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A B S T R A C T

The study of the contribution of epigenetic mechanisms, including DNA methylation, histone modifications, and
microRNAs, to human disease has enhanced our understanding of different cellular processes and diseased
states, as well as the effect of environmental factors on phenotypic outcomes. Epigenetic studies may be par-
ticularly relevant in evaluating the clinical heterogeneity observed in monogenic disorders. The lysosomal
storage disorders are Mendelian disorders characterized by a wide spectrum of associated phenotypes, ranging
from neonatal presentations to symptoms that develop in late adulthood. Some lack a tight genotype/phenotype
correlation. While epigenetics may explain some of the discordant phenotypes encountered in patients with the
same lysosomal storage disorder, especially among patients sharing the same genotype, to date, few studies have
focused on these mechanisms. We review three common epigenetic mechanisms, DNA methylation, histone
modifications, and microRNAs, and highlight their applications to phenotypic variation and therapeutics. Three
specific lysosomal storage diseases, Gaucher disease, Fabry disease, and Niemann-Pick type C disease are pre-
sented as prototypical disorders with vast clinical heterogeneity that may be impacted by epigenetics. Our goal is
to motivate researchers to consider epigenetics as a mechanism to explain the complexities of biological func-
tions and pathologies of these rare disorders.

1. Introduction

In 1942, the British scientist and philosopher Conrad Waddington
first introduced the term “epigenotype”, suggesting that the relation-
ship between genotype and phenotype might be more complex than
previously appreciated. The term was derived from “epigenesis,” which
describes an interactive embryological growth process [1]. In his paper,
“The epigenotype” Waddington explained it as “concatenations of
processes” through which genes affect phenotypic expression. As an
experimental embryologist, Waddington focused on abnormalities in
Drosophila melanogaster wing development, and observed that certain
defects were a result of more than just genes [2]. He further developed
the concept of an “epigenetic landscape” in his book “Strategy of
Genes” [3] where he proposed that a developing embryonic cell re-
sembles a ball rolling down a slope with various hills and valleys, and
that it has a number of developmental pathways or “chreodes” that it
can “choose” before reaching the mature state. He emphasized the
importance of gene regulation, and noted that many different genetic
and environmental factors can influence the cell's path as it moves

through this diverse developmental “landscape” [3].
Today, epigenetics extends far beyond the fields of embryology and

developmental biology. Epigenetics is now defined as “mitotically and
meiotically heritable changes in gene expression not caused by changes
in the primary DNA sequence.” These changes are influenced by dif-
ferent events that occur throughout a lifetime, beginning at conception.
Different epigenetic factors are closely interconnected, with multiple
levels of feedback. For example, genomic stability is essential for proper
gene expression. Changes to the cell's DNA repair system, which pre-
serves genomic stability, and reduction-oxidation (redox) reactions,
which cause major interruptions to DNA stability during development,
would be both considered epigenetic alterations [4]. Fahrner and
Bjornsson identified more than 25 genes directly involved in the epi-
genetic machinery, describing the Mendelian inheritance of mutations
in these genes [5]. Thus, the field of epigenetics has evolved from an “in
addition to genetics” phenomenon, to a widely explored scientific dis-
cipline. Most Mendelian disorders and inherited complex disease are
caused by primary gene(s) with a major impact; however, phenotypic
expression of these disorders varies from population to population, and
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in some cases from individual to individual. Fig. 1 illustrates four dif-
ferent categories that may contribute to phenotypic variation in a given
disease; genetics, biological networks, development and environment,
each of which is impacted by epigenetics (Fig. 1).

In order to catalyze basic biology and disease-oriented research, and
to enhance public dissemination of human epigenomic data through an
online database, the NIH Roadmap Epigenetics Mapping Consortium
was established in 2008. Its goal is to map epigenetic marks, such as
DNA methylation, histone modifications, and small RNA transcripts in
different cell and tissue types and is a resource for work in this field
[6,7].

One field where epigenetics merits increased consideration is in
unraveling the complexity encountered in Mendelian disorders. Often
in such disorders, the correlation between genotype and phenotype is
limited, and patients with the same genetic mutations can exhibit
variability in disease severity and diverse symptoms, as seen in
achondroplasia, ferroportin disease, cystic fibrosis, hemophilia, and
Huntington disease [8–13]. Multiple factors contributing to the dis-
cordant phenotypes have been considered. In discordant affected sib-
lings, either environmental or unlinked genetic factors may play a role.
Epigenetic studies often focus on identical twins discordant for certain
disease manifestations, which can provide mechanistic insights.

