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Post-modern therapeutic
approaches for progressive
myoclonus epilepsy
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ABSTRACT – While the PME are arguably the severest epilepsies and neuro-
logical disorders, the vast majority are monogenic. Additionally, many affect
straightforward biochemical pathways. Finally, by definition, they occur
in previously healthy and well-developed brains. As such, their therapies
should be easier than in complex, albeit often less severe, neurologi-
cal developmental disorders where the complex, poorly understood, and
extremely difficult-to-correct, neural network of the brain is affected. This
last article reviews the latest cutting edge technologies in monogenic dis-

rovided applicable to a number of
ere we are and how much closer we
rganic difference.

y, AAV9, small molecule, progressive

Small molecules

We are accustomed to therapy in
the form of a pill ingested daily, the
active compound of which travels
through the gut and blood, crosses
the blood-brain barrier (BBB), and
enters cells to impart therapeutic
change. The size of small molecules
is their abiding therapeutic advan-
tage for PMEs and other brain
diseases, and size matters regard-
ing passage through the BBB, but
of course, small size is not all it
takes. For example, the presence of a
monoester (phosphate) bound to a
ease therapy, with some examples p
disease. It aims to give a sense of wh
are, to the goal of making an actual o
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myoclonus epilepsies

By and large, progressive myoclonus
epilepsies (PMEs) described in this
supplement (Minassian et al., 2016)
are devastating and can be lethal.
However, most are monogenic, ren-
dering them much more amenable
to future therapies relative to other
complex diseases, for two reasons;
firstly, the pathophysiology is easier
to understand, and secondly, ther-
apy may be targeted to a single
gene, function, or pathway. In this
article, some of the cutting-edge
therapeutic modalities applicable
to monogenic brain diseases is
reviewed. In each case, one example
d
o
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is provided, simply as an illustra-
tion. It is not possible to provide
a comprehensive review since even
as this state-of-the-art supplement
is being published, discoveries are
being made regarding new molecu-
lar targeting and delivery systems.

small molecule prevents it from not
only crossing the BBB, but even cell
membranes.
However, a small molecule will not
replace a gene function, but could,
as a chaperone, stabilize a gene
product which is present but simply
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the same problem in that they do not cross the BBB
Post-

isfolded and thus non-functional. In other words,
or diseases where at least one of the mutations is

missense mutation that deconvolutes or otherwise
estabilizes the tertiary structure of a disease gene
roduct, a small chaperone molecule may stabilize the
tructure to a sufficient extent to render it functional,
ffectively above a clinical threshold.
ay-Sachs disease is a neurodegenerative disease due
o mutations in the hexosaminidase A (HEXA) gene.
n its classic form, it is an infantile disease that is fatal
y age 2 or 3. However, some “mild” mutations are
ssociated with a milder neurodegenerative course.
he FDA-approved antimalarial BBB-penetrant agent,
yrimethamine, was shown to stabilize certain HEXA
issense mutants in fibroblasts of patients with late-

nset Tay-Sachs disease, and raise enzymatic activity
hreefold (Maegawa et al., 2007). This led to a pilot clin-
cal study in 4 patients in whom HEXA activity rose
.24 fold. The rise was unfortunately not sustained
nd the study was clinically unsuccessful (Osher et al.,
015), but nonetheless this was a start for an otherwise
ntractable disease.

hile small molecules cannot replace gene functions,
hey can very well affect other parts of a disease
athway, whether metabolic or not, or a second mes-
enger. Often, the absence of a gene causes the
ctivity of a downstream protein to be up or down-
egulated, which when corrected through interference
y a small molecule, even partially, may revert dis-
ase pathogenesis and be therapeutic. mTOR pathway

nterference with rapamycin and its analogues is a case
n point. Tuberous sclerosis and several other epilep-
ies are caused by genetic disruptions of this pathway,
eading to focal or more widespread dysplasias and
umours (usually benign), which drive epilepsy. This
herapy, which partially regulates the pathway and
resents an entirely novel, more direct mechanism,

herefore provides intrinsic support as treatment for
hese epilepsies (Ricos et al., 2015).
dentifying a small molecule drug commonly requires
stablishment of in vitro assays; in vitro (biochemical)
nd/or cell culture assays. These assays are based on
he associated molecular or biochemical disease path-
ay(s) which are investigated through standard gene

unction-based research. The assays are used to screen
ver-expanding libraries of small molecules in order
o identify, by chance, one or more that may affect
he assay in the desired way. Huge amounts of work
ollow in translating ‘hits’ to something useful. This
nvolves establishing safety and efficacy in animal mod-
pileptic Disord, Vol. 18, Supplement 2, September 2016

