar mutation, P182S, and may be due
to its increased propensity to form large oligomers, which have low thermal stability and
easily form aggregates (227). While these large oligomers can contain WT Hsp27, this
effect was not observed for T180I, another C-terminal mutation, suggesting aggregation
may be a mutation-specific phenomenon and not generalizable to all C-terminal
mutations (227). Furthermore, another study using patient-derived fibroblasts and stably
transfected neuroblastoma cells failed to demonstrate aggregation occurring with the
P182L mutant (228). Overall, while multiple studies have reported aggregation induced

by different mutants, these effects are still unclear.

Further studies examining the effects of different mutations also present less
clear results. Three CMT2F mutations in the a-crystallin domain—R127W, S135F, and
R136W —were interestingly found to increase Hsp27’s chaperone function, associated
with an increased monomeric state of Hsp27. This increase in function theoretically
might have been able to explain the biological gain-of-function thought to underlie the
typical autosomal dominant inheritance of CMT2F (229). However, three other
mutations—S156Y, T1511, and P182L—had no overall effect on chaperone activity,
suggesting that increased chaperone activity is not necessary for CMT2F disease
progression. Moreover, these mutants had varied effects on thermotolerance —
increasing, decreasing, or not altering responses. This suggested that either specific

mutants caused different pathologies that still resulted in a similar clinical phenotype, or

48



direct measures of Hsp27 chaperone function may not be especially relevant in disease
pathogenesis. Almeida-Souza et al. observed that the R127W and S135F mutants were
increasingly present in monomeric form. The authors proposed that the mutant residues
blocked otherwise stabilizing internal hydrogen bonds that facilitated protein
dimerization. These two mutants, along with R136W, bound more to client proteins,
further suggesting the mutants are hyperactivated and may have increased chaperone

function in the monomeric form (229).

Additional results from other studies have made interpreting the effects of Hsp27
mutants on chaperone activity difficult. Other mutations (P7S, G53D, Q128R, and
S187L) studied by Echaniz-Laguna et al. did not have an altered monomeric:dimeric
ratio nor altered chaperone activity (178). Given that Q128R occurs between R127 and
S135F, these results suggest that it may be difficult to extrapolate effects on chaperone
activity from the general location of mutations in the protein. Further complicating
matters, the R127L and a truncating C-terminal mutation were shown to impair heat
tolerance both immediately and 48 hours following heat stress in fibroblasts isolated
from patients; the effect of the truncating mutation was much greater (200). As the WT
and truncated Hsp27 showed similar nuclear translocation and induction of heat shock
protein genes, this suggests that immediate decreases in viability following heat shock
could be due to structural deficits in Hsp27 induced by the mutation, preventing Hsp27
from binding and protecting denatured proteins. Both mutant conditions demonstrated
an increased sensitivity to protein misfolding, as measured by increased apoptotic

round cells, and the effect appeared earlier in the C-terminal truncated cells than the
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R127L (200). However, Ylikallio et al. did not observe aggregates in the C-terminal
truncation mutant as Ackerley et al., observed in P182L (200, 226). Ylikallio et al. also
did not observe an increased monomeric fraction of R127L as Almeida-Souza et al. did
for R127W, suggesting that either the specific point mutation confers different
phenotypic effects or overexpression in neuroblastoma lines may produce different
results than patient-derived fibroblasts (200, 229). Each of these models possesses a
strength of either a neuronal background or endogenous expression levels. Induced
pluripotent stem cells (iPSCs) largely carry both of these advantages and should be

highly considered for future studies given this discrepancy.

Substantial work has also been undertaken to descriptively analyze the
biochemical effects of mutations located in each portion of the protein. G84R and L99M
mutants produce larger and less stable homooligomers and possess reduced
chaperone activity, potentially by decreasing accessibility of the N-terminus and
affecting dimer stability, respectively (230). Additionally, three N-terminal mutations
have also been shown to produce earlier heat-induced aggregation, increased
susceptibility to chymotrypsin-induced lysis, and reduced chaperone activity. These
mutants also decreased phosphorylation preventing Hsp27 oligomer dissociation and
were observed to form larger homooligomers (231). The R140G and K141Q mutations
in the a-crystallin domain both decrease thermal stability; however, these mutants have
varying effects on protein interactions, trypsinolysis, homo- and heterooligomer size,
and chaperone activity, the latter which was decreased in R140G but not altered in

K141Q (232). The more drastic effects of R140G compared to K141Q is comparable to
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those observed for S135F and R136W and may be due to the fact that R140G mutation
more severely disrupts the dimer interface than a mutation at the adjacent residue (229,
232). Focusing on the C-terminus, Chalova et al., analyzed parameters of chaperone
function in four mutations and concluded that each confers a distinct biochemical
mechanism of disruption. R188W possessed a decreased chaperone function likely due
to altering polarity of the C-terminal extension while not altering quaternary structure.
Conversely, the T164A mutation decreased quaternary structure and thermal stability
without affecting chaperone function. While T1801 and P182S occurred in a similar
location in the C-terminal domain, T180I increased thermal stability while P182S

decreased thermal stability and dramatically decreased chaperone activity (227).

Neurofilaments

One potential mechanism for decreased axonal transport may be through
neurofilament (NF) dysregulation. NFs in the peripheral nervous system are typically
heteropolymers made up of NF light (NF-L), medium, heavy, and peripherin subunits
(233). NF-L chain levels have been shown to be highly associated in blood and
cerebrospinal fluid with progression of neurodegenerative diseases in animal models
and are becoming promising biomarkers in clinical settings. It is thought that their
accumulation directly contributes to neuronal cell death (233—-236). Mutations in NF-L,
which is abundant in neurons, are known to cause CMT2E, often with an early and
severe phenotype (237-239). In their seminal paper, Evgrafov et al. co-expressed NF-L
with either WT or S135F mutant Hsp27 in adrenal carcinoma cells, and observed that

the S135F mutant induced NF-L aggregates instead of a filamentous staining pattern
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(175). Ackerley et al. similarly showed that the P182L mutant disrupts the NF network in

primary cortical neurons (226).

Further work has sought to build upon these initial findings. WT Hsp27 was found
to directly bind to WT and CMT2E-mutant NF-L and reduce mutant NF-L-induced
aggregation and mutant NF-L-mediated motor neuron death. This suggested that
mutations of Hsp27 underlying CMT2F dysfunction may have a related mechanism to
CMT2E (240). Similar to mutant NF-L expression, expression of S135F mutant
disrupted the NF network, causing NF-L aggregation and reducing viability of motor
neurons. To determine if these effects on NF-L are necessary for CMT2F pathogenesis,
Zhai et al. microinjected S135F cDNA into NFL KO mice and observed that isolated
motor neurons had decreased growth. However, when WT mice were microinjected with
S135F cDNA, there was a substantially greater decrease in motor neuron growth. Thus,
while eliminating NF-L did not completely rescue cells from S135F-mediated toxicity, it

hints at the possibility for common mechanism for CMT2E and CMT2F.

Further studies have largely focused on investigating NF regulation in CMT2F.
Using neuroblastoma cell lines stably expressing CMT2F mutations, Holmgren et al.
found CMT2F mutants reduced NF anterograde transport. This was partially explained
by increased Cdk5 activity, which increased NF phosphorylation and thereby increased
binding among NFs in all mutants tested but R127W; this caused decreased NF binding
with kinesin (241). Increased phosphorylation of NFs has also been observed in S135F
mouse tissue and SH-SY5Y cells stably transfected with P7S, G53N, Q128R, but not

S187L mutants (178, 242). While R136W mutant mice generated by Srivastava et al.
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demonstrated an increased NF density in axons, other studies have not focused on

using electron microscopy to study NF function (243).

These results raise many questions on the mechanism by which CMT2F
mutations alter regulatory kinases and in which cell types this occurs. The results
suggest that C-terminal mutations may lack this effect, and further experiments should
be performed with other C-terminal mutants as have been done on chaperone function.
Cdk5 knockdown provided a substantial but incomplete reduction of NF
phosphorylation, suggesting mutants could induce other distinct regulatory kinases and
pathways (241). However, contrary to earlier studies, Holmgren et al. did not observe
NF aggregates nor changes in NF staining patterns in cells transfected with S135F or
P182L mutants, Echaniz-Laguna et al. did not observe alterations in NF architecture in
SH-SY5Y cells using the NF-H (NF heavy) as a marker, and Kalmar et al. did not
observe changes in NF-L staining using transduced mouse primary motor neurons (178,
241, 244). It is still unclear whether this pathology occurs in vivo, and if different mutants

affect NF structure and transport to different degrees, as in chaperone function.

Microtubules

Another interesting and especially promising target for treatment in CMT2F is
microtubules (MTs) and their associated dysfunction. MTs serve many important
functions in axons such as regulating axonal morphology, conserving neuronal polarity,
transporting of cargo, and modulating intracellular signaling through organizing hubs of
kinases and other regulatory enzymes. They often exist in relatively dynamic states of

assembly and disassembly that can be regulated by a variety of mechanisms including
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associating proteins or chemical modifications to tubulin, although MTs in neurons are

generally considered to be relatively stable (245, 246).

Evaluation of WT and mutant Hsp27 binding properties as chaperones led to the
discovery of tubulin as a potential binding partner with increased binding in mutants
(229, 247). While primary motor neurons transduced with viral constructs of mutants
(P39L, R140G, and S135F) did not demonstrate changes in MT staining as evidenced
by TUBBS (beta Il tubulin) (244), work performed in vitro and using dorsal root ganglia
(DRGs) isolated from mice demonstrated that three of five CMT2F mutants tested
(R127W, S135F, and R136W, but not T1511 nor P182L) increasingly bound to both a-
tubulin and assembled MTs. This increased binding of Hsp27 to MTs increased the
stability of MTs in destabilizing conditions by reducing MT dynamic events (247).
Further exploration of this binding interaction demonstrated a significantly greater co-
localization of mutant Hsp27 and the tubulin marker TUBB3. However, this difference
was slight and there was still high co-localization of WT Hsp27 and no apparent
difference in pattern of the MT network. Nevertheless, MTs in mutant cells showed
marginally decreased migratory ability, suggesting a more stabilized state. In
confirmation, thorough evaluation of kinetics of individual MTs revealed that MTs in
mutant Hsp27 cells spent more time in the stationary phase; even though some MTs
exhibited bouts of faster depolymerization, these occurred less often. It remains unclear
whether the increased stability over time or more rapid depolymerization could

potentially induce pathological effects.
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These findings generated great interest in MTs in CMT2F. Many other
neurodegenerative diseases are associated with MT dysfunction, however typically, but
not always, with a less stable state (246, 248—-251). In addition, peripheral neuropathy is
widely known as a common dose-limiting side effect of many MT-targeting
chemotherapeutic agents (252, 253). Patient biopsy data from a clinical study also
reveals an increased density of MTs in atrophic axons, potentially due to decreased
NFs (201). In a seminal study by d’Ydewalle et al., S135F and P182L mutant mice were
found to have decreased acetylation of a-tubulin in sciatic and sural nerves, suggesting
a contrarily less stabilized (and increased dynamic) state. Furthermore, the authors also
observed decreased MT-mediated trafficking of mitochondria, which became a
candidate to underlie the pathological features presenting exclusively in peripheral
neurons, given their high requirements for mitochondria (220). The decreased
acetylation of a-tubulin was confirmed in median/ulnar and sciatic nerves from S135F
transgenic mice generated by a different group, generating great excitement as a

potential biological mechanism of degeneration (242).

However, like the variable in results observed in chaperone function and NF
structure, decreased acetylation of a-tubulin has not been observed in many cell lines
and may be strictly limited to peripheral tissue. Importantly, no change in acetylation of
o-tubulin was observed for R127W, S135F, R136W, and P182L mutants—if anything,
the R136W and P182L mutants demonstrate increased acetylation (247). Even more
perplexing, these results suggest a more dynamic MT state, which falls in line with

alterations observed in most neurological diseases, but opposes the results of Aimeida-
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Souza et al. It is possible that an initially stabilizing environment is present, and the
overrecruitment of histone deacetylase (HDAC) inhibitors could overcompensate,
causing deacetylation in the PNS. However, this possibility would presumably result in
an increase in acetylation of a-tubulin in the system of Aimeida-Souza et al., which was
not observed, making reconciling these results somewhat difficult. As Aimeida-Souza et
al. mention, the increased speed of polymerization they observed could signify that the
increased stabilization observed may only be a transient effect and not reflective of the
true overall MT behavior (247). It is also possible that these results are exclusive to the

cellular environment of peripheral neurons.

Mitochondria

In addition to providing energy in the form of ATP, mitochondria have many
important functions in neurons including responding to rapidly changing cellular
conditions, buffering intracellular calcium, and triggering apoptosis (251, 254). Neurons
require an especially high energy demand for synaptic functions including synaptic
assembly, generation of action potentials, and regulation of synaptic transmission, all of
which can occur far from the nucleus. As such, neurons face especially difficult
challenges in transporting sufficient mitochondria to axon terminals for energy
generation and removing them when they become damaged (254). Defects in
mitochondrial functioning, including fusion and fission, respiratory chain function, and
mitophagy have been associated with a wide variety of neurodegenerative disorders

(255).
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Many studies point to a role of mitochondria in the pathology of CMT2F, as well
as other types of CMT2. Multiple groups have discovered patients with mutations of
both MFN2 and GDAP1. As both of these genes mitochondrial dynamics, mitochondrial
function may be a common mechanistic of CMT2 (256, 257). Moreover, specific
mutations that typically lead to mild disease alone present with severe symptomatology
when inherited together, suggesting a synergistic or additive effect of mutation burden
(257). Impaired mitochondrial trafficking has been implicated in CMT2A (258), CMT2E
(258, 259), and CMT2F (220, 244, 260), while other mitochondrial defects and proteins

involved in mitochondrial function are impaired in many other forms of CMT (250).

In relation to decreases in a-tubulin acetylation, d’Ydewalle et al. determined that
mitochondrial transport decreased in S135F mouse DRGs (220). Since MTs serve to
transport mitochondria along axons, the group tried to rescue mitochondrial transport
deficits by increasing MT acetylation using HDAC inhibitors. HDACs hydrolyze acetyl
modifications selectively added by histone acetyltransferases (HATS) to lysine residues
on histones and other molecules. HDACSG ironically does not act on histones but is
known to regulate acetylation of a-tubulin and other heat shock proteins (261). Indeed,
HDACS inhibition using trichostatin A (TSA) and tubastatin increased mitochondrial
movement, neuromuscular junction number and innervation, and rescued altered
behavioral performance and compound muscle and sensory nerve action potentials
(CMAPs and SNAPs) (220). Yet, other studies have not been able to completely confirm
these findings. Kalmar et al., observed no difference in percentage of moving

mitochondria using three mutations (P39L, R140G, and S135F) in transduced mouse
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motor neurons (244). This group did, however, observe a decreased velocity of
retrograde transport of mitochondria with no alterations in anterograde transport velocity
or retrograde transport of other cargo, and increased mitochondrial pausing in all mutant
conditions tested. The relative proportion of mitochondrial movement in the anterograde
direction was increased only in the S135F mutant. Similarly, the early results of
Ackerley et al. also did not observe an effect on anterograde transport of mitochondria

in primary cortical neurons transfected with P182L (226).

Nevertheless, given the stark findings of d’Ydewalle et al. on mitochondrial
transport, HDACG inhibitors stand as a promising candidate treatment for CMT2F.
Different groups have identified multiple small molecules with hydroxamic acid moieties
with similar HDACSG inhibition selectively as TSA. Inhibitors tested by one group were
found to possess more potent increases in acetylation of a-tubulin at low concentrations
in N2a cells than TSA, and at higher concentrations increased mitochondrial transport in
CMT2F mutant mouse DRG neurons similar to the degree observed in mice treated with
TSA or WT mice (261). Another recent screening study identified two molecules that
also demonstrated potent and selective HDACS inhibition and increased mitochondrial
axonal trafficking. They were verified as biologically relevant by increasing innervation
at neuromuscular junctions and improving motor and sensory nerve conduction in mice
(262). Mitochondrial movement most drastically increased in a retrograde fashion, but
also appeared to increase in anterograde motion as well, raising questions as to
directional deficits in disease pathology and how HDACS inhibitor treatment may affect

mitochondrial movement. Moreover, while these inhibitors seemed to rescue some
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motor and sensory function, compared to previously reported degree of deficits (and
without a direct positive control from WT mice), they may not fully alleviate symptoms
(262). Two HDAC inhibitors developed by a third group were also shown to rescue
defects in a-tubulin acetylation and mitochondrial trafficking observed in S135F and
P182L cultured motor neurons differentiated from iPSCs derived from patient fibroblasts
(260). While not a major conclusion of the paper, interestingly, two clones of P182L
cells presented with markedly different mitochondrial properties—one clone, unlike the
other, did not demonstrate a decreased absolute velocity of mitochondrial movement,
but interestingly seemed to have an even more drastically diminished percentage of
moving mitochondria (although the authors did not make this statistical comparison)
(260). If these iPSC models are taken to be strong models of cellular pathology, this
suggests that variability in phenotype may even exist within the same individual,
potentially allowing a role for environmental influence. For this reason, more studies

should be performed using iPSC models.