The potential role of epigenetics specifically in the lysosomal sto-
rage disorders (LSDs), a group of over 50 rare Mendelian disorders,
particularly merits increased attention. Since LSDs have significant
phenotypic heterogeneity [14], epigenetic mechanisms, reviewed here,
may contribute to the spectrum of clinical variability encountered.

2. Epigenetic mechanisms

Epigenetic modifications occur by three basic mechanisms, DNA
methylation, histone modifications, and microRNAs.

2.1. DNA methylation

DNA methylation is one of the most widely studied epigenetic
modifications involving the transfer of a methyl group to the fifth po-
sition of a cytosine nucleotide. While DNA methylation has been ap-
preciated since DNA was discovered as the genetic material [15], in the
past two decades, studies of DNA methylation have expanded because
of its role in gene regulation. Methylation of Cytosine-phosphate-Gua-
nine (CpG) dinucleotides, particularly in gene promoter regions and
other regulatory elements, can directly block the binding of transcrip-
tion factors [16,17], and can recruit methyl CpG binding domain (MBD)
proteins, further attracting histone deacetylases and possibly other
factors involved in altering chromatin architecture [18,19]. The family
of DNA methyltransferases (DNMTs) catalyze the transfer of a methyl
group from the donor S-adenosylmethionine (SAM) to cytosine residues
[19]. DNMT1 is involved in post-replicative maintenance of methyla-
tion by binding with proliferating cell nuclear antigen (PCNA) [20,21].
DNMT3a and DNMT3b are responsible for de novo methylation and the
initial establishment of global methylation patterns during early
mammalian development [22,23].

CpG sites occur at one-fifth of their expected frequency, most likely
due to the mutagenic properties of 5-methylcytosine and its tendency to
spontaneously deaminate into thymidine [24,25]. Approximately 70%
of all CpG dinucleotides in the genome are methylated. CpG-nucleotides
in GC-rich regions, known as CpG islands, are usually located within
promoter regions, and have relatively no DNA methylation [26]. Ex-
ceptions occur during X-inactivation [27] and genomic imprinting [28].
DNA methylation is critical in marking the parental origin of alleles,
and certain imprinted genes are influenced by epigenetic processes
from parental germ cells, resulting in expression of only one of the
parental alleles [29]. However, additional processes, including tran-
scription, histone modifications and higher order chromatin, may also
be important in marking imprinted loci [30].

CpG islands tend to occur near the 5′ end of housekeeping genes,
where they play a role in the regulation of transcription. In the human
genome, 72% of promoters have been classified as being high in CpG
content, while the remaining 28% have low CpG content [31]. Aberrant
methylation of CpG islands has been implicated in diverse diseases
including cancer, schizophrenia, congenital heart disease, amyotrophic
lateral sclerosis, Alzheimer disease, and atherosclerosis [26,32–40].
CpG methylation patterns are critical for proper development, and
some have been conserved evolutionarily, such as differences in CpG
methylation between neuronal and glial cells, conserved in mice and
humans [41].

2.2. Histone modifications

Another class of epigenetic marks includes histone modifications,
such as acetylation, phosphorylation, methylation, β-N-acet-
ylglucosamine deamination, ADP ribosylation, ubiquitination, sumoy-
lation, histone tail clipping, and histone proline isomerization [42].
These marks execute their effects either by directly restructuring the
DNA-protein complex and/or chromatin, or by controlling the binding
of chromatin remodeling factors. Histone acetylation is the most ex-
tensively studied of these epigenetic modifications. Histone acetyl-
transferases (HATs) catalyze the transfer of an acetyl group to the ep-
silon-amino groups of lysine residues, located within the N-terminal
tails of the H2A, H2B, H3, and H4 core histones [43,44], and histone
deacytelases (HDACs) remove the acetyl group. An optimal balance
between these enzymes is required for proper functioning of critical
nuclear processes [45]. Reversible histone acetylation facilitates tran-
scriptional activation [46,47]. It is thought that the acetyl moiety added
by HAT neutralizes the positive charge on the lysine residue, thereby
decreasing DNA-histone interaction and allowing the more relaxed
chromatin state to be accessed by regulatory molecules [42,48].
Moreover, HAT can directly interact with transactivator proteins to