Further study also needs to evaluate other potential therapeutics and determine if
long-term dosage can effectively reduce pathology in model systems. In addition, due to
nucleotide substitution, hydroxyamates as a class are well known mutagens and safety
profiling must be carefully performed to evaluate the potential carcinogenicity of
potential treatments, especially since CMT is not a terminal diagnosis (263). Studies on
sensory nerve endings will also be useful, especially given the variable presentation of
sensory symptoms in CMT2F. Further research may consider also utilizing HATs to

directly induce acetylation.
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The observed decreased trafficking of mitochondria has led other studies to
focus on mitochondrial alterations beyond MT-mediated transport in axons. The fact that
transport of other signaling proteins has not been altered by CMT2F mutations suggest
that deficiencies of mitochondrial transport may be primarily due to mitochondrial
defects rather than generalized defects of transport machinery (244). There is some
evidence that mitochondrial content may be increased in mutant cells. R136W mice
axons demonstrated an increased overall mitochondria content by electron microscopy
(243), potentially due to increased individual mitochondrial size. However, these results
stand in opposition to d’Ydewalle et al., who observed decreased total mitochondria in
DRGs from S135F mice at 10 months but not 2 months, and demonstrated increases in
mitochondrial number by HDACSG inhibition using kymographs and spatio-temporal
maps (220). The same group later showed slight increases in mitochondrial content in
neurites with HDACSG inhibition based on kymograph quantification (262). It is possible

that this discrepancy in results could result from the different imaging modalities used.

Other studies have focused on determining effects on mitochondrial function.
Kalmar et al. observed mitochondria with decreased membrane potential in the neurites
of S135F mouse motor neurons. Using S135F mouse motor neurons, they observed
decreased mitochondrial Complex | (but not Complex Il) activity, increased superoxide
in response to antimycin A treatment, and increased glutathione release and
nitrotyrosine expression, all of which suggest an increased susceptibility to oxidative
stress (244). Many of these studies used other mutants which, in some cases, were

significantly different from WT, and in other cases also showed similar trends to the
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S135F mutant. However, some notable exceptions still existed: P39L appeared to have
similar levels of glutathione (if anything, increased in whole cells) and R140G similar
levels of nitrotyrosine to WT, again suggesting that these mechanisms implicated may
only pertain to certain mutants (244). The lack of a decrease in membrane potential in
the neuronal cell bodies suggests that the mitochondrial defects occur in more distal
processes and may be related to transport. It is unknown whether these structural and
functional abnormalities in mitochondrial size and content, oxidative state, and
respiratory function are related to trafficking defects. It is also unknown why decreased
potential seems to be related to defects specifically in Complex |I. However, decreased
mitochondrial functioning could potentially lead to an increased basal level of oxidative
stress over time, which may cause greatest effects in post-mitotic cells after extensive

time, as observed in CMT.

Other molecular effects

Since CMT2F mutations are typically point mutations that produce a translated
protein, investigators have typically focused on studying the biochemical properties and
biological effects of the mutated protein rather than investigating potential defects in the
molecular biology of the disease. However, one group recently discovered that the
P182L mutation, but not WT nor R127W mutants, interacts with RNA-binding protein
poly(C)binding protein 1 (PCBP1), another ubiquitously expressed protein that exists in
peripheral nervous system tissue, and reduces its function of repressing translation.
PCBP1 targets, which included many genes that when mutated are known causes of

peripheral neuropathy, were expressed more highly in P182L mutants (228). However,
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other mutations have not been studied for translational repression and the potential
consequences of altered translational profiles pertaining to other neurodegenerative

disease have not been mechanistically connected to CMT2F.

Other mutations have also been shown to increase Hsp27 binding to other
proteins. Mutant Hsp27 (S135F, R136W, and R127W) has also been suggested to
increase Hsp27 binding to F-actin, leading to increased dissociation of Drebrin from F-

actin (264).

Other biological responses have received limited study and warrant more
attention. Motor neurons differentiated and cultured from patient-derived iPSCs and
mouse motor neurons transduced with mutant lentiviral constructs do not appear to
have a stark difference in morphology or length and express similar neuronal markers
as control motor neurons (244, 260). However, SH-SY5Y cells transfected with mutants
(P39L, R140G, and S135F) demonstrate increased LDH release, suggesting increased
cytolysis (244). R136W mice sciatic nerves contain cytoplasmic invaginations similar to
secondary lysosomes (243). As mentioned earlier, axonal transport has been shown to
be affected in a wide array of neuropathies beyond simply mitochondrial trafficking
(245, 251). P182L was shown to co-localize and alter the localization of p150, a protein
important in regulating neuronal retrograde transport, potentially sequestering p150 and
preventing efficient retrograde transport (226). However, a later study did not find
altered transport of p75, suggesting that generalized retrograde transport may not be
altered (244) and necessitating further study to thoroughly evaluate transport deficits.

Alterations in autophagy, a mechanism of delivering cell aggregates and debris to
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lysosomes for recycling, are another common mechanism thought to potentially underlie

many types of CMT (265).

Biological models and pathophysiological effects

Different groups have attempted to study the pathophysiology of CMT2F using
mouse models, many of which recapitulate the human disease to a strikingly similar
degree. Physical deformities and abnormal behavior have been noted in multiple mouse
models. S135F and P182L transgenic mice generated by d’Ydewalle et al.
demonstrated noticeable phenotypes, although the latter presents more like dHMN Il
than CMT2F with a lack of sensory symptoms (220). At 8 months of age, these mice
have clawed hindpaws similar to the pes cavus that presents clinically. These mice
present with clasping of hindpaws and decreased rotarod performance at 6 months of
age and decreased grip strength at 4 and 7 months, in the P182L and S135F mutants,
respectively; forepaw strength decreases a few months later, similar to clinical
presentation. The 8-month old mice tested demonstrate an abnormal gait with a
decreased stride length and an abnormal hindpaw, but not forepaw, angle and foot print
area, again mirroring the distal lower limb alterations typically seen initially in humans
(220). Interestingly, grip strength appeared to be markedly worse in the P182L mice,
suggesting that the P182L mutant might present with a stronger motor phenotype than

S135F.

However, CMT2F mouse models generated by other groups have notable
differences. Behavior deficits reported by Lee et al. occur slightly earlier at 5 versus 6

months of age, but appear to be much more severe than the mouse models of
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d’Ydewalle et al., which show a more gradual decline in many motor phenotypes (220,
242). Further complicating these findings, Lee et al. report no sensory phenotype in
S135F mice, suggesting their model presents with a strict motor loss, similar to the
P182L, but not the S135F mice of d’Ydewalle et al. In further contrast, the R136W
mouse model did not demonstrate any functional or behavioral deficits (243). A fourth
transgenic model attempting to express physiological levels of R127W and P182L
mutant proteins to alleviate concerns of artifacts due to overexpression revealed a lack
of pathology and behavioral deficits. While the authors attributed this to insufficient
expression of Hsp27 under the ROSA26 locus, it may also indicate heterogeneity in the
presentation of CMT2F mutations in animal models as well (266). The authors postulate
that the other mouse models with Hsp27 overexpression could potentially promote
formation heter- and homooligomers that would likely carry distinct functional

consequences, potential mislocalization of Hsp27, and may lead to artificial phenotypes.

Despite the stark differences in phenotype, these mouse models display
expected trends in neural physiology based on behavioral data. CMAPs were reduced
in the models of d’Ydewalle et al. and Lee et al., and paralleling behavioral results,
sensory nerve action potentials were decreased in the S135F but not P182L mice of
d’Ydewalle et al. (220, 242). In the R136W mouse, decreases in sciatic motor amplitude
were present at 1 year (but not 6 months), and no change in conduction velocity was
observed (243). Similar to previously mentioned clinical data (206), fatty infiltration of
the gastrocnemius muscle was described by Lee et al., while d’Ydewalle et al. noted

atrophic muscle fibers with abnormal organization (220, 242). While Lee et al. report
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demyelination in sciatic nerve tissue of 10 month mice, d’Ydewalle et al., 2011 show
axonal loss but a lack of demyelination in sciatic nerve tissue from 10 month old mice.
Interestingly, R136W mice have an increased myelin thickness, foldings, and increased
number of Schmidt-Lanterman incisures observed at 6 months of age (243). d’Ydewalle
also noted both the S135F and P182L mice have a reduced number of axons in the
distal but not proximal sciatic nerve, decreased acetylcholine receptor clusters per axon
terminal, and increased percentage of denervated neuromuscular junctions (220).
Despite some clear trends, such a wide variety of phenotypes should prompt additional
CMT2F mouse models, both using the same as well as different mutations, to better

understand the variability of CMT2F.

sHsps in Neurodegenerative disease

sHsps have been suggested to play a large role in many instances of
neuropathy. As motor neurons have a greater threshold for heat shock induction and
Hsp expression generally decreases with increased age, a reduced Hsp stress
response could play a pathological role in CMT disease with presentation later in life
and exclusively in peripheral neurons. A mutation in the promotor of Hsp27 that causes
decreased Hsp27 expression in neurons is associated with Amyotrophic Lateral
Sclerosis (ALS) (267). Hsp27 has been shown to accumulate in brains of patients with
Alzheimer’s and frontotemporal lobe dementia (FTLD) (268). Hsp27 may also be
distinctly linked to myopathy, although further work must focus to delineate this

pathology from CMT (269).
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Upregulation of Hsp27 has shown potential in alleviating many
neurodegenerative diseases, although beneficial effects observed between different
models are not always consistent. Hsp27 overexpression improved impaired long-term
potentiation and spatial memory in a mouse model of Alzheimer’s Disease (270).
Similarly, Hsp27 overexpression protects again protein aggregation and apoptotic
effects from WT and mutant a-synuclein in cell models of Dementia with Lewy bodies
and Parkinson’s Disease, respectively (271, 272). Hsp27 overexpression reduces
reactive oxygen species (ROS) levels and protects neuronal cells from cell death in a
cellular model of Huntington’s Disease (273). However, while there are hints in vivo viral
vector expression of Hsp27 may reduce huntingtin protein aggregation (274), overall
brain ROS and phenotype in transgenic mice are not improved (275). Furthermore,
overexpression of Hsp27 did not protect superoxide dismutase 1 (SOD1) KO mice, a

common model of ALS, from motor neuron degeneration (276).

Mutations in Hsp22, another small heat shock protein also known as HspB8, can
cause dHMN Il (277) and CMT2L (278, 279). Mutant Hsp22 is known to display greater
binding to Hsp27, while S135F mutant Hsp27 has demonstrated greater binding to
Hsp22, suggesting that increased binding of these proteins can cause neuropathy (277,
280). Furthermore, motor neurons transfected with mutant Hsp22 displayed substantial
neuronal degeneration and reduced neurite growth. However, these phenotypes were
absent in transfected cortical neurons and glial cells and only occurred in a small
proportion of sensory neurons (281). These results also suggest that dHMN may cause

cellular defects predominantly in motor neurons because they are more susceptible to
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damage, while impairment of sensory neurons may be below the threshold of producing
clinical signs. If similar mechanisms occur in CMT2F, varying thresholds of impairment
in different individuals may explain why some patients present with sensory loss with

the same mutation while others do not.

Mutations in a-crystallin are known to cause cataracts and cardiomyopathy.
Many of these mutations are known to cause protein aggregation similar to Hsp27
mutants, however, WT Hsp27 co-expression has been shown to reduce both levels of
aggregation and levels of inclusion bodies caused by mutants, similar to Hsp27’s effect
on mutant NFs (240, 282, 283). Neuropathies associated with other small heat shock
proteins are extensively reviewed by Boncoraglio et al., Datskevich et al., and Benndorf

et al. (284—286).

Concluding Themes

One common trend observed across various studies of CMT2F appears to be
that different mutations produce different effects, even when studied by a single group.
For example, R127W mutations may not affect NF interactions as S135F and P182L do
(241), and T1511 and P182L mutants were not found to bind and hyperstabilize MTs as
S135F and R127W did (247). Moreover, some phenotypes have shown opposing
effects from different mutants, as cells transfected with R127W and S135F exhibit
greater thermotolerance, those with P182L less thermotolerance, and those with T1511
and S156Y not demonstrating significant change. In this same study, R136W was found
to have greater chaperone activity while P182L was unchanged (229). In a comparable
disease state, CMT2D and distal spinal muscular atrophy type V are both caused by
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glycyl tRNA synthase mutations, further suggesting that variable sensory symptoms can
exist in the same disease process (287). The slightly different phenotypes from clones
isolated from iPSCs from a single individual discussed earlier provide even stronger

evidence for variability in CMT2F (260).

As such, it will be of critical significance to focus efforts on generating models
from iPSCs derived from patients as has been done recently (258, 260). Not only do
such systems facilitate relatively easy study in human cells but they allow for the study
and direct comparison of WT Hsp27 and mutant proteins at endogenous levels. iPSCs
can also be propagated in cell culture indefinitely and are relatively easily expandable,
especially in facilitating experiments that test potential therapeutics including HDAC6
inhibitors. This relative ease of expansion could further be applied to high-throughput
testing of many different mutations to better understanding heterogeneity in
presentation. As previously mentioned, isolating multiple clones from the same
individual may uniquely allow for increased understanding of variability in phenotype
and any potential environmental influences on pathology and presentation. More cost-
effective sequencing and greater emphasis on analyzing sequencing data for a wide
spectrum of diseases may also allow for a greater understanding of the prevalence of
common CMT2F-inducing mutations in non-presenting individuals and better estimates
of the penetrance of mutations. As the S135F mutation has consistently demonstrated
some of the most striking pathologies in experimental reports, and is consistently
reported as one of the most common mutations, it is possible that it has a higher

penetrance than other mutations that may not always result in a phenotype.
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Given the high variability of effects of different mutations and experimental
systems, studies must be carefully designed and performed to ensure a complete
understanding of CMT2F pathology. Research papers should carefully consider
alternative conclusions and potential limitations of model systems used. This is
especially critical in mouse models — while the first paper presenting a transgenic
mouse model contained exciting findings that led to a search for therapeutic targets, a
second mouse model did not replicate the same basic pathology, and later models
suggested these findings may be spurious due to overexpression of Hsp27. Given the
advent and relative ease of using CRISPR-Cas9 technology to generate mutants,
generation of additional mouse models with physiological levels of mutant Hsp27
expression need to be assessed, and findings from mouse models with overexpressed
protein must be carefully considered in appropriate context. Novel phenotypes should
ideally be assayed using many different mutations, and negative data should be
prominently displayed, given issues with reproducibility. Studies demonstrating
differences in phenotypes for mutants should be especially careful to repeat
experiments with sufficient power to show effects, especially in the face of high

experimental variation.

Nevertheless, the great wealth of knowledge developed in the short time period
since 2001, when CMT2F was discovered, and 2004, when Hsp27 was identified as a
causative agent, provides confidence that research in CMT2F will continue to progress
at a rapid pace. Investigators from increasingly diverse disciplines are becoming

involved in studying CMT2F, and such a multiformity of perspectives can only aid in
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considering novel mechanisms and developing unconventional potential therapeutic
strategies. It is likely that different forms of CMT2 share similar pathology and potential
common mechanisms. CMT2E has been shown to present similarly to CMT2F with
formation of aggregates, abnormal mitochondria, and resulting axonal transport defects
(226, 288), while Hsp27 has been shown to rescue defects in CMT2E, and removing
NFL alleviated the CMT2F phenotype, suggesting these diseases may possess
convergent mechanisms (240, 288). Multiple mitochondrial phenotypes including an
increased average size have been observed in CMT2F, suggesting that mutations in
mitofusin 2 that cause CMT2A may induce similar pathological mechanisms (289). As
an increasingly nuanced biochemical and cellular understanding of other forms of CMT2
develop, we can hope to extend our understanding CMT2F, and come closer to

developing effective treatments.

Aims of study

Based on the strong ties of sphingolipids to many neurodegenerative diseases
and neuropathies, previously unestablished molecular link of sphingolipids to CMT, and
lack of complete molecular mechanisms in types of CMT such as CMT2F, | was
interested in determining if sphingolipids were altered in CMT. If so, | was interested in
developing an understanding of how sphingolipid dysregulation contributed to the
pathology of CMT. Furthermore, given the recent discovery of deoxySLs in mammalian
cells and links of their accumulation in neural dysfunction, | was interested in developing
an effective method for profiling these species and determining if they increased in

nervous system tissue in normal aging.
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Chapter 3: Methodologies

Cell culture and viruses

HT-22 cells were used for biological studies, HCT-116 were used for co-
immunoprecipitation, and HEK-293T cells were cultured for viral production. HT-22 and
HCT-293T were cultured with DMEM (Invitrogen, Carlsbad, CA) with 10% FBS Fetal
Bovine Serum (FBS). Cells were monitored with MycoAlert to detect potential
Mycoplasma contaminations. Human Hsp27 was cloned into pcDNA3.1 with an N-
terminal HA tag. A QuikChange site-directed mutagenesis kit (Agilent, Santa Clara, CA)
was used to generate S135F, P136W, and P182L mutations. HT-22 cells were
transiently transfected with pcDNAS3.1 constructs for 48 hours with Xtremegene 9 with a
ratio of 1 ug DNA:4 uL Xtremegene:100 uL OptiMEM media. Cells were exposed to
Fumonisin B1 (Enzo, Farmingdale, NY) or myriocin (Sigma, St. Louis, MO) for the time

period indicated.

DRG cells were collected and cultured from mice with modifications as described
previously (290). DRGs were collected from seven month old C57BL/6 mice (The
Jackson Laboratory, Bar Harbor, ME) for cellular imaging experiments. 22 mm
siliconized circular cover slides (Hampton Research, Laguna Niguel, CA) placed in a
well of a 6-well plate were pre-treated 16 hours prior to dissection with 0.1 mg/mL poly-I-
lysine (PLL) (Sigma) in PBS (phosphate-buffered saline). Four hours prior to plating
DRGs, the PLL solution was removed, washed for 5 minutes with PBS, and replaced
with 20 ug/mL laminin (ThermoFisher, Waltham, MA) in PBS. DRGs were collected in

ice-cold Neurobasal medium (Invitrogen) and digested in 20 U/mL papain (Worthington,
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Lakewood, NY) and papain activation solution (0.4 mg/ml L-cysteine, 50 nM EDTA, 1.5
uM CacCl in HBSS, pH 7.4) for 20 min at 37 degrees and subquently digested in a
mixture of 5 mg/mL displase (Sigma) and collagenase type IV (Worthington) for 20
minutes at 37 degrees. Cells were then washed with PBS, triturated with three
subsequently smaller fire polished Pasteur pipettes in F:12 HAMS DRG Culture Media,
consisting of F12 nutrient HAMS media (11330-032, Invitrogen), 10% FBS (GE
Healthcare HyClone, Logan, UT), 1x MEM Vitamins (Invitrogen), 1:100
penicillin/streptomycin (Invitrogen). The cells were subsequently centrifuged at 2,000
rpm, and resuspended in F:12 HAMS DRG Culture Media before straining
(ThermoFisher). Laminin was removed from the plates, washed with PBS, and the cells
were resuspended and plated and allowed to adhere for 3 hours, before another 3 mL
of media was gently added. Cells were cultured for 4 days before imaging. A Neon
transfection machine was used for electroporation. Neuronal identify was confirmed by

co-staining for TrpV1 or Tuj1.

Immunoprecipitation

Anti-FLAG Immunoprecipitation (co-IP) done using HT-22 and HCT-116 cells
was performed using Anti-FLAG M2 Affinity Gel (Sigma) according to the
manufacturer’s guidelines. For co-IP performed in mouse tissue, tissue was dissected,
flash frozen, and later measured for protein. 1000 ug of brain, 500 ug of spinal cord, and
100 ug of sciatic nerve homogenates were incubated with 0.8 ug of Hsp27 antibody

overnight at 4 deg. while shaking. The next day, 50 uL of Protein AG beads were
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incubated with the mixture for 1 hour at 4 deg. while shaking. The mixtures were eluted

by heating at 100 deg for 5 minutes and immunoblotting was performed.

Immunoblotting and antibodies

Cells were collected from 60 mm dishes 72 hours after plating and washed in
PBS and lysed in a Triton-X 100 lysis buffer as used in co-IP experiments. Lysates were
sonicated and centrifuged at 14k rotations per minute (rpm) for 10 min to pellet debris.
Protein was measured using SpectraMax M5 (Molecular Devices, Sunnyvale, CA), and
samples were normalized and mixed with loading buffer (NuPage LDL Sample Buffer
4x) and 0.72M 2-mercaptoethanol (Sigma) and boiled for 5 minutes. Protein samples
were resolved on 4-20% gels (Invitrogen) at 150 V using the Criterion system (Bio-Rad,
Hercules, CA) and transferred to PVDF membrane in Tris buffer (100 V, 60 min, 4
degrees). Membranes were blocked with 5% milk/PBS containing 0.1% Tween (PBS-T)
for one hour at room temperature probed with primary antibody in 5% bovine serum
albumin (Sigma) overnight at 4 degrees. Then they were washed quickly and then twice
for 15 minutes, and probed with HRP-conjugated species-specific secondary antibody
(Santa Cruz Biotechnology, Dallas, TX) for 1 hour at room temperature, then washed
transiently and twice for 15 minutes. Immunoblotts were quantified using Imaged. The
antibodies used were as follows: Anti-FLAG (F3165, Sigma), anti-actin (A5441, Sigma),
anti-HA (rabbit polyclonal, 3724, Cell Signaling, Danvers, MA; goat polyclonal, Y-11,
Santa Cruz), anti-a-tubulin (TU-02, Santa Cruz), anti-acetyl-a-tubulin (6-11B-1, Santa
Cruz), anti-Hsp27 (C-20, Santa Cruz), anti-LASS1/CerS1 (H-170, Santa Cruz), anti-

calnexin (H-70, Santa Cruz), anti-LC3B (2775S, Cell Signaling), anti-TOM20 (FL-145,
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Santa Cruz), TrpV1 (rabbit, Millipore, Billerica, MA), Tuj1 (mouse, Biolegend, San

Diego, CA) and HRP conjugated secondary antibodies (Santa Cruz).

Immunofluorescence

HT-22 cells were plated on poly-D-lysine-coated 35-mm confocal dishes
(MatTek) for 72 hours. Cells were washed and fixed with 4% freshly prepared
paraformaldehyde (Sigma) in PBS for 10 minutes, washed, permeabilized with 0.1%
Triton X-100 (Sigma) in PBS for 5 minutes, washed, blocked in 2% human serum for 1
hour, incubated with primary antibody in 2% serum for 1 hour at 37 degrees, washed,
and incubated with secondary antibodies conjugated with Alexa Fluor dyes (Life
Technologies, Carlsbad, CA) for 1 hour, then washed once quickly and twice for 15
minutes each. Vectashield DAPI-mounting medium (H-1200, Vector Laboratories,
Burlingame, CA) was applied for 15 minutes before imaging. All washes were
performed with sterile, 0.22 um filtered PBS and all steps were done at room
temperature unless otherwise indicated. Images were obtained using a Leica TSC SP8
laser scanning confocal microscope. Mitochondria were visualized using 500 nM
MitoTracker Deep Red FM (ThermoFisher) for 30 minutes according to the
manufacturers instructions. Live cell imaging was performed at 37 degrees and 5%

CO..

Mitochondrial morphology was quantified using the macro “Mitochondrial
Morphology” developed by Ruben K. Dagda (291). Images were imported to ImageJ
image version 2.0.0. Cells of interest were selected by confirming that they were
transfected with Hsp27 by visualizing a fluorophore conjugated antibody attached to an
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Hsp27 antibody. Cells were then encircled using the polygon selection tool and
processed by removing both the nuclear DAPI channel and Hsp27 channel, thereby
only displaying the mitochondria channel. The “Process” function within the
Mitochondria Morphology macro was run on the image by applying the Autothreshold
tool. Additional manual threshold adjustments were then made to ensure appropriate
signal was present without any impeding background signal. The image was then
evaluated using the Mitochondrial Morphology “Analyze” function. This macro takes
measurements of all present mitochondria in the region of interest and provides
quantification of mitochondria size, area, perimeter, count, circularity, and solidity. The
tool also provides an area/perimeter value as an index for mitochondrial

interconnectivity. Data was transferred to Microsoft Excel for analysis.

Mitochondrial function

A Seahorse 96XF machine (Agilent, Santa Clara, CA) was used to measure
oxygen consumption rates according to the manufacturers instructions. 10,000 HT-22
cells were used to seed XF96 plates and experiments were performed according to
guidelines established by the manufacturer. Three temporal measurements were taken
and averaged to compute each basal condition. Following experiment cell cartridge was

frozen and data was normalized to total protein.

Lipid analysis

Cells were washed with ice-cold PBS before collection. Protein levels of tissue
samples and subcellular fractions were measured and masses submitted were
normalized to total. High performance LC/MS of ceramide species were performed by
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the Lipidomics Core at Stony Brook University as previously described (292). Lipids
from cell culture experiments were normalized to total phosphate levels following LC/MS

readings.

Deoxysphingolipid Analysis

Protein levels of tissue samples and subcellular fractions were measured and the
final results were normalized to total protein content. Samples were fortified with an
internal standard mix and lipids were extracted twice with a mixture of Ethyl acetate:
Isopropanol: Water — 60: 28: 12%, as previously described (292). Two extracts, 2 mL
each, were added together and dried down under nitrogen. The samples were
resuspended in 150 uL of Mobile phase B (Methanol: 1mM Ammonium formate: 0.2%
Formic acid). High performance LC/MS of ceramide species were performed by the

Lipidomics Core at Stony Brook University as previously described (292).

Mass spectroscopy analyses were conducted on TSQ Quantum Ultra triple quad
mass spectrometer with Accela 1250 HPLC system in MRM mode. The lipids were
separated on a C8CR chromatography column and injected into the mass spectrometer,

where they were separated and characterized according to their mass-to-charge ratio.

The presence of many other lipids in biological material extracts makes it difficult
to identify separated species. The compounds were optimized using the aforementioned
standards purchased from Avanti (Alabaster, Alabama). The quantification was

performed by using internal standards and calibration standards for each lipid.
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The MRM transitions that were used are shown in Table 2A. The collision energy was
optimized with standard species (see Table 2A). RT linear regression analysis was
performed to find the species which do not have standards. All standards were
purchased from Avanti Polar Lipids, Inc (Alabaster, Alabama). C16-deoxyCer, C16-
deoxydhCer, C24:1-DeoxyCer and C24:1-deoxydhCer standards were used for
optimization of the MS transitions and all other MS parameters. Representative
calibration curves demonstrated high linearity. C16-deoxyCer, C16-deoxyCer, C24:1-
deoxyCer and C24:1-deoxyCer standards were used to determine parameters for
accurately measuring deoxydhCer and deoxyCer species. Using these standards, as
well as all standards for regular ceramides, | was able to calculate retention times (RTs)
for C12, C14, C18, C18:1, C20, C20:1, C22, C22:1, C26, and C26:1 deoxyCer and
deoxydhCer. The deoxy species were quantified using the closest by RT and by

structure standard.

Metabolic Analysis
High performance liquid chromatography and untargeted mass spectroscopy

were performed by the Stony Brook Metabolomic facility as previously described (293).

Cell assays

Cell viability was measured using the oxidation of the aqueous solution 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to the insoluble formazan
(Sigma) was previously described (294). Urea content was measured using a

QuantiChrom Urea Assay Kit (DIUR-100) as following manufacturer’s guidelines.
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Subcellular fractionation

Protein lysate was collected with a Mitochondrial Isolation Kit for Cultured Cells
(ThermoFisher) according to instructions as provided by the manufacturer. Spin speeds
of 1,000g and subsequently 3,000g were respectively used in order to obtain an
enhanced purity mitochondrial fraction. Sample pelleting at 1,000g was deemed
nuclear; the supertant subsequently pelleting at 3,000g and also following a subsequent
wash and 3,000g spin was deemed mitochondrial. Following the first 3,000g spin,
supernatants were spun at 13,0009, and the resulting fraction was deemed

cytosolic/microsomal.

Mouse tissue

All animal procedures were approved by the Stony Brook University Institutional
Animal Care and Use Committee (IACUC) and followed the guidelines of the American
Veterinary Medical Association. Sciatic nerve and brain tissue were dissected from
C57BL/6 and Hsp27 KO mice (222) and flash frozen in liquid nitrogen and later

homogenized using a QIAGEN TissueRuptor. Results were normalized to protein.

Statistical analysis

Unpaired Student’s t test for single comparisons with a P < 0.05 were considered
statistically significant for comparison of 2 groups, unless otherwise noted. Figures were
marked with *; **, and *** for calculations that revealed that P < 0.05, P<0.01, and P<
0.001, unless otherwise noted. Unless noted, wild-type (WT) conditions were compared
with mutant or pharmacologially altered conditions. For experiments in which no
observable substantial difference between groups was present, error bars are shown.
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DeoxyCer and deoxydhCer levels were not statistically analyzed as the purpose of
these experiments was to demonstrate the efficacy of this method and note general
trends that are worthy of more detailed study. Data are represented as means with
standard errors, unless otherwise noted. N = number of independent experiments,

unless otherwise noted.
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Chapter 4

DeECREASED CERAMIDE UNDERLIES MITOCHONDRIAL DYSFUNCTION

IN CHARCOT-MARIE-TOOTH 2F
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Chapter 4: Decreased Ceramide Underlies Mitochondrial Dysfunction in Charcot-
Marie-Tooth 2F

Introduction

Charcot-Marie-Tooth (CMT) Disease is the most commonly inherited peripheral
neuropathy with a prevalence of about 1 in 2,500 (169). CMT was initially defined
clinically by its alternate name, Hereditary Motor and Sensory Neuropathy, describing
the typical patient presentation of symmetric distal polyneuropathy, gait abnormalities,
pes cavus (“hammer toes”), and diminished sensation and deep tendon reflexes (151,
164). Over 70 genes have been implicated in CMT, highlighting its genetic
heterogeneity (295). CMT type 1 (CMT1) comprises 80% of cases and presents with
reduced motor nerve conduction velocity (MNCV), whereas CMT type 2 (CMT2)
presents with normal MNCV but decreased compound muscle action potential (295).
Unsurprisingly, most genes implicated in CMT1 are involved in homeostasis of myelin.
Interestingly, despite causing symptoms only in peripheral neurons, genes involved in
CMT2 are implicated in basic cellular processes. Current treatments for CMT are still

quite limited.

CMTZ2F is specifically caused by mutations in Heat shock protein 27 (Hsp27)
(175). Hsp27 is a member of the class of small heat shock proteins (sHsps) that are
vital in cellular homeostatic mechanisms such as inflammation, longevity, cell division,
cell survival, and apoptosis (296). While lacking intrinsic folding capacity, sHsps act as
ATP-independent molecular chaperones, maintaining client proteins in a folding-
competent state before passing them on to ATP-dependent chaperones for refolding or

denaturation (196, 296). There is an extensive literature on the protective effects of
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Hsp27 in the nervous system. Overexpression of Hsp27 reduces neuronal cell death
and the severity of drug-induced seizures (297), and Hsp27 injection reduces severity of
sequelae of cerebral ischemia in mice (298). Hsp27 expression is upregulated in
neuronal injury and thought to have a role protecting injury-induced motor neuron death
(187). Hsps are vital in promoting proteostasis, the homeostatic and quality control
mechanisms assuring protein integrity, in neurons by preventing the accumulation and
aggregation of misfolded proteins that can cause neural diseases (299). Evidence
suggests that Hsp27 restricts cell death by reducing protein aggregation or other
pathological mechanisms seen in Alzheimer’s, Huntington’s, Parkinson’s Diseases, and
Amyotrophic Lateral Sclerosis (270, 300). However, the pathogenesis of Hsp27 in
CMT2F remains unknown, but is thought to be due to defects in axonal transport of

mitochondria (260).

Sphingolipid metabolism involves a myriad of enzymes responsible for
generating sphingoid bases and converting them into an array of structurally distinct
sphingolipid molecules with a complex diversity of functions (301). Ceramides are a key
sphingolipid intermediate predominantly produced by ceramide synthases (CerSs), and
they function as bioactive molecules regulating growth arrest, senescence, apoptosis,
and autophagy (5, 301-303). CerSs generate ceramides predominantly through the de
novo generation of dihydroceramide from acylation of dihydrosphingosine or through the
salvage pathway by acylating sphingosine generated from breakdown of complex
sphingolipids (302). Six CerS isoforms (CerS1-6) have been identified, each of which

uses different length fatty acyl-CoA chains to produce distinct ceramide species (301,
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304). CerSs are active at the endoplasmic reticulum (ER), with enzymatic activity
thought to occur on the cytosolic face of the ER (305, 306). CerSs have also been
detected in additional compartments including mitochondria and nuclear membranes.
CerS1, which catalyzes the formation of C18- and C18:1 ceramides (105, 106), is highly
expressed in the nervous system, skeletal muscles, and testes (lllustration 1) (109).
Mice with nonsense or certain point mutations in CerS1 show a neurodegenerative
phenotype with reduced C18-ceramide biosynthesis, accumulation of ubiquitylated
proteins and lipofuscin in the nervous system, neuronal cell death, and an ataxic
phenotype (110). A mutation in the intial enzyme of the de novo pathway, serine
palmitoyltransferase (SPT), causes Hereditary Sensory Neuropathy type 1 (HSAN1),
which has a similar phenotype to CMT2F (49), suggesting that alterations in the de novo

pathway of ceramide genesis may produce CMT-like phenotypes.

Here, LC/MS was performed on Hsp27 KO mouse sciatic nerve tissue yielding
the novel observation that Hsp27 KO sciatic nerve demonstrates decreased ceramides.
This decrease in ceramide was determined to occur acutely in the mitochondria of
CMT2F mutant cells which present with less mitochondrial CerS1. This is proposed to
occur via a novel CerS:Hsp27 interaction draws CerS away from the mitochondria,
reducing mitochondrial ceramide species. This results in mitochondrial morphological
and functional/metabolic changes that parallel decreases in ceramide. This work
provides a novel mechanism for CMT degeneration through dysregulation of the

ceramide synthesis pathway, implicating sphingolipids in CMT pathobiology.
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Results
Hsp27 KO results in alterations in sphingolipid metabolism

To investigate the effects of the chaperone protein Hsp27 on ceramide
regulation, we measured ceramide species in brain and sciatic nerve samples from
Hsp27 KO mice. Interestingly, sciatic nerve tissue showed decreased ceramide,
particularly at 6 months of age. These changes were most notable in longer chain
length ceramides with saturated acyl chains (Fig. 1A-J). While large decreases in total
ceramides occurred in sciatic nerve from older mice, they were not unanimously seen in
brain tissue (Fig. 1K-L, Fig. 2). These data demonstrating selective sphingolipid
decreases in sciatic nerve tissue from adult animals suggested that sphingolipid

metabolism may be altered when peripheral neuropathy presents in CMT2F.

To determine if there were acutely altered sphingolipid levels in CMT2F in a
cellular model, | established conditions for transfection of wild-type (WT) or S135F
mutant Hsp27 into HT-22 cells (Fig. 3A), an immortalized line derived from mouse HT4
hippocampal cells (307, 308), as a biological model. In addition to replicating neuronal
intracellular environment, decreased endogenous Hsp27 make HT-22 cells a strong
model for the study of biological functions of Hsp27 in CMT2F pathology by introducing
WT or mutant genes. Using LC/MS, ceramides were measured in HT-22 cells
transfected with vector (V), WT Hsp27, and S135F Hsp27. Surprisingly, the S135F
mutation did not cause altered cellular ceramide levels compared to the WT condition
(Fig. 4). Nevertheless, a lack of change did not rule out compensatory mechanisms in

the sphingolipid network that could mask the primary effects. In order to determine if the
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S135F mutant specifically inhibited CerSs, cells were labeled with the non-endogenous
precursor C7-sphingosine for 20 minutes to evaluate the synthesis of ceramide species.
However, labeling revealed no differences between HT-22 cells either transiently or
stably transfected with WT and S135F (Fig. 5A-B). Total ceramides were also not
affected in cells transiently transfected with three mutations known to cause CMT2A
(Fig. 6) (309-312). These results raised the possibility that changes in ceramides may

be compartment or tissue dependent.