Fig. 1. Four key factors impact the epigenome and contribute to the phenotypic variation
in a given disease. These four factors include genetics, environment, biological networks
(relationships between humans and other organisms), and development (including em-
bryonic, early childhood, adolescence, adulthood and old age). The effect of each factor
on the pathophysiology of the disease is not scaled in this figure.
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regulate transcription. For example, the HAT hGCN5 acetylates the HIV
transactivator TAT to enhance Tat-dependent transcription of the HIV-1
long terminal repeat [49]. Histone acetylation acts downstream of the
promoter region to enhance transcriptional elongation [50], as well as
DNA repair [51,52].

An additional important post-translational modification that acts on
nucleosomal histone tails is histone phosphorylation. Serine, threonine,
and tyrosine residues on histones can either be phosphorylated by ki-
nases, or have their phosphate group removed by phosphatases.
Particular phosphorylation sites have been shown to contribute to the
compacted state of chromatin. For example, histone 3 serine 10 plays a
role in chromosome condensation during mitosis [53]. Interestingly,
this same phosphorylation site has also been shown to facilitate tran-
scription and the expression of genes [54,55]. Histone phosphorylation
has also been implicated in DNA damage repair, meiosis, and apoptosis
[56–58].

Histone methylation is a more complex epigenetic modification,
since amino acid residues can either be mono-, di-, or trimethylated,
leading to varied functional effects. For example, di- and trimethylation
of histone 3 lysine 4 has been linked to promoter activation [59], while
monomethylation of the same site restricts access to chromatin-re-
modeling enzymes, leading to gene repression [60]. Histone methyl-
transferases vary the levels of methylation between the histone proteins
[61]. Moreover, histone methylation has been associated with DNA
methylation in imprinting control regions [62].

The various histone modifications are very interconnected, with
substantial “crosstalk” signaling as they regulate each other's functions
[63]. For example, phosphorylation of histone 3 serine 10 can poten-
tially preserve methylation patterns by blocking the access of histone 3
lysine 9 in HeLA cells [64]. Covalent posttranslational modifications act
in combination through a ‘histone code’ [65,66], operating synergisti-
cally or antagonistically to modulate chromatin structure [65], and
serving as ‘binding sites’ for protein complexes to further regulate
downstream cellular processes [66].

2.3. MicroRNAs

MicroRNAs (miRNAs), noncoding RNA strands, also play a pivotal
role in monitoring gene expression. These epigenetic marks were first
identified in Caenorhabditis elegans when Lee, Feinbaum, and Ambros
observed two lin-4 strands, 22 and 61 nucleotides in length, that ex-
hibited antisense complementarity to the 3′ translated region of the
mRNA transcript of lin-14 [67]. Subsequently, over two thousand novel
miRNAs have been identified in humans, in part due to the advent of
next-generation sequencing and advanced bioinformatics tools [68,69].
In the latest update for miRBase (version 21, June 2014), the primary
reference database for miRNA sequences and annotation [70], 28,645
entries characterize hairpin precursor miRNAs, which express 35,828
mature miRNA products in 223 species. The miRBase includes 4196
new hairpin sequences and 5441 new mature products (ftp://mirbase.
org/pub/mirbase/CURRENT/README) [70]. Each miRNA recognizes
the 3’UTR of multiple mRNA transcripts [71] and many miRNAs can
recognize the same mRNA sequence [72]. Though only approximately
1% of all genes encode miRNAs [73], they collectively regulate over
60% of the mammalian genes [74], and are implicated in different
cellular processes, including the determination of cell fate, differ-
entiation, developmental timing, proliferation, and apoptosis [75–79].
These short RNA molecules play a role in a number of diseases, in-
cluding myocardial infarction, cardiac hypertrophy, Alzheimer disease,
Fragile X syndrome, rheumatoid arthritis, hepatitis C virus infection,
and cancer [80–86].