Hsp27 mutant decreases mitochondrial ceramides

Mitochondrial trafficking defects have been shown in CMT2F, and mitochondrial
proteins are known to be mutated in CMT2A, suggesting that acute alterations in
sphingolipid metabolism may be restricted to mitochondria (220, 309, 310). To test this
hypothesis, conditions were established for fractionating cells to isolate crude
mitochondrial, nuclear, and cytoplasmic (including microsomes) fractions from V, WT, or
S135F Hsp27 expressing cells (Fig. 7), and then ceramide species were measured in
these fractions. The S135F Hsp27 cells showed a significant decrease in total
mitochondrial ceramide levels, whereas cytoplasmic ceramides were slightly increased,
while nuclear ceramides were unchanged as compared to WT Hsp27 cells (Fig. 8A-C).
Ceramides from V cells were used for normalization and levels were similar to WT.

These data suggest that that ceramide metabolism is altered in CMT2F.

Hsp27 mutant displays interactions with CerSs

Next, | sought to evaluate how Hsp27 affected ceramide levels. As CerSs are the

predominant regulators of de novo ceramide synthesis, | hypothesized that they may be
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dysregulated in CMT2F, producing deficits in ceramide production. To address this
hypothesis, CerS regulation by Hsp27 was examined in HT-22 cells. First, to determine
if Hsp27 interacted with CerS, FLAG tags were subcloned onto CerS1, CerS2 and
CerS5, and each CerS was co-expressed with Hsp27 in HT-22 cells. Having
established conditions for transfection and immunocytochemistry in HT-22 cells (Fig.
9A), | determined that each of these CerSs displayed co-localization with Hsp27 (Fig.

10A-C).

To evaluate the relative importance of different CerS in mouse peripheral
neurons, sphingolipid levels were measured in dorsal root ganglia (DRG) from 7 month
old female mice (lllustration 2). C18-ceramide was one of the highest species,
suggesting that CerS1, which predominantly generates C18-ceramide, is highly
expressed in these cells (Fig. 10D). This falls in line with other evidence linking high
CerS1 expression in the nervous system. This prompted me to use CerS1 as a target to

investigate the effects of sphingolipid biology on CMT2F.

CerS1 function has been shown to be highly dependent on cellular localization,
and CerS1 mutations can induce dysfunction by altering its cellular location (304, 313).
Furthermore, overexpressed ectopic expression of CerS1 does not alter its cellular
localization (304). Next, studies were conducted to evaluate the co-localization of Hsp27
and CerS1 microscopically and determine the cellular localization of this interaction.
Super-resolution Structured lllumination Microscopy (SIM) was used to determine that
overexpressed WT and S135F Hsp27 and CerS1 further co-localize as indicated by the

yellow overlap of the green anti-FLAG staining transfected CerS1 and red anti-Hsp27
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staining (Fig. 10E-F). As expected, transfected CerS1 showed strong co-localization to
the ER, as evidenced by the white overlap of green anti-FLAG and purple anti-calnexin
(Fig. 10G). These data demonstrate the proximity of Hsp27 and CerS1, especially in the

ER.

| further sought to demonstrate this interaction in DRGs that were similarly
isolated and cultured from mice, allowing introduction of genes through electroporation
(Fig. 9B). Endogenous Hsp27 (red) and CerS1 (green) in DRGs were confirmed to co-
localize by presence of yellow (Fig. 10H). Furthermore, electroporated WT and S135F
Hsp27 also co-localized with CerS1, as shown by a representative image of S135F and
CerS1 co-transfection (Fig. 10l). Hence, these results suggest that the co-localization

occurs with endogenous proteins in primary neurons as it would in the disease.

Increased Binding of Hsp27 Mutants to CerS1

To further evaluate the interaction of CerSs and Hsp27, a hemagglutinin (HA) tag
was subcloned onto Hsp27 to aide in its discrimination and facilitate co-
immunoprecipitation (co-IP) experiments. An HCT-116 colon cancer cell line that stably
overexpresses CerS1 upon tetracycline induction was transiently transfected with either
empty vector or WT, S135F, R136W, and P182L mutants. Successful inducible overex-
pression of WT and S135F Hsp27 was achieved in HCT-116 and validated by
immunoblotting (Fig. 3B). Overexpression of CerS1 was validated by measuring
sphingolipid levels and observing a substantial increase in C18 and C18:1-ceramide.
However, the presence of overexpressed CerS1 did not cause there to a difference in

sphingolipid levels between V, WT, and the three mutant conditions (Fig. 11). Co-IP of
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CerS1 and Hsp27 in HCT-116 via pull-down of FLAG-tagged CerS1 with anti-FLAG
beads and immunoblotting of Hsp27 confirmed the proteomic finding of a novel binding
interaction between these two proteins (Fig. 12A-B). Moreover, CerS1 pulled down
approximately 10 times the amount of Hsp27 mutants (S135F, R136W, P182L)
compared to WT Hsp27. To confirm in a neuronal model, HT-22 cells were transiently
transfected with CerS1 along with either empty vector, wild-type (WT) Hsp27, or S135F
mutant Hsp27s. Pulldown of CerS1 with anti-FLAG beads and immunoblotting for
Hsp27 in HT-22 cells confirmed the interaction of Hsp27 and CerS1 and showed the
increased interaction of the S135F mutant compared to WT Hsp27 (Fig. 12C-E).
Furthermore, co-IP supernatants were immunoblotted to determine if the increased
S135F interaction to CerS1 resulted in a substantially decreased proportion of free
S135F in the cell; however, there was no significant change between WT and S135F.
These results demonstrate a very close interaction between CerS1 and Hsp27 resulting
in co-IP of the two proteins, and furthermore show altered interaction between CerS and

mutant Hsp27 which may contribute to the dysregulated ceramide levels in CMT2F.

As a further confirmatory measure, binding was assessed in an animal model.
WT (C57B6) and Hsp27 KO mouse brain, spinal cord, and sciatic nerve were dissected
and homogenized and pull-down was performed with Hsp27 incubated with Protein AG
agarose beads and then probed with CerS1, CerS2, and CerS6 antibodies. These
results demonstrate a close interaction of CerS1 and Hsp27 in brain tissue that is
absent in the Hsp27 KO mice (Fig. 13). While this interaction could not be confirmed in

spinal cord nor sciatic nerve tissue, these tissues demonstrated very low levels of
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endogenous expression of CerS1, potentially making this interaction below the

sensitivity of this co-IP assay.

Next, | sought to determine the location in the CerS1 protein in which this
interaction occurs. Preliminary data suggested that the C-terminus of CerS1 was
responsible for its binding to Hsp27. C-terminal CerS1, thyrodoxin, and buffer were
bound to a Ni?* column. Hsp27 was then applied to the column, washed, and eluted.
Flow-through and elution samples that were probed with anti-Hsp27 antibody

determined that both WT and S135F mutant bound to the C-terminus of CerS1 (Fig 14).

Hsp27 modulates localization of CerS1

Mitochondria as well as mitochondrial associated membranes (MAMs) have been
shown to possess distinct ceramide pools through endogenous ceramide synthases
(314). Decreased mitochondrial ceramides suggested the alteration of ceramide
homeostasis may be a result of change in the localization of CerSs. To determine if WT
or S135F altered the cellular localization of CerS1, HT-22 cells were simultaneously
stained for CerS1 and either mitochondria or ER markers. Analysis of images from SIM
microscopy using Pearson’s Correlation Coefficient (PCC) and Manders’ Overlap
Coefficient (MOC) as quantitative measures of co-localization showed that expression
of the S135F Hsp27 mutant caused a decrease in the localization of CerS1 to
mitochondria when compared to cells expressing WT Hsp27 (Fig. 15A). However, WT
and S135F Hsp27 themselves both displayed similar localization to mitochondria,
irrespective of the mutation (Fig. 15B). Using a similar approach by staining with an ER

instead of mitochondrial marker, | determined that neither CerS1 nor Hsp27 had any
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differential localization to ER with expression of S135F mutant compared to WT Hsp27
(Fig. 15C-D). As a proxy for MAMs, | also analyzed ER and mitochondrial overlap in the
presence of WT or S135F Hsp27; however, the mutant did not alter this parameter (Fig.
15E). | did not observe a notable difference in cells untransfected with Hsp27. Taken all
together, these data suggest that mitochondrial association of CerS1 is altered by

mutant Hsp27, causing a diversion of ceramide production away from the mitochondria.

Hsp27 mutant alters mitochondrial morphology and involving sphingolipids

Next, it became imperative to determine whether the observed decreased
mitochondrial ceramides and decreased mitochondrial localization of CerS1 by S135F
mutants reflected substantial alterations in mitochondrial structure and function induced
by mutant Hsp27 and whether sphingolipids play a role in these effects. It should be
noted that Hsp27 mutants have been associated with decreased mitochondrial

trafficking (220), but not mitochondrial morphological effects.

Therefore, mitochondrial morphology in cells transfected with either WT or S135F
Hsp27 was evaluated. Compared to mitochondria in WT cells (Fig. 16A), mitochondria
in S135F cells appeared larger (Fig. 16B) with increased area and greater
interconnectivity as quantitated by increased ratio of area/perimeter (Fig. 16C-D). Thus,

mutant Hsp27 exerts significant effects on mitochondrial morphology.

To determine if the reduced ceramide generation is involved in these changes,
CerS was inhibited with Fumonisin B1 (FB1) in order to mimic the decrease in

ceramides observed with mutant Hsp27. FB1 application at 50 uM for 24 hours
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reproduced the increases in mitochondrial size and interconnectivity as seen in the
presence of the S135F mutant (Fig. 16C-D). These results show that attenuation of
ceramide specifically (with FB1) recapitulates the morphologic effects of the decrease in

ceramides induced by mutant Hsp27.

These results suggested that mitochondria may demonstrate increased fusion. In
order to measure dynamic events in mitochondria, live cells transfected with WT and
S135F were rapidly imaged 100 times over 5 minutes — every other image was used for
analysis, resulting in images approximately 6 seconds apart. The number of
mitochondria were calculated and the standard deviation in the total count was
measured for a 5-minute time window. Compared to WT cells, S135F mutant cells
exhibited a trend with an increased standard deviation in count, although this was not
significant, potentially due to the low number of trials (Fig. 17). This suggests that
S135F mutant may cause mitochondria to be more dynamically active, although further

work must verify these findings.

Hsp27 mutants decrease mitochondrial respiration and involving sphingolipids

Next, | sought to determine if the observed swollen mitochondria in mutant cells
were associated with decreased respiratory functioning (lllustration 3). Indeed, mutant
HT-22 cells (S135F, P182L) displayed decreased basal and maximal oxygen
consumption rates (OCR) and substantial decreases in spare respiratory capacity (Fig.
18A-C). These studies reveal important functional effects of mutant Hsp27 on

mitochondrial function.
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To determine if this decrease in mitochondrial functioning is also a result of the
decreased ceramides, FB1 was applied. The results showed that FB1 caused a
significant decrease in the same respiratory parameters (Fig. 18A-C), suggesting that

CerS inhibition underlies the defective respiration in CMT2F mutants.

Hsp27 mutant increases autophagic flux but not cellular proliferation

Decreased respiratory ability of cells may affect their ability to replicate and
survive. S135F mutant transiently transfected into N2a cells was previously shown to
decrease cellular survival by about 30% at 48 hours post-transfection (175). Since
increased ceramide is linked to apoptosis, | set out to determine if observed altered
ceramides could modulate cell viability in the HT-22 model. Analysis of vector, wild-type,
and S135F transfected cells showed no difference in proliferation within 48 hours (Fig.
19A). To evaluate if the S135F mutant modulated growth responses to metabolic stress,
| applied 2-deoxyglucose at concentrations of 2.5 uM and 25 uM as determined
empirically (and glucose as osmotic controls) to decrease HT-22 cell viability (315). Cell
counts were not altered even in the presence of the 2-DG (2-deoxyglucose) (Fig. 20A).
This suggests that CMT2F pathology is not directly related to apoptosis or necrosis,
which supports clinical and mouse model findings of substantial atrophy, aberrant
myelination, and axon loss that is mild and often accompanied by regeneration (177,

217, 242).

An important biologic response involved in clearing compromised mitochondria is
autophagy, a process in which autophagosomes sequester damaged cellular

components including mitochondria and target them for degradation (316). While
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autophagy has been shown to be involved in some forms of CMT and suggested as a
common pathological mechanism (265), it has not been shown to be altered in CMT2F.
However, activated Hsp27 has been shown to be a potent stimulator of autophagy in
lipid clearance (317), and induces autophagy in response to cisplastin (318) and acute
kidney injury to prevent cell death (319). Furthermore, ceramide has been shown to be
an important regulator of cellular autophagy (106). Therefore, given these associations,
| set out to determine if the S135F mutant regulates cellular autophagy in CMT2F. HT-
22 cells were transfected with WT and S135F Hsp27 and immunoblotted for LC3B-II, a
common marker of autophagy. S135F mutants display greater LC3B-Il than WT
transfected Hsp27 HT-22 cells (Fig. 19B-C), suggesting that autophagy is upregulated
in CMT2F mutants. To validate this result, HT-22 cells, transfected with WT and S135F
Hsp27, were stained for LC3B and Hsp27. Increased autophagic flux in mutant cells
was also demonstrated by increased LC3B co-localization with S135F than WT Hsp27
and increased relative LC3B signal (Fig. 19D-E). Through three different methods,
these results suggest autophagic flux and autophagy are increased in CMT2F. This
suggests an entirely novel cellular view of CMT2F, with decreased ceramide production
leading to impaired mitochondrial function, resulting in enhanced autophagy that leads

to neuronal degeneration.

S135F has also been linked to tubulin function by increased co-localization of
S135F Hsp27 with neuron-specific class Il beta-tubulin (also known as Tuj1 or TUBB3)
(247). To determine if CerS1 function alters this property, WT and S135F were

alternatively co-transfected in HT-22 cells with either CerS1 or Vector. Similarly, a trend
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of increased co-localization of Tuj1 with S135F compared to wild-type Hsp27 was
observed (Fig. 21). However, in the presence of overexpressed WT Hsp27, there was
also a relative increase in co-localization observed in the S135F mutant, suggesting that

CerS1 overexpression does not alter this disease phenotype.

S135F mutant does not alter a-tubulin acetylation in tissue

| also sought to determine if other reported cellular phenotypes were altered in a
neuronal model. S135F mouse sciatic nerve has been reported to reduce a-tubulin
acetylation, resulting in diminished microtubule-mediated transport of mitochondria
(220). Some studies using cellular models have confirmed a decrease in a-tubulin
acetylation in S135F cells (242), while others have failed to observe a difference (247).
In this model, | was not able to observe a change in a-tubulin acetylation. To investigate
a potential effect of sphingolipid metabolism on acetylation of tubulin in CMT2F, HT-22
cells were transfected both stably and transiently with Vector, WT, and S135F, but
showed no difference in the ratio a-tubulin acetylation (Fig. 20B-C). Transient Hsp27
overexpression was repeated with co-overexpression of CerS1 or vector, which also

revealed no change in the ratio the ratio a-tubulin acetylation (Fig. 20B-C).

Metabolomic Screen of S135F and P182L Mutants.

These results prompted us to further examine biochemical consequences of the
determined mitochondrial impairment in CMT2F. Metabolomic profiling has been used
to find a disturbances in mitochondrial metabolism in Alzheimer’s, Parkinson’s, and ALS
(320). Metabolomic studies on CMT have been very limited; recently, CMT2D mutant

glycyl tRNA synthetase (GARS) mice spinal cord were profiled for metabolite changes
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compared to WT mice (321), however, there are few other related studies as reference.
This study reported that mutants had reduced carnitine, which facilitates fatty acid
transport into mitochondria. To determine if metabolites involved in mitochondrial
function were similarly dysregulated in CMT2F, a targeted mass spectrometry approach
utilizing positive/negative ion-switching was undertaken to measure approximately 300
metabolites in transiently transfected Vector, WT, and S135F and P182L Hsp27 HT-22
cells. Principal component analysis revealed that the S135F and P182L mutants cluster
similarly based on metabolic makeup in each experiment in both positive and negative
ion mode (Fig. 22A-B). In each experiment, urea was significantly increased in both
mutants (Fig. 22C). Creatinine was also increased in the S135F mutant and trended as
higher levels in the P182L mutant (Fig. 22D). Glutamine strongly trended to decrease in
each mutant (Fig. 22E). However, attempts to confirm increases in urea using a kit did
not demonstrate a consistent change (Fig. 23). These results suggest that metabolic
waste products may be increased in CMT2F, although further verification is needed

before any conclusions can be definitively made.

CerS1 forms dimers with other CerS

It has been reported that distinct CerS enzymes are able to form dimers, which
can modulate their action (322). It is possible that increased interaction of mutant Hsp27
with CerS1 may cause reduced binding of other CerS to CerS1, decreasing the
enzymatic action of other CerS. To evaluate the possibility that other CerS bind to
CerS1 in neuronal systems, | overexpressed FLAG-tagged CerS1 and pulled it down

with anti-FLAG beads in order to immunoblot for endogenous CerS2 and CerS6, which
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both have antibodies suitable for detection via immunoblotting. Indeed, CerS6
demonstrated strong binding to CerS1, and CerS2 also appeared to bind, as observed
by a lack of band in the condition in which CerS1 was not overexpressed (Fig. 24A). Rat
siRNA was used against CerS2 and CerS6, but did not have a strong effect on these
endogenous enzymes in mouse cells. To evaluate if Hsp27 binding to CerS1 reduces
the degree of binding from other CerS, | also co-expressed WT and S135F Hsp27 and
quantified the amount of binding. There was a significance decrease in the amount of
binding of CerS6 to CerS1 in the presence of S135F compared to WT Hsp27 (Fig. 24B).
In order to evaluate if similar results occurred in mitochondria, a similar pull-down
procedure was performed in mitochondrial fractions. However, potentially due to
insufficient sample, no CerS were observed to be pulled down to Hsp27 in mitochondrial
fractions (Fig. 25). Altogether, this data suggests that by binding CerS1, S135F mutant

decreases the binding of other CerS, potentially decreasing their enzymatic function.

Decreased deoxySA in S135F mutant

Decreased ceramide production from CerS inhibition can result in a backup of
sphingolipid intermediates in the de novo pathway, potentially causing altered SPT
activity. In order to evaluate this, | analyzed deoxysphingoid bases in HT-22 cells. While
deoxySO was below quantifiable levels, there is a relatively minor but significant
decrease in deoxySA (Fig. 26). This suggests that deoxysphingolipid metabolism may

be altered in CMT2F, although the mechanism of this remains unclear.
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Fumonisin B1 decreases dhCers in HT-22 cells

Application of FB1 was used to pharmacologically decrease CerS activity. To
further confirm this decrease in CerS in HT-22, | measured ceramide levels. Indeed, all
species of ceramide were drastically decreased (data not shown). Interesting though, |
observed an increased in dhCers. Further evaluation of the full spectrum of dhCers
revealed many species of dhCers were substantially decreased (Fig. 27). This suggests
that FB1 may have a more complex mechanism than simple inhibition of CerS. It is
possible these effects are due to FB1 creating relatively very high levels of dhSph (data

not shown), which are then shuttled to species of dhCers.
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QUANTIFYING 1-DEOXYSPHINGOLIPIDS IN MOUSE NERVOUS SYSTEM TISSUE
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Chapter 5: Quantifying 1-deoxysphingolipids in Mouse Nervous System Tissue

Introduction

Out of these many incredibly important findings, one of the most impressive was
the link of HSAN1 to SPT mutations and production of deoxysphingoid bases (33, 47,
49, 53). Deoxysphinganine (deoxySA) accumulates in both HSAN1 cellular models and
patient plasma samples, and causes neurotoxicity by interfering with the formation and
development of neurites (49). The loss of the Ci-hydroxyl group in these molecules is
responsible for altering their structural and functional properties. Absence of this polar
hydroxyl group near the end of the sphingoid chain further augments the nonpolar
nature of their associated ceramides, which may have altered their biophysical
properties in membranes. Furthermore, phosphate groups cannot be added due to the
absence of the 1-hydroxyl, preventing the addition of different head groups and the
formation of more complex sphingolipid species similar to sphingomyelin (SM),
glucosylceramides, and gangliosides (323). However, while such deoxysphingolipid
(deoxySL) species have long been known to exist in many plants and animal species
(324), the physiological and pathological roles of deoxySLs in mammals, especially the

nervous system, are still prime for exploration.

Most research on the toxicity of deoxySLs to date has focused on
deoxysphingoid bases, although increasing evidence has linked deoxydhCers and
deoxyCers to the nervous system, particularly their accumulation in pathological states.
C24:1-deoxyCer along with C24-ceramide and many SM species were found to be

reduced in the serum of ADHD patients (325). Furthermore, increases in deoxySLs

100



such as C24 and C22:1 deoxyCer and C22:1 and C18:1 deoxydhCers have been
correlated with the progression of neuropathy in breast cancer patients treated with
paclitaxel, a chemotherapeutic with dose-limiting peripheral neuropathy (326). DeoxySA
demonstrates concentration dependent neurotoxic effects on primary neurons that are
thought to be due to excessive N-methyl-d-aspartate (NMDA) activation. Based on
responses from inhibiting ceramide synthase, this is thought to be due to increased

deoxyCer levels (327).

While deoxySLs have been profiled in cells lines such as mouse embryonic
fibroblasts (54), they have not been carefully characterized in nervous system tissue,
despite many studies implicating their dysregulation in neural disease states. While
some studies have used brain, spinal cords, and sciatic nerves to study deoxySLs in the
nervous system, they have focused on measuring deoxysphingoid bases such as
deoxySA and deoxySO, finding accumulation of these species in sciatic nerve (48, 59).
It has been suggested that deoxySA and its associated deoxydhCers are more likely to
result in neuronal toxicity than deoxySO and its associated deoxyCers, although
extensive evidence to support this claim is lacking (59). Likewise, many studies have
not yet analyzed the full spectrum of acyl chain lengths of deoxyCer and deoxydhCer
species (325, 328), and have measured these species in plasma (325, 326, 328), cells

(326), or only using brain tissue (62).

To this end, | sought to develop an efficient and accurate method of reliably
measuring and determining the accumulation deoxySL species in neural tissues. To

encompass a diverse range of tissue types in the central and peripheral nervous
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systems that can be relatively easily isolated and probed, | chose to analyze mouse
brain, spinal cord, and sciatic nerve tissue. Time points of 1 months, 3 months, and 6
months were used for sets of male and female mice in order to track the effect of age
and potential sex differences. Using standards of C16 and C24:1 deoxydhCer and
deoxyCer, | was able to reliably measure many specific deoxySL species in these tissue
samples. There were no generally observable differences between male and female
levels, so this data was grouped together to increase the power of comparisons. | was
able to accurately measure C24-deoxyCer in brain as well as a variety of deoxydhCer
species in brain, spinal cord, and sciatic nerve, most predominantly C22-deoxydhCer.
An increase in total deoxydhCers, most noticeably in sciatic nerve in 6 month old mice,
was observed, suggesting that these species may progressively accumulate in
peripheral tissue. This method will facilitate straightforward profiling of deoxyCers and

deoxydhCer in many neural model mouse systems.

Results

Parameters for deoxyCer measurements.

| set out to measure deoxysphingoid, deoxydhCer, and deoxyCer species
produced from alanine and palmitoyl-CoA in de novo synthesis (lllustration 4). C16 and
C24:1 deoxydhCer and deoxyCer standards were used to determine parameters for
accurately measuring deoxydhCer and deoxyCer species. Using these standards, | was
able to calculate the parameters for measuring C12, C14, C18, C18:1, C20, C20:1,
C22, C22:1, C26, and C26:1 deoxydhCers and deoxyCers. Parent ion peak, product ion

peak, collision energy, and retention time for all these species are listed (Table 2A). To
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empirically determine these “target” values, | used specific “source” curves from

standards and previously identified species (Table 2B).

To verify the identity of the aforementioned lipids, | manually inspected peaks
produced at the correct mass and predicted retention time. Representative peaks for
C24-DeoxydhCer and C22-DeoxydhCer demonstrate relatively high peaks with little
background signal (Fig. 28A-B). Thus, these peaks can be designated as deoxydhCers
and further quantified by calculating the area under the curve with high confidence. To
further verify the identity designated to these detected entities, calibration curves were
inspected to ensure linearity. Calibration curves for C16-deoxydhCer, C24:1-
deoxydhCer, C16-deoxyCer, and C24:1-deoxyCer demonstrate high linearity further

validating our use of these parameters to identify these molecules (Fig. 28C-F).

Deoxysphingoid bases are largely unaltered with age

Brain, spinal cord, and sciatic nerve dissected and flash frozen from mice were
chosen as relevant models to represent a diversity of neuronal tissues. Results from
analysis of brain, spinal cord, and sciatic nerve were analyzed at ages of 1, 3, and 6
months. Males and females did not show large changes in any lipid species analyzed
(data not shown). To increase the power of comparisons, data from males and females
was grouped together and stratified by age to identify alterations in deoxySL species
during nervous system development as mice reached adulthood. | considered the
general similarity of male and female mouse data as further validity of our method of
quantification. Sphingolipid species that were below the limit of quantification in many

samples or those that did not possess symmetrical peaks clearly distinct from
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background signal on analysis of LC/MS data were not included in the presentation of
the data. This ensures that displayed data represent true peaks identifying deoxySL

species.

As such, sphingoid and deoxysphingoid bases were initially analyzed in all
tissues (Fig 29A-C). Notably, deoxySO levels were below the limit of quantification in all
three tissues. DeoxySA was below quantification in sciatic nerve but was observed in
brain and spinal cord tissue; however, it was not drastically altered with increased age.
Similarly, sphingosine levels were relatively stable with increased age. Sphinganine,
however, demonstrated an age-related decline. Additionally, greater levels of
sphingosine than sphinganine were observed in all tissues, in contrast to the presence
of deoxySA and absence of accurately quantifiable deoxySO in brain and spinal cord.
Taken together, this data suggests that deoxysphingoid bases may not be as readily

desaturated as sphingoid bases.

These results suggested that ceramide would also be higher than dhCer. Indeed,
mouse embryonic fibroblast cells show about 10-fold greater ceramide levels than
dhCers (329). To validate these results in a neuronal model, | measured ceramide and
dhCer species using HT-22 cells. HT-22 cells demonstrate approximately a 25-fold
increase of ceramide compared to dhCer, and large increases in ceramide were
consistent for every species in which dhCer was quantifiable (data not shown). As a
confirmatory measure, | measured C16-ceramide and C16-dhCer levels in all nervous
system tissues used, consistent with our use of C16 standards. Consistently, C16-

ceramide was much more abundant than C16-dhCer. Ceramides demonstrated

104



approximately a 100-fold, 10-fold, and 15-fold increase in brain, spinal cord, and sciatic
nerve tissue, respectively, and demonstrated similar trends (Fig. 30A-C). Consistent
with the established overview view of de novo ceramide metabolism, | concluded that
dhCers are predominantly converted to ceramides, which are typically associated with

biological function and conversation to other more complex sphingolipids or sphingoids

(3).

DeoxydhCers are abundant and increase with age in spinal cord and sciatic nerve

Since much less is known about deoxydhCer and deoxyCer species, it was
necessary to accurately quantify levels of both. Only one species of deoxyCer was
sufficiently present in tissue for accurate quantification—C24-deoxy ceramide in the
brain (Fig. 31). Interestingly, while this species was much less abundant than C24-
ceramide, it appeared to slightly rise with increased age, in contrast to C24-ceramide
which sharply decreased. This suggests that C24-deoxyCer may serve an important

role in aging in the brain.

| determined that there was a general decrease in ceramide levels between 1
and 6 month old mice in each tissue (Fig. 32). Similarly, brain tissue also demonstrated
a decrease in deoxydhCers that appeared to be even slightly sharper than the decrease
in ceramides in the brain. Interestingly, however, deoxydhCers appeared to increase in
the spinal cord and sciatic nerve with increasing age. This was especially stark in the
sciatic nerve, with almost a doubling in total deoxydhCer content between 1 and 6
month old mice, despite the overall decrease in ceramides between these two time

points. This suggests that in peripheral nervous system tissue, deoxydhCers may
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increase with nervous system development, despite decreases in total ceramide levels.
Furthermore, total deoxydhCers were especially abundant in peripheral tissue. Sciatic
nerve tissue displayed around a 100-fold increase in deoxydhCers compared to brain,
despite sciatic nerve only containing about 5 times as much total ceramide as brain.
These results suggest that deoxydhCer may increasingly accumulate in the peripheral

nervous system.

C22 is the predominant deoxydhCer in mouse neural tissue

To further investigate these trends in deoxydhCers, | analyzed individual species
(Fig. 33). In all three tissue types, C22-deoxydhCer was the most prevalent species.
This was especially noticeable in spinal cord tissue, in which C22-deoxydhCer dwarfs
the contribution of other deoxydhCer species. Generally, C18 and C24:1 species were
next highest in abundance. Generally, species that were present above quantification
were longer acyl chain deoxydhCers. C18, C22, C24, and C24:1 were common in all
species, with C22:1 also being a minor component present in the brain. Generally, for
each species there were similar trends in levels with age. These results suggest that
common species of deoxydhCer are present in different types of nervous system tissue

and that C22-deoxydhCer may play an important role.
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Chapter 6: Discussion
Altered Sphingolipids in CMT2F

Summary of results

Alterations in sphingolipids have been associated with a wide variety of
neurodegenerative diseases. Several sphingolipids serve as bioactive signaling
molecules in a plethora of pathways and have been implicated in Alzheimer’s (180,
330), Parkinson’s (331), and Amyotrophic Lateral Sclerosis (27). | sought to determine if
changes in sphingolipid metabolism may mediate CMT phenotypes. The results here
present the first evidence that directly and mechanistically links CMT to sphingolipid
dysregulation. | identified a novel interaction of Hsp27 and CerSs and determine that
decreased mitochondrial localization of CerS1 occurs in CMT2F mutation, reducing
mitochondrial ceramide levels. The CMT2F mutation produces alterations in
mitochondrial morphology that are accompanied by decreases in respiratory function.
Importantly, these alterations are reproduced by decreasing ceramide synthesis

pharmacologically.

The results specifically begin to connect mutant Hsp27 to mitochondrial ceramide
levels and function (lllustration 5). WT and S135F mutant Hsp27 interact with CerS in
neuronal cells, with evidence of increased interaction of the mutant. While most CerS
localize to the ER, there is a population of CerS at the mitochondria in neuronal cells.
The S135F mutant decreases this mitochondrial CerS population while increasing
cytoplasmic CerS. While this shift does not alter total cellular ceramide production, it

results in decreased mitochondrial ceramides, without affecting the intrinsic activity of
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total cellular populations of CerS. Decreased ceramide production by pharmacological
inhibition of CerS recapitulates all the major effects of mutant Hsp27 noted; thus, FB1
causes increases in size and connectivity of neuronal mitochondria that are also
observed in the S135F mutant. Moreover, decreased ceramide production also reduced
mitochondrial respiratory function, which again was observed in mutant mitochondria.
These mitochondrial dysfunctions in the mutant underlie increased autophagic flux,
suggesting that decreased mitochondrial ceramides are responsible for cellular

pathology in CMT2F.

Mitochondrial ceramides

The function of endogenous ceramides generated in the mitochondria is still
poorly understood, especially in the context of neuronal dysfunction. Ceramide has
been innately connected to mitochondrial apoptosis (332), and has been implicated as
an inhibitor of the mitochondrial permeability transition pore (333). In other cellular
systems related to cancer pathology, ceramide has been shown to modulate the
targeting of autophagosomes to mitochondria in promoting mitophagy (106). My results
demonstrate an important role for steady state levels of mitochondrial ceramide in
maintenance of mitochondrial functions. Such a role does not negate a role for

increased mitochondrial ceramide in inducing pathophysiologic responses.

Further understanding of how these mitochondrial pools of ceramide species are
dysregulated in nervous system diseases and their specific effects on mitochondria will
further enhance our understanding of CMT pathology. It also remains unknown why

particularly long-chain ceramides, such as C24 and C26-ceramide, demonstrate the
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largest decreases in Hsp27 KO sciatic nerve tissue. In this context, CerSs have been
shown to form heterodimers with the implication that different CerSs have complex
regulatory effects upon each of their activity (322). Such interactions may explain the
aforementioned noted complex changes in ceramides. Additionally, CerS1 lacks a
homeobox-like (hox-like) domain region, unlike the other human and mouse CerS,
which may make it more suited for mitochondrial functions than other CerS which may
be more preferentially targeted to the nucleus (302, 334). Recent evidence suggests
that hox-like domains found in CerS may not be necessary for CerS activity but serve to
increase transcriptional activation independently from their direct effects catalyzing

ceramide synthesis (335, 336).

Sphingolipid signaling in CMT

Understanding the regulatory environment of different types of neural tissue on
the sphingolipid network will provide greater clarity on why sphingolipid changes in
Hsp27 KO mice occurred predominantly in sciatic nerve tissue rather than brain. Since
CMT symptomatology is thought to exclusively present in the peripheral nervous
system, these results further suggest sphingolipid alterations are involved in CMT2F.
Sphingolipid profiling from S135F mutant mice generated using Clustered Regulatory
Interspaced Short Palindromic Repeats (CRISPR)—Cas9 should further explicate the
role of the sphingolipids in the disease state (Fig. 34). Better mouse models without
overexpression should strongly clarify results. In collaboration with another laboratory, |
analyzed sciatic nerve and brain tissue for changes in a-tubulin acetylation in attempt to

replicate results produced in the literature. However, | did not observe any alteration in
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acetylation in a-tubulin in sciatic nerve, as reported by others (220). Furthermore, sciatic
nerve and brain tissue from P182L mice were found to be lacking expression of the
transgene (Fig. 35). These data suggest that this mouse model may not provide strong
reproducible results. Nevertheless, in order to determine if there were alterations in
sphingolipid content, sciatic nerve and brain tissue were analyzed for ceramides. Sciatic
nerve tissue demonstrated a significant decrease in C18-ceramide content
(representative of CerS1 function and in line with other species), and these changes
were not observed in the brain (Fig. 36). However, given the questionable nature of this

mouse model, these data must be considered with reservation.