Understanding the diverse processes of miRNA biogenesis has been
critical for recognizing the role of these small regulatory molecules. In
the nucleus, primary transcripts known as pri-miRNAs are first tran-
scribed either by RNA polymerase II or III [87,88]. These pri-miRNAs
are then processed by a Microprocessor complex, consisting of the

RNase III Drosha and DiGeorge syndrome chromosomal region 8 (DG-
CR8) protein [89–91]. After the pri-miRNAs have been processed into
pre-miRNA, they are exported by Exportin-5, in the presence of Ran-
GTP, into the cytoplasm [92]. The RNase III Dicer cleaves these pre-
miRNA hairpins into ~22 nucleotide complexes [93–95]. These double-
stranded miRNAs are then loaded onto Argonaute proteins to form the
RNA induced silencing complex (RISC) [96]. The miRNA duplex sub-
sequently unwinds in the RISC, leaving a single guide strand, which
typically has weaker 5′ base pairing than its complement [97]. The new
mature miRNAs repress gene expression at specific target sites, which is
dependent on the complementarity between the miRNA and the target
sites. In animals, if the miRNA resembles the target mRNA sequence,
then gene silencing is induced by translational repression. However, if
the miRNA perfectly or near-perfectly matches the mRNA transcript,
then the mRNA will be cleaved [98,99]. The Argonaute 2 protein of the
RISC is mainly responsible for the degradation of miRNA, and is the
only protein required for RISC activity [99,100].

3. Therapeutic applications of epigenetics

The epigenetics of cancer, studied for decades, has generated a large
amount of information regarding the accumulation of genetic material
and epigenetic modification. The increased knowledge of epigenetic
machinery, pathways and genes has led to new insights regarding the
potential use of DNA methylation, histone modifications, and
microRNAs for therapeutic applications. DNMT inhibitors, such as 5-
azacytidine and 5-aza-2′-deoxycytidine have shown considerable po-
tential as cancer therapies [101–103]. Targeting histone methyl-
transferases and demethylases is also becoming a new treatment
strategy in cancer [104,105]. Additionally, the use of anti-miRNA oli-
gonucleotides (AMOs) to inhibit miRNA expression is the source of
increased interest. These short deoxyribonucleotide analogues hy-
bridize to complementary miRNA strands and repress their function
through their steric-blocking mechanism [106]. The broader category
of antisense oligonucleotides (ASOs) also modify gene expression by
complementarily binding to mRNA strands. These diverse therapeutic
applications highlight the importance and implications of studies of
epigenetics.

4. The lysosomal storage disorders: diseases with vast clinical
heterogeneity

The lysosomal storage diseases (LSDs) are monogenic disorders
mainly characterized by deficient lysosomal proteins, usually enzymes,
leading to the accumulation of specific macromolecule substrates
[107]. This definition has extended to defects in integral membrane
proteins, transporters and/or the post-translational modification pro-
cesses of acid hydrolases [108]. LSDs encompass more than 50 dis-
orders, occurring at a frequency of about 1 in 5000 live births [109].
Though there are considerable variations in organ involvement and
prognosis among the different LSDs, most are characterized by a broad
range in clinical symptoms [14], and incomplete genotype-phenotype
correlation. We highlight the genotypic and phenotypic variability in
three specific LSDs and emphasize why epigenetics might play a role.

4.1. Gaucher disease

Gaucher disease (GD) [110] is an autosomal recessive disorder
characterized by a deficiency in glucocerebrosidase, leading to lyso-
somal accumulation of its substrate, glucosylceramide. Approximately
300 mutations in GBA1, the gene encoding glucocerebrosidase, have
been identified in patients with GD [111]. Glucosylceramide accumu-
lation, particularly evident in Gaucher macrophages, is a key char-
acteristic of this disease [112]. These macrophages, known as “Gaucher
cells” are about 20–100 μm in diameter, and have small, often eccen-
trically placed nuclei, while the cytoplasm has characteristic “crinkles”
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or striations [113].
GD has been classified into three main types. Type 1 is defined as

the non-neuronopathic form, manifesting with hepatosplenomegaly,
anemia, thrombocytopenia, and bone involvement. Both types 2 and 3
have central nervous system involvement and have generally been
distinguished by the rate and progression of neurological symptoms.
Patients with type 2 GD experience rapid neurological deterioration
during infancy and do not live past the first few years of life, whereas
patients with type 3 present with visceral involvement and specific
nervous system deficits, that are more gradual than in type 2 [114,115].
One subgroup with type 3 GD has slowed horizontal saccadic eye-
movements as their primary neurologic manifestation.