Additional evidence is beginning to implicate sphingolipids in other forms of CMT.
Deficiency of the gene responsible for clearing sphingolipids, sphingosine 1-phosphate
lyase (SPL), was recently discovered to be a novel cause of CMT, with a greatly
increased sphingosine:sphinganine (SO:SA) ratio in the disease state (75) yet a
relatively much smaller increase in S1P levels. Such a drastic alteration of SO:SA
content without a similar increase in S1P from SPL dysfunction is difficult to explain
from simple, canonic mechanistic models of sphingolipid metabolism, and suggests that
alterations to sphingolipid networks may produce dramatic and complex effects on
sphingolipid content and metabolism in the cell. While | have identified a depletion in
mitochondrial ceramides, it is unknown whether these decreases are due to a global
change in CerS or compensations in the sphingolipid network. More complex alterations
in ceramide production may involve modulation in the activity and formation of

complexes of CerSs.
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Mitochondrial dysfunction

The impairment of mitochondria is in line with other research on CMT. Electron
micrography from CMT2F mutant mice demonstrates increased total mitochondrial
content, although number and size were not precisely quantified (243). Additionally,
other types of CMT2 have shown mitochondrial dysfunctions, such as CMT2A, which is
directly caused by mutations in mitofusin (309, 310). The increased size of mitochondria
in the S135F mutant suggests there may be an increase in fusion in CMT2F. This
underlies the possibility that a common mechanism may exist between CMT2A and
CMT2F. Is it currently unknown whether the genetic etiologies of CMT2 subtypes have
distinct mechanisms or converge on a pathway that will offer common targets for
treatment. Mitochondrial morphology also has been linked to other neurodegenerative
diseases, including Parkinson’s Disease and ALS (291, 337, 338). Enlarged, swollen
mitochondria similarly produced dysfunctional changes in Ullrich congenital muscular
dystrophy (339). In addition to our data demonstrating mutant mitochondria have
reduced respiratory functioning, S135F mutants have been found to hyperstabilize the
microtubule network and thus decrease anterograde mitochondrial trafficking (220). It is
unclear if these processes are connected and how they contribute to overall

mitochondrial function.

Autophagy

While CMT1C has been associated with increased autophagy (340), studies on
CMT2 and autophagy are lacking. Interestingly, curcumin, which stimulates protein

translocation to the plasma membrane and as such is thought to increase autophagy,
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has been shown to be effective in mouse models (295, 341). Curcumin has also been
shown to stimulate de novo ceramide synthesis (322), suggesting its therapeutic effects
may potentially be mediated by ceramide. Using both immunoblotting and multiple
imaging methods, our results suggest that CMT2F also presents with increased
autophagy in cellular models. Whether this is a compensatory response to increased
cellular stress by clearing misfolded Hsp27 proteins or functions as a primary
pathological insult is unclear. While observed increases in autophagy are likely
downstream of mitochondrial affliction, it is unknown whether these changes relate to
increased mitophagy in cells. Further work should focus on studying autophagy in other

types of CMT and proteasomal inhibitors as potential pharmacologically therapies.

Metabolomics

Many metabolites screened were found to be altered, interestingly including
increases observed in all metabolites associated with the urea cycle. Urea has been
proposed as a biomarker for a variety of diseases including Huntington’s, as it has been
found elevated in brain tissue in patients (342). As the urea cycle is partially localized to
the mitochondria, urea cycle dysfunction can occur secondarily to mitochondrial
impairments (343). Caveolin-1 deficiency has been shown to result in increased urea
and mitochondrial dysfunction, and it has been suggested that altered mitochondrial
ceramide may play a role in this process (344). While | observed an increase in urea in
two sets of cells transfected with different CMT2F mutations, metabolites in the urea
cycle were not unilaterally increased. Arginine was slightly decreased in both mutants

and ornithine was not altered, suggesting that the entire urea cycle is not blocked, and
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raising the possibility that CMT cells rapidly produce more urea than they can remove to
keep urea at physiological levels intracellularly. Enhanced proteolysis resulting in
increases urea formation that overwhelm urea export capacity has been proposed as a
potential mechanism of Huntington’s Disease. As the cells metabolite levels were
measured 48 hours after transfection, the dramatic effects suggest that these mutations
induce an acute effect on urea metabolism. Decreased glutamine could result from
increased reductive carboxylation of glutamine derived alpha-ketoglutarate that is either
used to directly produce pyruvate or citrate (345). Reductive carboxylation utilizing
glutamine is often present due to defects in mitochondrial respiration that cause

increased glutamine to be shunted to fatty acid production instead of acetyl CoA (346).

Future Directions

Verification of the Hsp27:CerS binding interaction will strengthen and further
inform our knowledge. To build upon microscopy results, Proximity Ligation Assay can
be performed to determine if there is a close interaction of Hsp27 and CerS1.
Experiments demonstrating the binding of the C-terminus of CerS1 to Hsp27 using a
Ni?* column should be repeated ideally with less background signal. To build upon these
results, a Biacore T2000 system can be utilized to confirm C-terminal binding findings
and moreover determine binding kinetics, which may provide further insight into the
apparently increased binding interaction of mutant Hsp27 with CerS. Finally, the binding
of the C-terminus does not necessarily exclude the possibility that other parts of CerS1
bind and potentially may be necessary for binding Hsp27. Thus, experiments should be

performed carefully evaluating the possibility of binding occurring from other subunits,
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especially the N-terminus. If multiple subunits of CerS1 bind Hsp27, it is more likely that

this binding may disrupt the binding of CerS1 to other proteins.

In this way, the binding results presented that suggest that the C-terminus of
CerS1 is responsible for binding Hsp27 have important implications for the study of
CerS dimerization. The decreased binding of CerS6 to CerS1 in the presence of S135F
Hsp27, in line with the increased binding of S135F to CerS1, suggests that Hsp27 and
CerS6 may share the same binding site on CerS1. CerS6 and CerS1 activity would then
expected to be decreased when these proteins are less predisposed to form
heterodimers (322). However, potential decreased activity must be determined
empirically, through methods such as sphingoid labeling. Electrophoresis experiments
using native gels can also be attempted to demonstrate the presence of these dimers
and oligomers. Furthermore, the specific CerS1 binding site for CerS6 must be
resolved. These results suggest that potentially increasing CerS6 expression may also
decrease the binding of Hsp27 and CerS1 binding, and this can also be empirically

determined. Potentially, this may mitigate pathological effects of mutations.

Additionally, other tools can be used to confirm alterations in mitochondrial
ceramides in CMT2F. Mitochondrial analysis can be potentially improved to obtain less
crude fractions of mitochondria. Furthermore, C17 labeling can be performed on these
fractions immediately after isolation while CerS may be expected to still have
physiological activity to determine if there is a decrease in CerS in the mutant. Given the
discussed disparity in phenotypes of mutations that cause CMT2F in the literature,

mutants other than S135F can be tested to determine if there is a decrease in
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mitochondrial ceramides. Furthermore, mitochondrial ceramides can be decreased with
other tools such as targeting ceramidase to the mitochondria, and assayed for changes
in mitochondrial structure and function. Similarly, sphingomyelinase can be targeted to
mitochondria in cells transfected with S135F mutations to determine if increasing
mitochondrial ceramides is capable of rescuing defects in mitochondrial structure and

function attributed to the S135F mutation.

Furthermore, the lack of alteration in total cellular ceramides in HT-22 cells with
CMT2A mutations should not be taken as definitive evidence of a lack of involvement of
perturbations in sphingolipid signaling in CMT2A. After all, HT-22 cells did not
demonstrate a change in total ceramides, and only exhibited a decrease in ceramides
when mitochondrial fractions were analyzed. Mitochondrial fractions similarly need to be
analyzed for cells transfected with CMT2A mutations to determine if these mutations
may induce similar changes in sphingolipid metabolism as observed in CMT2F. If so,
these mutations can be evaluated in a similar manner for mitochondrial pathology, and
protein interactions with enzymes involved in sphingolipid metabolism should be

entertained.

DeoxySLs will also need to be more carefully examined in CMT2F. Given the
aforementioned extensive literature on increases in deoxySLs in HSAN1, | hypothesized
that deoxySA would be increased in CMT2F, due to inhibition of CerS and an expected
backup of intermediates in the de novo synthesis pathway. However, the relatively
minor decrease in deoxySA observed in HT-22 cells suggests a different mechanism

may be involved. Given that deoxySA has recently been shown to localize strongly to
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mitochondria (54), this could be reflective of an overall decrease in mitochondrial
ceramides. Although it may be technically challenging, it will be important to attempt to
measure deoxySA in mitochondria. DeoxydhCer and deoxyCer levels did not generally
change in S135F transfected HT-22 cells and observed more variance than ceramide
levels (data not shown), however, attempts should be made to measure these species

in mitochondria going forward.

Additionally, identifying commonly altered metabolites may provide hints at common
biochemical mechanisms of CMT. Future metabolomic studies should consider whether
urea can be used as a tool to monitor severity of CMT2F or correlates to the degree of
pathology in other CMT diseases. | believe the increase in urea is due to mitochondrial
disorder, but the exact nature of the mechanism and spatial and temporal details of its
accumulation are still unknown. Further study should also consider using a variety of
tissue types, ideally from disease-bearing humans, including blood, to provide further
utility in studying metabolites such as urea as potential biomarkers of CMT progression.
Given CMT’s strict clinical presentation and sphingolipid changes observed
predominantly in the peripheral nervous system, peripheral nervous system models
such as DRGs or sciatic nerve should ideally be used for future clinical or mouse

studies.

Conclusions

In conclusion, the data presented here strongly suggest that sphingolipid
alterations underlie CMT2F, and also provides evidence that mitochondrial dysfunction

and autophagy play a role in the disease pathogenesis. | provide evidence of a novel
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Hsp27:CerS interaction, and decreased CerS in the mitochondria along with decreased
mitochondrial ceramides in the S135F mutant. Through these studies, | explore a
topic—ceramide synthesis—that could lead to new targets for novel treatments to
prevent or reduce the severity of CMT2F or other neuropathies with similar
mechanisms. In particular, validating the implications presented here would create an
imperative for developing small molecule inhibitors of the Hsp27:CerS interaction that

could be therapeutic for this disease paradigm.

Measuring DeoxydhCers and DeoxyCers in the Nervous System

Summary of results

| developed a method to accurately determine deoxydhCer and deoxyCer levels
in mouse nervous system tissue, given the increasingly suspected importance of these
species in nervous system pathology. | used C57B6 mice as an experimental model to
demonstrate the presence of deoxySLs in WT mice without any manipulation. The
method that | developed makes use of recently available standards using a general
mass spectrometry method that has been published for quite some time. Therefore, this
demonstrates a feasible method for groups using mouse models of HSAN1, diabetic
neuropathy, ADHD, chemotherapeutic treatments implicated in causing neuropathy, or

other neural models to evaluate changes in deoxySLs.

A major observation was the much greater quantity and variety of deoxydhCer
than deoxyCer in tissue. C24-deoxyCer was the only deoxyCer species detectable
above quantification. This is similar to other studies that only detect deoxyCers with very

long acyl chains (54). As mouse age increased, this species increased in abundance,
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whereas C24-Cer notably decreased. This suggests that C24-deoxyCer may play an
important role in aging in the nervous system, as its accumulation cannot be directly tied

to an increase in non-selective C24 acylation of sphingoid bases.

Desaturation of deoxySLs

Similar to results published using MEF cells, deoxydhCers are present in greater
quantity than deoxyCers (54), suggesting that contrary to most ceramide species, most
deoxyCer species are desaturated. This suggests that desaturase activity may be
differentially regulated in acting upon these deoxySL species, potentially by the action of
a distinct desaturase enzyme. Supporting this hypothesis, deoxySO is further thought to
differ in structure from sphingosine by having distinct placement of the double bond in
its sphingoid backbone at the 14 position instead of the 4 position as observed in
sphingosine (347). Similar to published distributions of deoxydhCers from cells grown in
culture, a relative abundance of C24, C24:1, C18 (but not C16 species) were observed
in all tissue types (54). This suggests that different CerS may similarly possess distinct
affinity or specificity for deoxySL species in catalyzing acyl chain additions. The
quantifiable levels of brain C24:1-deoxyCer observed in both mouse strains could
simply be due to the greater total lipid content in brain — however, it could also suggest
a tissue-type specific increase in desaturase activity acting on the deoxySL for the

C24:1 species.

Structural properties of deoxySLs

Preliminary studies have begun to investigate the biophysical properties of the
deoxydhCers and deoxyCers. Due to their high hydrophobicity, deoxydhCers and
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deoxyCers have lower miscibility with SM in bilayers than their non-deoxy SL
counterparts (323). Potential functional roles include serving as scaffolds for antigen
presentation by selectively binding specific cluster of differentiation proteins due to their
highly hydrophobic nature (348). Species derived from deoxySO with relatively low acyl
chain length tend to demonstrate the greatest hydrophobicity (323). However, much is
yet to be discovered about how these molecules can change membrane properties in
different organelles such as endoplasmic reticulum and affect biological functioning of
different cell types. DeoxySA localizes to Golgi and ER, and causes ER stress, similar
to results seen in HSAN patients, as measured by GADD153 levels and XBP1 splicing
(50, 54, 71). Furthermore, deoxySA has been shown to induce mitochondrial
fragmentation and dysfunction that precedes axonal degeneration, although the effects
of deoxyCer and deoxydhCer on mitochondria have not been carefully examined (54).

Similar morphological findings have been found in HSAN patient lymphoblasts (71).

SPT

There is strong evidence that SPT is responsible for generating deoxySLs.
Inhibition of SPT pharmacologically with myriocin inhibits deoxyCer generation and
studies using '*C-labeled alanine have shown preferential incorporation into 1-deoxySa
instead of sphinganine (53). DeoxySA is increased in cells treated or animals fed diets
with fumonisin B1, an inhibitor of ceramide synthesis that is thought to cause back up
the products of the de novo pathway of ceramide genesis (53). This suggests that many
biologies resulting from the block of the de novo pathway could be caused by altered

deoxyCer levels.
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Increases in deoxySLs due to paclitaxel treatment are due to increased SPT
activity in paclitaxel-treated cells, producing increased sphingolipids and even greater
relative increases in deoxySLs, although it is unclear whether this is due to an altered
relative specificity of SPT or relatively decreased ability to clear deoxySLs (326). The
cytochrome P450 4F enzymes were recently shown to be capable of hydroxylating and
degrading deoxySL species (72). C24 and C22:1 1-deoxyCers and C22:1 and C18:1 1-
deoxydhCers all increased with paclitaxel and correlated to progression of neuropathy,

suggesting that these species may play a role in the pathogenesis of neuropathy (326).

HSAN1

Likely, the most immediate application of research on deoxySLs and specifically
deoxyCer and deoxydhCer will lie in understanding the pathology and developing
treatments for HSAN1. HSAN1 is typically inherited in an autosomal dominant fashion,
suggesting it acts through a dominant-negative mechanism. Both oral supplementation
of diets with serine in mice and overexpression of wild-type SPT1 in disease models
reduce the severity of disease, suggesting therapies that reduce the utilization of
alanine by SPT may be effective (48, 59). Only a 10% increase in serine was able to
drastically reduce deoxySLs to physiological levels in mice in 4 days and prevent mice
from developing neurological dysfunction due to the disease, while treatment in older
mice improved peripheral phenotypes. Alanine supplementation, in contrast, acutely
increased deoxySLs and worsened the disease status (59). These experiments have
been extended to preliminary trials on humans with promising results of decreased

deoxySLs in serine supplemented diets (59, 61, 64). Furthermore, increases in neurite
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length and p-ERM expression from growth cones from DRGs isolated from HSAN mice
were lost with administration of myriocin, serine, or removal of alanine (349). This could

be due to cytoskeletal disruption (327).

Transgenic mice overexpressing both mutated and WT copies of SPT largely
show a loss of alteration in SPT activity and neuropathy, supporting the hypothesis that
the mutant SPT is not inherently toxic but instead that its altered products are harmful
(48). This is in accordance with observed intermediate levels of deoxySLs in double
transgenic mice for WT and mutant SPT. Expression of HSAN1 mutants in yeast cells
demonstrate that while mutant HSAN enzyme complexes have the same relative
preference for incorporating different acyl-CoA chain lengths, mutant SPT complexes
have a greater effect on the Vnax than Ky, for amino acid incorporation. This suggests
that mutations studied do not affect the binding site, but more efficiently allow bound

alanine to react with acyl-CoA substrates (50).

DeoxySLs in diabetes

DeoxySLs have been suggested to play a role in the pathology of many other
diseases; diabetes mellitus in particular has been examined multiple times. Diabetic
neuropathy presents similarly to HSAN1 with late and insidious loss of peripheral nerve
function, especially sensory modalities. While paclitaxel treatment produces increased
SPT activity, diabetes increases relative utilization of alanine in de novo sphingolipid
synthesis. Multiple studies have suggested that serum from patients with diabetes
mellitus type 2 contains increased deoxySO and deoxySA (328, 350), potentially due to

the increased alanine:serine ratio in plasma of these patients (328). Increased
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deoxySLs have also been observed in patients with metabolic syndrome, although type
2 diabetics do not present with significantly different levels, potentially limiting the use of
deoxySLs use as a biomarker of disease progression (351). Further evidence suggests
many deoxyCer species are increased in diabetic patients, although more thorough
studies focusing on deoxydhCers and deoxyCers in patients with metabolic syndrome
and diabetes need to be performed (326). Interestingly, while deoxySL levels have not
been associated with type 1 diabetes (350), type 1 diabetes patients exhibiting
peripheral neuropathy demonstrated increased C24-deoxyCer, along with C24 and C26
ceramides (352). However, the relative decrease in C24-deoxyCer was relatively small,

potentially limiting its power as a useful biomarker (352).

Future Directions

The results presented here make clear that WT mice produce deoxySLs without
perturbation. It is still not well understood if these deoxySL species serve a structural
and/or bioactive role, or if they are byproducts from promiscuous action of SPT due to
proximal alanine. Future work must seek to delineate if there are physiological roles of
deoxySLs in mammalian cells. Furthermore, deoxydhCers were observed to be
especially abundant in sciatic nerve tissue compared to that of brain and even spinal
cord. It is unknown why levels deoxydhCer levels are so much higher in peripheral
nerves. Future study should seek to analyze these changes in more specific
compartments of the peripheral nerves. Sciatic nerves contain distinct motor and
sensory divisions, and these may be separately dissected and analyzed to potentially

reveal differential roles of deoxySLs. Furthermore, there may be length dependent
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changes in these peripheral nerves as well, as more distal components often
demonstrate greatest pathology in degeneration. Similar analyses with more distinct

dissection and analysis can similarly be performed in spinal cord and brain tissue.

Further study should seek to investigate deoxydhCers and deoxyCers in
therapeutic application. DeoxySA has been carefully studied as a potential anti-cancer
therapeutic, although it has failed to show significant promise in early clinical trials.
Originally isolated from the clam, Mactromeris polynyma, deoxySA, also known as
spisulosine or ES-285, decreased cell growth, prevented stress fiber formation, and
increased apoptotic signaling by activation of caspases 3 and 12 and modifying p53
phosphorylation (52, 353). DeoxySA was further shown to be an activator of specific
PKC isoforms, and induce de novo ceramide production in cell culture (353, 354).
However, phase | clinical trials demonstrated that administration of deoxySA to patients
with advanced solid tumors was linked to dose-limiting neuro- and hepatotoxicities and
pyrexia with often mild to unobservable objective anti-cancer effects, resulting in
discontinuation of clinical development for spisulosine in cancer patients (355-358).
DeoxydhCers and deoxyCers, given their early link to toxic effects, may also
demonstrate clinical side effects, but their effectiveness as chemotherapeutics is largely

unknown.

Conclusions

In conclusion, through close collaboration with members of the Lipidomics Core
Facility and many others, | have developed a novel method for accurately determining

deoxydhCer and deoxyCer levels in brain, spinal cord, and sciatic nerve of mice. Data
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suggests that deoxydhCers accumulate in peripheral nervous tissue with aging and that
C22-deoxydhCer is highly produced throughout the nervous system. This method will
facilitate efficient screening and determination of deoxyCer and deoxydhCer levels in
many mouse models of neural disease and dysfunction, providing us with a better

understanding of the pathophysiology of deoxySLs in the nervous system.
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Figure 1. Decreased ceramides in Hsp27 KO sciatic nerve tissue.

(A-J) Sciatic nerve tissue from mice was homogenized and used for lipid measurements
with LC/MS. C14, C16, C18, C20, C22, C24, C26, C18:1, C22:1, and C24:1 ceramides
are shown, respectively (n=8). (K-L) Total ceramide levels from sciatic nerve and brain
tissue (n=3) (*P<0.05; ** P<0.01; ** P<0.001).
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Figure 2. Ceramides are largely not altered in Hsp27 KO mouse brain.

Unlike sciatic nerve tissue, decreased species at old age are not observed.
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Figure 3. Wild-type and Mutant Hsp27 Expression in Cell Lines

(A) HT-22 transient transfection demonstrates high levels of expression in cells
transfected with WT and S135F Hsp27 by Hsp27 and HA-tag antibodies. Relatively low
levels of endogenous Hsp27 can be seen in the Vector condition using Hsp27 antibody.
(B) HCT-116 cells transfected with pcDNA4/TO/myc-HisA vectors expressing wild-type
(WT) Hsp27, the S135F, R136W, and P182L mutant Hsp27s, or control vector. The HA
tag and linker add 2 kDa to the size of the endogenous protein.

167



C14 Cer C16 Cer C18 Cer C20 Cer

0.1 35 1 0.12 - 0.16
0.09 ]
3 o1 4 0.14
@ 0.08 - ° ® o2
2007 &25 A g i g
[-% [ a 0.08 [<% 01
Boos - g, 8
2005 - = 20,06 - 2008
£004 £ £ €006
©0.03 - s 4 3 0.04 - 3
§ 5 g €004 -
Q Q Q. Q Y-
0.02 os 0.02
0.01 - : 0.02 -
0 0 - 0 - 0 -
\" WT S135F \' WT S135F \Y) WT S135F \' WT S135F
C22 Cer C24 Cer C26 Cer
0.9 25 0.06
0.8 -
5 | 0.05
207 1 2 2
2 2 s
a 0.6 - [-% o 0.04
_Uc) 0.5 § 1.5 1 §
a T o o
5 04 s S 0.03
S € 17 <
303 - S 5 0.02
£ on . £ £
’ 0.5 1 0.01
0.1
0 - 0 - 0 -
\Y/ WT S135F \Y WT S135F \' WT S135F

Figure 4. S135F mutation does not cause altered ceramide levels in HT-22 cells
(n=3).
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Figure 5. Ceramide synthase activity is not transiently altered via Ci7-sphingosine
labeling assay.

(A) Transient transfection of vector, WT Hsp27, and S135F Hsp27 does not alter
ceramide synthase activity (n=38). (B) Stable transfections vector, WT Hsp27, and
S135F Hsp27 does not alter ceramide synthase activity in S135F compared to WT
(n=7).
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Figure 6. Total ceramide levels are not altered by CMT2A mutations.

Three mutations known to cause CMT2A were transiently transfected in HT-22 cells and
sphingolipids were measured. No detection in total ceramides was observed (n=3).
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Figure 7. Subcellular Fractionation Optimization for Mitochondria.

Crude mitochondrial purification preparations analyzed by Western blot to evaluate
purification quality. Preparations were performed with subsequent 1000g and 3000g
spins to increase purity.
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Figure 8. Decreased mitochondrial ceramides in S135F mutant HT-22 cells.

(A-C) Mitochondrial, cytoplasmic, and nuclear fractions of HT-22 cells were isolated and
used for lipid measurements with LC/MS. Mitochondrial fractions demonstrate reduced
total ceramide (*P < 0.05, n=4), cytoplasmic fractions with increased total ceramide,
(**P < 0.01, n=4) and there is no change in nuclear ceramides (P = 0.95, n=4).

172



Figure 9. Successful transfection of HT-22 cells and dorsal root ganglia.

(A) Representative images of HT-22 transfection with eGFP. (B) Representative image
of DRG transfection with eGFP (green) with TrpV1 (purple).
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Figure 10. Hsp27:CerS1 interaction localizes to the endoplasmic reticulum.

(A-C) WT Hsp27 (red) co-localizes with FLAG-tagged CerS1, CerS2, and CerS5,
respectively, (green) in HT-22 cells by confocal microscopy. (D) Ceramide profile from
DRGs cultured for 4 days from 7 month female mice (n=3). (E-F) WT and S135F Hsp27
(red), respectively, co-localize with FLAG-tagged CerS1(green) in HT-22 cells by SIM
microscopy. (G) FLAG-tagged CerS1 (green) and calnexin (pink) strongly co-localize.
(H) Endogenous WT-Hsp27 (red) and anti-CerS1 (green) co-localize in mouse dorsal
root ganglia (DRG). (/) Electroporated S135F Hsp27 (red) and FLAG-tagged CerS1
(green) co-localize in mouse DRG cells. Confirmation of neuronal identity with TrpV1

(pink).
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Figure 11. CerS1 overexpression increases C18 and C18:1 ceramides.

Tetracycline-induced overexpression of CerS1 causes a dramatic increase in C18-
ceramide and C18:1-ceramide in HCT-116 cells. C18 and C18:1 sphingomyelins are
also increased (data not shown), while other ceramide species are generally decreased
(data not shown). S135F, R136W, and P182L mutations do not induce a change in
ceramide or sphingomyelin levels.
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Figure 12. CerS1 binds to WT Hsp27 and Hsp27 mutant demonstrates increased
binding.

(A) Interaction of WT and mutant forms of Hsp27 with CerS1 in HCT-116 cells. (B)
Quantification of co-IP experiments (*P < 0.05, n=38). (C) Interaction of WT and mutant
forms of Hsp27 with CerS1 in HT-22 cells. (D) Quantification of co-IP experiments (*P <
0.05, n=3). (E) Confirmation of HA band in co-IP in HT-22 cells. Scanned immunoblot
from HT-22 co-IP showing uppermost band in leftmost three columns of co-IP
corresponds to HA stained in total cell lysate and IP supernatant of WT and S135F
transfected cells.
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Figure 13. CerS1 Hsp27 demonstrate binding in mouse brain.

Pull-down of Hsp27 demonstrates co-IP of CerS1 in brain (B) from WT mice but not
Hsp27 KO mice. Input lane on the left shows knockout of Hsp27 in brain, spinal cord
(SC), and sciatic nerve (SN). Note that CerS1 expression is very low in spinal cord and
sciatic nerve, potentially prohibiting the detection of Hsp27:CerS1 binding in these

tissues.
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Figure 14. C-terminus of CerS1 interacts with WT and S135F Hsp27.

The positive signal in the Hsp27 elution column for WT, 3D (phosphomimetic) and
S135F indicates C-terminal CerS1 binding to Hsp27.
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Figure 15. S135F mutant decreases CerS1 localization to mitochondria.

(A) CerS1 localizes to mitochondria in the presence of WT Hsp27 more than S135F in
HT-22 cells. Quantification of Super-resolution Structured lllumination Microscopy (SIM)
co-localization of FLAG (CerS1) and MitoTracker Deep Red (mitochondrial marker) was
using Pearson’s Correlation Coefficient (PCC) and Mander’s Overlap Coefficient (MOC)
(*P<0.05 for PCC, *P < 0.05 for MOC; n=31 and n=35). (B) SIM quantification of FLAG
and calnexin (ER marker) co-localization (P = 0.797 for PCC, P =0.188 for MOC; n=24
and n=27). (C) CerS1 localizes to the Endoplasmic Reticulum (ER) in the presence of
WT and S135F Hsp27 in HT-22 cells. SIM quantification FLAG and calnexin co-
localization using PCC and MOC (P = 0.131 for PCC, P =0.70 for MOC; n=15 and
n=18). (D) SIM quantification of FLAG and calnexin co-localization was quantified using
PCC and MOC (P = 0.324 for Pearson’s, P = 0.287 for MOC; n=9 and n=10). (E) SIM
quantification of calnexin and MitoTracker Deep Red (P = 0.324 for PCC, P = 0.287 for
MOC; n=9 and n=10).
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Figure 16. S135F mutant produces enlarged mitochondria consistent with
decreased CerS function.

(A-B) Representative images of mitochondria in HT-22 cells transfected with WT and
S135F Hsp27, respectively. (C) Increased area is observed in S135F mutant
transfected HT-22 cells (p<0.01; n=41, 44) and cells treated with FB1 (***P < 0.001;
n=15,13). (D) Increased area/perimeter ratio is observed in S135F mutant transfected
HT-22 cells (**P < 0.01; n=41, 44) and cells treated with FB1 (***P < 0.001; n=15,13).
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Figure 17. S135F may cause more dynamic mitochondria.

Mitochondria in WT and S135F transfected cells were imaged approximately 50 times in
the span of 5 minutes. Total mitochondria were quantified and standard deviations in
total mitochondrial number were used as a measure of mitochondrial activity (n=3).
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Figure 18. S135F and P182L mutants display decreased mitochondrial function
consistent with decreased CerS function.

(A) Mutants (S135F and P182L) and FB1 display decreased basal respiration compared
to WT and V, respectively (***P < 0.001). (B) Mutants and FB1 display decreased
maximal respiration compared to WT and V, respectively (***P < 0.001). (C) Mutants
and FB1 display decreased spare respiratory capacity compared to WT and V,
respectively (***P < 0.001). All experiments were repeated at least twice with similar
results; error bars represent standard deviations of a single experiment.
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Figure 19. Increased autophagy but no change in growth of S135F mutant cells.

(A) S135F mutation does not affect cell proliferation. (B) Representative Western blot
showing mildly increased LC3B signal in S135F compared to WT transfected HT-22
cells. (C) There is an approximate 1.3-fold increase in autophagy in S135F Hsp27 as
indicated by LC3B-IlI signal by immunoblotting (*P < 0.05, n=6). (D) Quantification of
confocal images reveals an increase in autophagy as indicated by LC3B:Hsp27 co-
localization (*P < 0.05, n=22,23). (E) Quantification of intensity of LC3B staining as a
measure of autophagy reveals increased autophagy in S135F (**P < 0.01, n=12,19).
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Figure 20. Cellular viability and tubulin acetylation not changed by mutant Hsp27.

(A) Trypan blue cell exclusion staining was used to count cells transiently transfected
with Vector, WT Hsp27, or S135F for 48 hours and treated with either 2.5 uM or 25 uM
2-deoxyglucose (2-DG) or 2.5 uM or 25 uM glucose as a control. (B) S135F and P182L
mutant Hsp27 do not alter a-tubulin acetylation in stably transfected HT-22 cells. (C)
S135F and P182L mutant Hsp27 do not alter a-tubulin acetylation in transiently
transfected HT-22 cells.
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Figure 21. CerS1 overexpression does not alter propensity of S135F mutant to
increasingly localize with Tuj1.

WT Hsp27 and S135F were alternatively co-transfected with either Vector (A) or CerS1
(B). There is greater co-localization of S135F than WT Hsp27 with Tuj in co-transfection
with vector (p<0.05, n=15) and CerS1 (P<0.05, n=16). The presence of CerS1 does not
alter this co-localization.
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Figure 22. S135F and P182L mutants display similar metabolic characteristics.

(A) Principle Component Analysis (PCA) of metabolites from HT-22 cells transfected
with Vector (maroon), WT (grey), S135F (blue), and P182L (red) Hsp27 was performed
twice in positive ion mode revealing clustering of mutant analytes. (B) Principle
Component Analysis (PCA) of the same conditions performed twice in negative ion
mode revealing clustering of mutant analytes. (C) S135F and P182L mutants display
greater urea than wild-type Hsp27 HT-22 cells (n=6; ***P < 0.001 for each mutant). (D)
S135F mutant displays greater creatinine than wild-type Hsp27 HT-22 cells (n=5;
p<0.05). (E) S135F and P182L mutants strongly trend with decreased glutamine
compared to wild-type Hsp27 HT-22 cells (n=6, P =0.0504; n=6, P =0.0504).
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Figure 23. Urea Concentration is Unaltered in Mutants Using Urea Assay

Urea content was measured from media and cells, suspended in PBS or Triton-X 100
(Tx100). No substantial changes were observed in urea in this assay.
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Figure 24. CerS1 binds CerS2 and CerS6.

(A) FLAG pulldown of overexpressed CerS1 was used to assess binding of endogenous
CerS2 and CerS6. The presence of the CerS6 and potentially CerS2 in every Co-IP
lane in which CerS1 was overexpressed suggests that CerS1 is able to bind these other
CerS. (B) Quantification of the intensity of CerS6 co-IP bands with transfection of WT
and S135F (n=3, *P < 0.05).
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Figure 25. Failure to Demonstrate CerS pulldown to Hsp27 in Mitochondria.
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Figure 26. S135F mutant has reduced deoxysphingoid bases.

1—deoxysphinganine measured in HT-22 cells is significantly decreased in S135F
mutants as well (*P < 0.05, n=6). 1-deoxysphingosine was measured but below reliable
levels for quantification.

190



Dihydro-C14-Ceramide Dihydro-C18-Ceramide Dihydro-C18:1-Ceramide

0.08 0.2 0.014
0.18
o 0.07 ® o1 o 0012
£ 008 g o4 £ 0.0t
2 0.05 2 2
2 ®Vector | £ 012 B\Vector| £ 0.008 H \ector
_g 0.04 ‘_; 0.1 BFB1 i; BFB
g 0.03 B FB1 g 0.08 g 0.006
< = 0.06 S 0.004
g 0.02 % 004 %
0.01 0.02 - . 0.002
o . - 0 0
24 hr 48 hr 24 hr 48 hr 24 hr 48 hr
Dihydro-C20-Ceramide Dihydro-C22-Ceramide Dihydro-C20:1-Ceramide
0.2 0.3 0.007
0.18
2 016 2 025 20%
5 0.14 § 02 5%0-005
a .
S 012 BVector| 2 ®Vector | £0.004 u Vector|
2 01 iol 0.15 o
g 0.08 BFB1 g BFB1 S0.003 mFB1
£ £ o4 £
S 0.06 3 —go.ooz
0.04
S S 0.05 S,
0.02 - . 0.001
0 0 0
24 hr 48 hr 24 hr 48 hr 24 hr 48 hr
Dihydro-C22:1-Ceramide Dihydro-C24:1-Ceramide Dihydro-C24-Ceramide
0.07 0.7 0.25
0.06 0.6
2 2 L2 02
2 005 2 os g
g g BVect 2
%’L 0.04 B Vector %_ 0.4 ector .g_ 0.15 B Vector
o o BFB1 =
2 0.03 BFB1 2 03 2 o1 EFB1
c c E
é 0.02 %E, 0.2 E,
0.05
2 0.01 2 0.1 - - o
, [ , NN NN o
24 hr 48 hr 24 hr 48 hr 24 hr 48 hr

Figure 27. Fumonisin B1 increases dhCer in HT-22 cells.

Many species of dhCer are noticeably increased with FB1 treatment compared to
controls that received no FB1 (“vector”). Note that C18:1 and C20:1 dhCers were below
quantification in the condition without FB1 (statistical tests were not performed due to
observable trends of large increases in many species).
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Figure 28. Verification of identified deoxySLs.

A-B) Sample peaks provided for C24-deoxydhCer and C22-deoxydhCer, respectively,
demonstrating a reliable signal to noise ratio. C-F) Calibration curves for C16-
deoxydhCer, C24:1-deoxydhCer, C16-deoxyCer, and C24:1-deoxyCer demonstrating
high linearity validating the identified the method.
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Figure 29. Sphingoid and deoxysphingoid base profile in mouse neural tissue.