The contribution of lysosomal glucosylceramide to the various GD
phenotypes is not fully established. One possible explanation is that in
macrophages, glucosylceramide interferes with other biological pro-
cesses, such as cellular trafficking [116]. Additionally, aberrant mac-
rophage activation and higher levels of macrophage-derived cytokines
might contribute to phenotype [117]. A few modifiers have been
identified that may contribute to phenotype in some cases. LIMP-2, a
membrane receptor for glucocerebrosidase encoded by SCARB2, was
shown to influence the GD phenotype in one family [118]. Another
possible modifier is PSAP, the gene, which encodes four saposins in-
cluding saposin-C, the activator of glucocerebrosidase [119].

GD has been characterized by considerable genotypic and pheno-
typic heterogeneity, even among infants with the most severe symp-
toms. Choy reported variance in hematological, orthopedic, and neu-
rological symptoms among members of a French-Canadian family
[120]. Amaral et al. found that among a subset of Portuguese patients
with GD, a correlation between genotype and phenotype could not be
established, with different phenotypes even among siblings [121].
Additionally, Elstein et al. noted significant phenotypic discordance
among a group of 18 patients with the N370S/V394 L (p.N409S/P433L)
genotype [122]. Goker-Alpan et al. described a range of phenotypes
“from mildly symptomatic young adults exhibiting slowed saccades to
young children with brain stem involvement” in 32 children, who were
all homozygous for the point mutation L444P (p.L483P). Furthermore,
they noted differences between children of various ethnic backgrounds,
where African-American patients exhibited more neurological mani-
festations, while Hispanic patients had more developmental defects.
They suggested that modifiers and environmental factors could con-
tribute to this heterogeneity [123]. Gupta et al. noted differing pul-
monary, visceral, hematological, neurological, and ophthalmological
manifestations in infants with different forms of type 2 GD (perinatal
lethal, non-perinatal lethal, and intermediate), further highlighting the
“wide phenotypic spectrum” of GD [124].

Particularly valuable in demonstrating limited genotype-phenotype
correlation in this disease are reports of monozygotic twins with dis-
cordant Gaucher phenotypes. In a pair of Moroccan monozygotic
(confirmed by DNA fingerprinting) twin sisters with genotype N188S/
N188S (p.N227S/p.N227S), one twin had prominent organomegaly,
hematological and neurological manifestations, absent in the other
[125]. In another report, monozygotic and dizygotic twin pairs with GD
were clinically assessed. In the monozygotic pair, one twin displayed
clear GD symptoms, while the other showed no significant signs of the
disease. Among the dizygotic twins, both had splenomegaly, though
one twin had more other disease manifestations [126].

Adding to the complexity and variability of GD is its association
with Parkinson disease (PD). Multiple studies have revealed a genetic
link between GBA1 mutations and PD [127–132] although the exact
mechanism underlying this association has yet to be determined. GBA1
mutations are likely to be a” susceptibility factor” rather than a Men-
delian cause of Parkinson disease [133], as only a fraction of GBA1
carriers and GD patients develop PD [134]. Epigenetic analyses might
potentially help to identify other genes that work in concert to cause
parkinsonism in the subset of patients with GD, considering the role of
epigenetics in PD [135].

4.2. Fabry disease

Fabry disease (FD) also is characterized by genotypic heterogeniety
and phenotypic variation. This X-linked disorder results from the defi-
ciency of the enzyme alpha-galactosidase A, leading to lysosomal ac-
cumulation of globotriaosylceramide. Classic disease manifestations
include angiokeratoma, neuropathic pain, renal, cardiac, and cere-
brovascular involvement [136]. Patients typically begin exhibiting
symptoms at approximately 4–8 years of age with an average age at
death of 41 years [137]. Atypical clinical presentations with later onset
of cardiac and renal manifestations, have been sub-classified into
“cardiac variant” and “renal variant” groups, respectively [138]. Ad-
ditionally, heterozygous female carriers of FD can exhibit a spectrum of
phenotypes, ranging from those with severe manifestations to asymp-
tomatic adults [139]. Much of the variability in clinical symptoms
among the female population is related to X-inactivation [140].