A) Brain tissue from 1 mo, 3 mo, and 6 mo mice analyzed for sphinganine, sphingosine,
deoxySA, and deoxySO (n=5, 6, 6). Note that empty graphs indicate a species was
below the level of confident quantification. B) Spinal cord tissue analyzed as in 4A (n=6,
6, 6). C) Sciatic nerve analyzed as in 4A (n=6, 6, 6).
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Figure 30. C16-ceramide predominates over C16-dhCer in mouse neural tissue.

A) Brain tissue from 1 mo, 3 mo, and 6 mo mice analyzed for C16-ceramide and C16-
dhCer (n=5, 6, 6). B) Spinal cord tissue analyzed as in S1A (n=6, 6, 6). C) Sciatic nerve
analyzed as in S1A (n=6, 6, 6).
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Figure 31. Brain C24-deoxyCer is the only deoxyCer above quantifiable limits.

Brain C24-ceramide and C24-deoxyCer for 1, 3, and 6 months. C24-deoxyCer in the
brain was the only species of deoxyCer that was consistently measured above
quantifiable limits (n=5, 6, 6).
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Figure 32. Ceramides and deoxydhCers in mouse neural tissue.

A) Brain tissue from 1 mo, 3 mo, and 6 mo mice analyzed for total ceramide and total
deoxydhCer (n=5, 6, 6). B) Spinal cord tissue analyzed as in Fig. 30A (n=6, 6, 6). C)
Sciatic nerve analyzed as in Fig. 30A (n=6, 6, 6).
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Figure 33. DeoxydhCer profile in mouse neural tissue.

A) DeoxydhCer species that were confidently measured from brain tissue from 1 mo, 3
mo, and 6 mo old mice (n=5, 6, 6). B) Spinal cord tissue analyzed as in Fig. 31A (n=6,
6, 6). Note multiple panels are presented to show relative levels of other species much
less prevalent than C22-deoxydhCer. C) Sciatic nerve analyzed as in Fig. 31A (n=6, 6,
6).
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Mus musculus strain C57BL/6J chromosome 5 genomic
contig, GRCm38.p3 C57BL/6J MMCHR5_CTG21

NCBI Reference Sequence: NT_039314.8
Chr5: 135886919 - 135890563

ACATTATATATATATATATATATATATATATATATATATATATATATATAATAAAAAAAAAAAGCGGCCG
GGTGTGGTGGGGCACGCCTTTAATCCCAGCACTCCGGAGGCACGGGCAGGTGGATTTCTGAGTTCGAGGC
CAGCCTGGTCTACAAAGTGAATTCCAGGACAGCCAGGGCTATACAGAGAAACCCTGTCTCGAAAAACCAA
AAAAAAAAAAAAAAAAAAAAGCATCAAATAGCCCAGCGGTGGTGATGCACACCTTTAATCCCAGCACTTG
GGAGGCAGAGGCAGGCGGGTTTCTGAATTCGAGGCCAGCCTGGTCTACAAAGTGAGTTCCAGGACAACCA
GGGCTATGCAGAGAAACATTGTCTTCAGAAAARAAAAAAAAAAAAARAAAAAAAARAGCARAGCAAAACAA
AACAAAAAAAAAGCATCAAAATAAAAAAAGAAAAATCCTACTTCAGAGAGAGAGAGAGAGAGAGAGAGAG
AGAGAGAGAGAGAGGAGAGAGGAGAGAGAAAGAGAGAAAGAAGAAAGAAAGTCAGTTTCTGGGTCAGAAA
GATACTCAGTGAACACTAAGGCGCCTGCCACGAAGCCTTTGCTCCCCAGGAGATACACTATAGAAGACAG
CTATCTTGCCGGTGTCATGAGACCTCCACAGGTGTGCCATGACATGTGTGTTCCCACGGGCCTCCTTCTG
GTTCAGACCAGGTTCAGTTGCTTCCCAGTTGCGACACAAAAGACCTAACCTCTCCTGGTTATTCTCAATA
AAAAATGGGGCTGGCCCCAGGCCACCGCCCTTCAGCCAGCAGTGTCCTAAACCCGACAGTGGGAATCGCT
CCAGCTACCGGTATTACGCCGTCATTTGTTTTCTTCAACAAGAGAAGTTTCCAGATGGGGGCAGAACCTT
CCTGGCCCCGCCTGCCCGCCCCCTTTGCAAGCTTAGGGGGAGGAATGCAGAGGGGAGGGGCGGCGAGGGG
CGGCCCCTGAGACGGTCATTGCCATTAATAGAGACCTGAAGCACCGCCTGCTAAAAATACCCGGCTGGGC
ACACATAAAAGCACGCTGGGGCTCCAGTCCGGCACTTCTCGGATCCTCAGCCCAGTGCTTCTAGATCCTC
AGCCTTGACCAGCCAAGAACATGACCGAGCGCCGCGTGCCCTTCTCGCTGCTGCGGAGCCCGAGCTGGGA
ACCATTCCGGGACTGGTACCCTGCACACAGCCGCCTCTTCGATCAAGCTTTCGGGGTGCCCCGGTTGCCC
GATGAGTGGTCGCAGTGGTTCAGCGCCGCTGGGTGGCCCGGATACGTGCGCCCGCTGCCCGCCGCGACCG
CCGAGGGCCCCGCGGCGGTGACCCTGGCCGCACCAGCCTTCAGCCGAGCGCTCAACCGACAGCTCAGCAG
CGGGGTCTCGGAGATCCGACAGACGGCTGATCGCTGGCGCGTGTCCCTGGACGTCAACCACTTCGCTCCG
GAGGAGCTCACAGTGAAGACCAAGGAAGGCGTGGTGGAGATCACTGGTGAGTTTCCCTTGTGCCCAGAGG
GGACGAAGCTGCCGAGGCGAGAGTGGTGGCTGGGGGGCTGAGGGTGGGGGCTGAARACCCTGAGGAATAGA
ACCCTGAGAAGTTAGAAATGAACCTAGGGACCCGGAGCCCGCATCATTCTCCTTTGCCTGCTTCTCTTGC
CCCGGAACGCGGGGTGCAGGTTGCTCTTAAAAGCTCTGTCATCTTCGATGATATGGACCAACAGCTGGGG
ATGTAGCTCAGGGTAGAGCTTCGCCTGGCCTGCCGGGAGGCCTTGAGGCTTTGCGTTCCACCCGCAGCAC
AGAAACAAAATGAAGGAAGACCCAACACACCTTCTGGAAGACCTCATTCCCAAATAAGCAAGCGGCAGGA
TCAGGGTCCCTAGACCCAGCCGCAGAGGCTTTGAGTATACCTACCCTGGTATCCAAGTCTGGGTCAGAGC
CAAGCCCTTCGCATCCCAAATCTCAGAAGGGAAGTTTCTGGAAAGTTTTAAGATTCCAGACAGTCAGGCA
CCCCGCCGCACTCGGGTTTGTTTGCCTCCCTGGGGGGTCCCAGCCACTCCTTAGCTAGGACAGCAGAGGG
CTGCTTCTGACCTTCTGTCCCCACCCACAGGCAAGCACGAAGAAAGGCAGGACGAACATGGCTACATCTT
TCGGTGCTTCACCCGGAAATACACGTGAGTTCTGATTCCTTGCATGGAGGGCGGGGAGGTGGGGGGGAGG
GGGAGCGGACCCAGGGCGGAGGGCGAAGAGCCCCGGGTCAGGAGGGATGTGTAACCCTTGCCCTGATTTT
CTGTGTGTCCAGGCTCCCTCCAGGTGTGGACCCCACCCTAGTGTCCTCTTCCCTATCCCCTGAGGGCACA
CTTACCGTGGAGGCTCCGTTGCCCAAAGCAGTCACGCAGTCAGCGGAGATCACCATTCCGGTTACTTTCG
AGGCCCGCGCCCAAATTGGGGGCCCAGAAGCTGGGAAGTCTGAACAGTCTGGAGCCAAGTAGAAGCCATC
AGCCTGCTGCCTATCTCCCATAGCCATTGCTGGCCACCCCTCTCTGTCAATCTGTGCGCTCTTTTGATAC
ATACATTTACCTGCTGTTTTTCTCAAATAAAAGTTGCAAGCTACTGCTCACCACCGTCTGACTCCAGAGT
TATTATGGTGGGCTAGGGATGGGTGTGCTAAATTGGAACACCCTTTGGGGTCTTTGCTAAGTGCTCACTA
TGGGCTCAGGCCCTTCCTGTGGGAAAAGAGATAACCTGGAGATTAAAAGTTTACCAGGGGGGCTGGAAAG
GTGGCTCAGCGGGTAAGAGCACTGACTGCTCTTCCGAAGGTCCTGAGTTCAAATCCCAGCAACCACATGG
TGGCTCACAACCACCCGTGATGAGGTCTGACACCCTCTTCTGGTGCATCTGAAGGCAGTTACGGTATACG
TACATATAATAATAAATAAATAAATCTTAAAAAAAAAAAAAAGTTTACCAGGCTGGGTATAATGATGGTA
TAATTACATCTCCTGTAATTCCAGTATCCAAAAACGGATGCAAAAGCAGTGTGAATTTGAAGCCAGCCTG

Figure 34. Generation of S135F Mutant Mouse

Mouse Chromosome 5 (135886919 — 135890563) demonstrating a mutation analogous
to S135F in human CMT2F. This mutation was generated using Clustered Regularly
Interspaced Short Palindromic Repeat (CRISPR) — Cas9 technology.
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Figure 35. No Alterations in a-tubulin Acetylation in Mutant Mice

A) Sciatic nerve and B) brain tissue from non-transgenic (nTG), WT, S135F, and P182L
mice analyzed for Hsp27 expression (with Hsp27 and HA antibodies) as well as
acetylation of a-tubulin. No notable decrease in acetylation of a-tubulin is observed in
sciatic nerve. Furthermore, there is a lack of expression of the P182L mutant.
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Figure 36. Decreased C18-ceramide in S135F sciatic nerve.

C18-ceramide measurements which are in line with other ceramides species and serve
to represent CerS1 function. There is a significant decrease in C18-ceramide in sciatic
nerve tissue that is not observed in brain (*P < 0.05, n=6).
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CMT2F DNA Country | Special Citation
Mutation alteration Symptoms
P39L 116C>T ltaly (203)
G84R 250G>C England (179)
R127L 380G>T Finland (200)
R127W 379C>T China, Late onset, mild (177), (204), (178)
Italy, sensory, feet
France paresthesia,
cramps.
S135F 404C>T Russia, Relatively early (174), (175), (207),
Korea, onset, feet (178)
Armenia, | paresthesia
S135Y 404C>A Finland Very mild sensory | (173)
phenotype
S135C 404C>G ltaly (201)
R136L 407G>T ltaly Pyramidal signs, (203), (206), (202)
deafness
S158fs*200 | 476_477delCT | ltaly Potentially trigged | (205)
in infancy from
tetanus
vaccination
T164A 490A>G Taiwan (208)
M169C*fs2 | 505delA Finland (200)
Q175* 523C>T France, Feet paresthesia, (176), (178)
England early onset in
some cases
R188W 562C>T ltaly (203)
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dHMN DNA Country | Special Symptoms Citation

mutations | Alteration

P7S 19C>T Algeria (178)

G34R 100G>A ltaly (203)

P39L 116C>T England, (179), (178)
France

E41K 121G>A ltaly (203)

G53D 158G>A Ivory Cerebellar ataxia (178)
Coast

L58Afs*105 | 165_171dup France (178)

A61Rfs*100 | 180dup France Lower limb spasticity (178)

G84R 349G>C Asymmetrical weakness (218)

L99M 295C>A Pakistan | Reported autosomal (179)

recessive inheritance

R127L 380G>T Finland (200)

R127W 379C>T Belgium, | Lower limb spasticity, (175), (214),
Italy, cramps (201), (204),
France (178)

Q128R 383A>G France Lower limb spasticity (178)

D129E 387C>G Ireland Decreased sensory (209)

conduction after
progression in one patient,
cramping
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S135F 404C>T England, | Rare early onset (175), (216),
France, (179), (178)
Korea,
Italy,
Algeria

S135C 404C>G Germany (215)

R136L 407G>T ltaly (203)

R136W 406C>T Belgium (175)

R140G 404C>T(?) India Fasciculations (179)

K141Q 421A>C Japan (211), (213)

T1511 452C>T Croatia, (175), (210),
Japan, (214), (178)
France

S158fs*200 | 476_477delCT | ltaly (205), (203)

Q175" 523C>T France (176), (178)

T180I 539C>T Italy, Early onset, fasciculations | (217), (203),
Portugal (178)

P182L 545C>T Austria (175), (214)

P182S 544C>T Japan Early onset (212)

S187L 560C>T France (178)

Table 1. List of reported mutations in CMT2F.
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A B

Deoxysphingolipid Species Used

Properties of Measured Deoxysphingolipid Species for Calculations

Name Parent ion Product ion Collision Energy Retention Time

C12-deoxyCer 466.5 266.2 22 14.50 Source Target
C12-deoxydhCer 468.6 268.2 22 15.00 C14-Cer C12-Cer
C14-deoxyCer 494.5 266.2 22 16.30 C18:1-Cer C20:1-Cer
C14-deoxydhCer 496.5 268.2 22 17.00 C24:1-Cer C221-Cer
C16-deoxyCer 522.4 266.2 22 17.85 C24:1-Cer C261-Cer
C16-deoxydhCer 524.5 268.2 25 18.50

C24-Cer C26-Cer
C18-deoxyCer 550.6 266.2 25 19.30
C18-deoxydhCer 552.6 268.2 22 20.00 Ct4-Cer C12-deoxyCer
C20-deoxyCer 578.6 266.2 22 21.00 C14-Cer C12-deoxydnhCer
C29-deoxydhCer 580.6 268.2 22 21.60 C14-Cer C14-deoxyCer
C22-deoxyCer 606.6 266.2 22 22.70 C14-Cer C14-deoxydhCer
C22-deoxydhCer 608.6 268.2 22 23.30 C16-deoxyCer C18:1-deoxyCer
C24-deoxyCer 6346 266.2 22 24.40 C16-deoxydnhCer C18:1-deoxydhCer
C24-deoxydhCer 636.6 268.2 22 25.20 C16-deoxyCer C18-deoxyCer
C26-deoxyCer 662.6 266.2 22 26.50 C16-deoxydnCer C18-deoxydnCer
C26-deoxydhCer 664.6 268.2 22 27.10
C18:1-deoxyCer 548.6 266.2 25 18.40 C20-Cer C20:1-deoxyCer
C18:1-deoxydhCer 550.5 268.2 25 18.90 C20-Cer ©20:1-deoxydhCer
C20:1-deoxyCer 576.6 266.2 25 19.90 C20-Cer C20-deoxyCer
C20:1-deoxydhCer 578.6 268.2 25 20.50 C20-Cer C20-deoxydhCer
C22:1-deoxyCer 604.6 266.2 25 21.20 C24:1-deoxyCer C22:1-deoxyCer
C22:1-deoxydhCer 606.5 268.2 25 21.80 C24:1-deoxydhCer C22:1-deoxydhCer
C24:1-deoxyCer 632.6 266.2 25 23.00 C22-Cer C22-deoxyCer
C24:1-deoxydhCer 634.7 268.2 25 23.50

C22-Cer C22-deoxydhCer
C26:1-deoxyCer 660.6 266.2 25 24.80
C26:1-deoxydhCer 662.5 268.2 25 25.50 C24:1-deoxyCer C24-deoxyCer
DeoxySO 284.2 266.2 10 6.20 C24:1-deoxydhCer C24-deoxydhCer
DeoxySA 286.3 268.2 12 6.40 C24:1-deoxyCer C26:1-deoxyCer

C24:1-deoxydhCer C26:1-deoxydhCer

C24-Cer C26-deoxyCer

C24-Cer C26-deoxydhCer

Table 2. Parameters of deoxySL calculations.

A) Each species of SL measured is listed along with its parent ion, product ion, collision
energy, and retention time. B) The source species were directly used for measurements
of deoxySL targets.
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?H Ceramide e e e e ,?’-j ~OH
e T SOH + e R "n/S‘COA Synthase 1 ) ) ) ) ) ) IH + HS—CoA
NH2 ) — e -

C18-Dihydroceramide O

PV W e W Y o ~ -
Sphinganine Acyl Coa

lllustration 1. Ceramide Synthase 1 (CerS1) is necessary for the de novo

production of C18-Ceramide

C18-sphinganine (blue backbone above) is coupled to a C18-fatty acyl CoA group (red
backbone) to produce C18-dihydroceramide. Dihydroceramide desaturase introduces a
double bond to carbon 4 of the sphingoid base to produce ceramide.
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lllustration 2. Schematic of Dorsal Root Ganglia Isolation
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lllustration 3. Overview of measuring mitochondrial respiration using Seahorse.
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lllustration 4. Schematic of ceramide synthesis.

Serine palmitoyltransferase (SPT) is responsible for condensing palmitoyl CoA and
serine to generate 3-ketosphinganine, which undergoes further modification by a series
of enzymes in the generation of de novo ceramide. Incorporation of alanine, which
resembles serine besides lacking a hydroxyl group, results in the formation of a 1-
deoxy-3-ketosphinganine. Despite lacking the 1-hydroxyl at the end of the sphingoid
chain, this species is presumably able to undergo modification by other enzymes in the
de novo pathway of ceramide genesis to create 1-deoxyceramide.
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Sphinganing =) Ceramide

lllustration 5. Schematic of Sphingolipid Involvement in CMT2F

Hsp27 interacts with CerS1 and this interaction is increased in mutant Hsp27. Mutant
Hsp27 causes decreased CerS1 localized to the mitochondria, decreasing
mitochondrial ceramides. This produces changes in mitochondrial structure and
function.
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