Both the phenotypic variability encountered and the identification
of hundreds of different mutant alleles in FD make it difficult to es-
tablish a clear genotype-phenotype correlation. Clinical variability both
among patients within the same family, and among those from un-
related families with the same mutation, has been reported. In a group
of 96 Dutch patients with FD, Vedder et al. described differences in
glomerular filtration rate, microalbuminuria, left ventricular hyper-
trophy, and cerebral complications between males and females [141].
Rigoldi et al. reported significant intrafamilial phenotypic hetero-
geneity in target-organs affected and disease severity among 16 hemi-
zygous males from four families, [142]. More recently, Cammarata
et al. further emphasized the intrafamilial phenotypic variability of FD
encountered among 15 members of an Italian family. Two of the males
had no detectable alpha-galactosidase A activity, although one had
relatively severe symptoms, while the second was asymptomatic. Re-
donnet-Vernhet et al. described female twin sisters discordant for Fabry
disease, where one showed symptoms of the disease, and the other did
not [143]. Though the likely explanation for this discrepancy is lyoni-
zation, environmental factors might still influence the variance in
phenotypes. The persistent finding of widespread variability in clinical
manifestations and the lack of tight genotype-phenotype correlation in
FD suggest that epigenetic studies may help to elucidate the mechan-
isms behind the pathology of this complex disorder.

4.3. Niemann-Pick C disease

Niemann-Pick disease type C (NPC) is a third group of LSDs ex-
hibiting significant clinical heterogeneity. Types C1 and C2 are char-
acterized by mutations in either the NPC1 or NPC2 gene, respectively,
which leads to deficiencies in transporting cholesterol and other lipids.
Although the exact mechanism of action remains unknown, the NPC1
and NPC2 proteins have been implicated in the efflux of cholesterol in
the late-endosomal/lysosomal pathway [144,145].

NPC has an approximate incidence of 1:150,000 in Western Europe
[146] NPC has been classified as a neurovisceral disorder manifesting
with hepatosplenomegaly, cerebellar ataxia, dysarthria, dysphagia,
dementia, seizures, dystonia, and vertical supranuclear gaze palsy. It is
often associated with lethality in the second to fourth decade [147].

Patients with NPC also display wide phenotypic heterogeneity, even
within subgroups. Vanier et al. reported genetic variability among pa-
tients with NPC by establishing two complementation groups of 27 and
5 individuals, based on fluorescent pattern analyses after filipin
staining. Patients from each group exhibited considerable variability in
disease severity, including three individuals with severe pulmonary
complications [148]. Prasad et al. reported three cases with marked
phenotypic differences including prominent neurological manifesta-
tions, megaloblastic anemia, and pulmonary involvement. Further
clinical variability in age of onset, presenting signs, pattern of organ
system involvement, and natural history have been described in small
cohorts with NPC [149,150]. More recently, Stampfer et al. reported
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heterogeneous neurological symptoms in a group of 42 patients from
Germany and Switzerland [151]. Benussi et al. examined a pair of
monozygotic twins, in which one was described with “inferior limb
clumsiness, dysphagia and dysarthria” and “broad-based ataxic gait,
limb dysmetria, downward vertical gaze palsy, brisk lower limb reflexes
and ankle clonus,” while the other remained fairly asymptomatic with
only “mild neurological impairment.” They further mention the im-
plication of “epigenetic differences” as a possible contributor to the
discordant phenotypes [152].

5. Epigenetic analyses in LSDs

Epigenetics has been considered in patients with LSDs in relatively
few reports when compared to other disease, such as cancer. There have
been a limited number of studies investigating DNA methylation in
LSDs. In 1993, Enomma et al., studying the LSD Aspartylglucosaminuria
(AGU), performed DNA methylation analysis of the
Aspartylglucosaminidase (AGA) gene in both patients with AGU and
normal individuals. The methylation patterns were not significantly
different, and they concluded that regulation of AGA was at the
translational, not transcriptional, level. Although their study did not
include extensive epigenetic examination of DNA methylation, it still
provided valuable insight [153]. Tomatsu et al. carried out a methy-
lation study of the N-acetylgalactosamine-6-sulfate sulfatase (GALNS)
gene, in which mutations lead to deficiency of the lysosomal enzyme in
patients with Mucopolysaccharidosis type IVA (MPS IVA). They re-
ported a “correlation between methylation status of CpG sites and
distribution of transitional mutations.” This transitional change of a
cytosine to thymine (or guanine to adenine) is a result of deamination
of 5-methylcytosine. Among patients with MPS IV, 29.1% of point
mutations in the coding region of GALNS resulted from transitional
mutations at CpG dinucleotides. This study showed that methylation at
CpG dinucleotides increased the mutability at these sites, subsequently
influencing disease expression in MPS IVA [154]. In 2006, Tomatsu
et al. observed a difference in methylation patterns of the iduronate-2-
sulfatase (IDS) gene when comparing 11 patients with Hunter syndrome
with five healthy controls. Using bisulfite genomic sequencing analysis,
they determined that the portion of the IDS gene between exon 2 to
intron 3 was more methylated in patients than in normal individuals
[155]. Moreover, Kennedy et al. identified changes in amino acid me-
tabolism and methylation patterns in the cerebellum of presymptomatic
NPC-1 deficient mice. Specifically, they noted decreased expression of
DNMT3A and methyl-CpG-domain-binding proteins, along with hy-
permethylation of specific promoter regions of single copy genes in
NPC1-deficient cerebellum at early stages of the disease. Such epige-
netic changes could play a role in the neuropathology of NPC-1, espe-
cially since they were noted in pre-symptomatic mice [156].

Methylation can also be useful for diagnostics, as observed in sev-
eral studies in Fabry disease. Evaluating plasma and urine samples of
patients with FD, Auray-Blais et al. identified methylated isoforms of
the globotriaosylceramide (Gb3) [157]. In another study, Abaoui et al.
found seven methylated Gb3 isoforms in urine samples from 150 pa-
tients FD not seen in controls [158]. Additionally, Hübner et al. re-
ported methylation at position 78,504 in the promoter region (CpG
island) of calcitonin receptor in patients with FD on enzyme replace-
ment therapy, suggesting that this modification could be used as a
biomarker for either treatment or disease severity, as more critical
patients tend to be on enzyme replacement therapy [159]. Overall,
these studies highlight the diagnostic potential of DNA methylation in
FD.

Genomic imprinting can also be considered an epigenetic process,
especially when one of the parental alleles is silenced through methy-
lation. Simonaro et al. investigated the SMPD1 gene, which encodes
acid sphingomyelinase, deficient in type A and B Niemann-Pick disease.
They found this gene to be paternally imprinted in patients with
Niemann-Pick disease. They found the clinical presentations reflected

acid sphingomyelinase expression from the maternal allele. This study
emphasizes how epigenetics can play an important role in modulating
LSD phenotypes [160].

Other epigenetic marks have also been studied in LSDs, including
acetylation and miRNAs. De Mello et al. studied inflammatory para-
meters and histone H4 acetylation levels of a cohort of 10 patients with
type 1 GD and 11 controls. They noted lower global Histone H4 acet-
ylation levels in the patients with GD compared to the controls. The
authors proposed that this could be related to the decrease in brain-
derived neurotrophic factors also observed in the GD type 1 [161].
Queiroz et al. presented a comprehensive overview on the current work
on non-coding RNAs and LSDs, specifically highlighting the research
done on miRNAs [162]. Frankel et al. evaluated how the miRNA, miR-
95, regulates sulfatase-modifying factor 1 activity and lysosomal pro-
cessing. They concluded that miR-95 lowers sulfatase protein levels and
activity, which subsequently leads to disrupted proteoglycan catabo-
lism and impaired autophagy-mediated degradation [163]. These stu-
dies demonstrate how targeting an epigenetic mark, miRNA, can ex-
pand our understanding of lysosomal processing and serve as a
potential treatment strategy for patients with LSDs.

Three reports have studied the relationship between miRNAs and
GD. Dasgupta et al. evaluated miRNA levels in a mouse model of neu-
ronopathic GD. They found differentially expressed miRNAs in multiple
brain regions, with the highest number in the midbrain. The authors
also noted how after treatment of the mice with isofagomine, a drug
that helps to chaperone glucocerebrosidase (GCase), the number of
differentially methylated miRNAs was lowered by 50–60%, which
further changed the expression of a number of differentially expressed
mRNAs. These miRNAs play a role in important neurological processes,
such as axonal guidance and mitochondrial function, and could impact
biological mechanisms contributing to neuropathic GD [164]. Siebert
et al. investigated miRNAs and their effect on GCase activity and
function. After screening 875 different miRNA mimics in GD fibroblasts,
they observed several miRNAs that increased and decreased GCase
activity. Particularly, one miRNA, miR-127–5p, decreased GCase ac-
tivity by lowering the expression of LIMP-2 [165]. Ginns et al. studied
neurological changes in GD mouse models to further understand the
connection between GD and Parkinson disease. They found changes in
the miRNA profile of the ventral mesencephalon when the mice were
treated with a GCase inhibitor, conduritol B epoxide. The authors noted
how functions of certain miRNAs were related to synaptic plasticity and
neuroinflammation [166]. These three studies emphasize the important
function of miRNAs in GD pathogenesis.

Other studies have explored the potential therapeutic efficacy of
epigenetic modifications in LSDs. Four reports examined the use of
histone deacetylase inhibitors (HDACi)s in NPC. Maceyka et al. describe
the therapeutic potential of HDACis, showing how these drugs could
repair lysosomal storage buildup of cholesterol and sphingolipids by
increasing expression of the low activity mutant NPC1 protein [167].
Pipalia et al. tested the efficacy of the HDACi, panobinostat, in mutant
NPC1 fibroblasts, showing the ability of the drug to restore proper
cholesterol homeostasis in the cells [168]. Munkacsi et al., found that a
large proportion of the histone deacetylase genes were up-regulated in
NPC fibroblasts. Subsequent treatment with the HDACi, suberoylanilide
hydroxamic acid corrected cholesterol homeostasis and lysosomal ac-
cumulation of sphingolipids [169]. Additionally, Wehrmann et al.
showed significant reductions in intracellular cholesterol accumulation
after treating NPC cells with the HDACis, vorinostat and panobinostat
[170].

The efficacy of HDACi in GD has also been investigated. Lu et al.
showed that the HDACis, SAHA and LB-205, rescued the function of
mutant glucocerebrosidase by increasing its catalytic activity in fibro-
blasts from patients with mutations N370S (p.N409S) and L444P
(p.L483P) approximately two-fold [171]. It was later shown that
HDACs hyperacetylate the molecular chaperone Hsp90β, changing its
function and increasing glucocerebrosidase levels [172]. These studies
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demonstrate the therapeutic potential of epigenetic modifications in
different LSDs, emphasizing the need for further studies in this field.

6. Conclusions

Epigenetics is an emerging field with tremendous potential for
furthering our understanding of the pathology underlying many dis-
eases. Recently, there has been an improved understanding of reg-
ulators of epigenetic mechanisms, such as the redox environment [4].
Increased focus on DNA alterations related to methylation, histone
modifications and miRNAs has led to new therapeutic applications in
the field of cancer. Future research into epigenetics will aid in the
treatment, prognosis, and prevention of other diseases. A more recent
appreciation of the role of genes involved in the epigenetic machinery
opens new directions in this field [5].

Additionally, epigenetic studies may aid in identifying factors con-
tributing to heterogeneity in LSDs. Over 14 years ago, Beutler chal-
lenged the scientific community to investigate additional factors con-
tributing to the phenotypes of so-called “single-gene” diseases [173].
Future studies should focus on the evaluation of monozygotic twins
with LSDs with discordant phenotypes. Such studies are invaluable for
unraveling genetic and environmental contributions, as suggested as
well by Beutler [173].

Moreover, further epigenetic studies in the LSDs can provide insight
into much more prevalent disorders. The association of GD with
Parkinson disease, and the implications of mutations in NPC1 and/or
NPC2 in Alzheimer, HIV, and cardiovascular disease are just two ex-
amples of how studying relatively rare disorders can advance our un-
derstanding of more common disorders [174-177].

The field of epigenetics, while relatively new, has proven to be vital
in understanding and potentially treating a growing number of diseases.
Among the different LSDs, consideration of the contribution of epige-
netic modifications to patient phenotypes may enhance our knowledge
of the complexity of these diseases.
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