ls, mouse and larger animals, BBB passage, and other
harmacological aspects. Usually, the initial ‘hit’ is less

han optimal, and a prolonged process of medicinal
hemistry towards optimization follows, until eventu-
lly a drug can be ready for testing in human subjects.
his type of work is long and expensive. However, the
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nfrastructure is increasingly in place in many universi-
ies, and even more so in pharmaceutical companies.
he latter appear to be moving very much in the direc-
ion of developing drugs for orphan diseases. These
re usually so devastating that families and societies
ill incur the costs of these drugs which will always be
riced high, in part, to recover the large investment of
evelopment.
hile “chance” through high-throughput screening

s the common and strongest approach to identify
nterfering molecules, the vast expansion of crystal
tructures of proteins available as well as the bioin-
ormatics tools to study these structures and their
unctions, are allowing intelligent drug design, e.g.
n silico development of chemicals that might fit an
nzyme’s active site. This is presently in its infancy, but
learly holds much promise. One of the biggest prob-
ems with small molecules is their usual incomplete
electivity, i.e. their interference with other targets,
eading to side effects. This too could partially be man-
ged in the future with complete understanding of
rotein structures and even stronger informatics tools.
learly, oral drugs are the most desired therapeutic
pproach due to non-invasiveness, but drugs are nei-
her permanent solutions, nor, for the moment, easy
o tailor to ensure a high degree of target specificity.
s such, other approaches are needed, as discussed
elow. Some are invasive, but this is mitigated by the
uge need for them, given the devastating nature of

he PMEs.

argeting RNA

s well as targeting proteins, it is possible to target
essenger RNA (mRNA). The same general principles

old, in that it is generally much easier to downregulate
RNA than increase it, and the same issues regard-

ng BBB passage exist. There are a number of anti-RNA
pproaches, the most advanced of which is the use
f antisense oligonucleotides (ASOs). These oligonu-
leotides are designed to interfere with an mRNA
nd downregulate it. One of these is already on the
arket as a drug for familial hyperlipidaemia (Phillips

t al., 2015).
here are currently many ASOs in clinical trials for vari-
us neurological diseases (e.g. Huntington disease and
pinocerebellar ataxia [Keiser et al., 2015]), but all share
S155

nd require intra-cerebrospinal fluid administration.
his problem is mitigated by specific chemical prop-
rties that allow their longevity, and the patient does
ot require an injection more than once every two
onths. This is clearly still far from ideal, but for the
oment, is the best available treatment. Interestingly,
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t has been reported that ASOs can actually activate a
unction which has been lost.
he most common cause of spinal muscular atrophy
SMA) is loss-of-function mutation of the SMN1 gene.
t so happens that evolution has led to the SMN1 gene
eing located adjacent to the SMN2 gene. In SMA,
MN2 is also generally inactive due to a sequence
hat leads to skipping over exon 7. ASOs have been
esigned to interfere with this skipping of exon 7
plicing, and thus lead to inclusion of this exon, thus
endering SMN2 functional. This “drug” is presently in
n advanced clinical trial (Faravelli et al., 2015).

argeting DNA

acteria, of course have an immune system; how else
ould they survive the onslaught of viruses over mil-

ions of years? This immunity consists of generating
uide RNAs that specifically target enzymes (e.g. Cas9)
o viral genomes. The Cas9 then nicks and inactivates
he viral DNA.
mpressive recent studies have addressed the fol-
owing questions. Could Cas9 cut human DNA? The
nswer is yes. Could Cas9 be directed by specific guide
NA sequences to specific sites in the human genome

o cut specific genes? Yes. Would the human genome
e able to mend itself after being cut? Yes. Does this
orrection maintain the coding frame of a target gene?
o. In toto, this CRISPR (which refers to the guide
NA)/Cas9 system can specifically target a desired gene
nd break it, causing the cell’s DNA repair system to
end the chromosomal break, however, usually not

n-frame, i.e. the targeted gene is knocked out, but the
hromosome is otherwise untouched (Ran et al., 2015).
he major advantage of this genome editing approach

s that it is permanent. Presently, the system only
nocks out genes. If a disease pathway is identified in
hich a protein function in the pathway is increased,

nd its elimination would correct pathogenesis, then
RISPR/Cas9 could be utilized to remove this protein
nd treat the disease. The greatest therapeutic promise
f the system, however, is in future possibilities. If the
ystem can be targeted to a mutant gene, specifically
o the mutation site, such that the mutation is removed
nd replaced with normal sequence, then the disease
ould be corrected at the source.
here are countless difficulties to overcome before
he CRISPR system delivers. Firstly, Cas9 and guide
156

NA have to be delivered to the brain, no small feat
s this is a large protein. It would be possible to
eliver CRISPR/Cas9 through viral gene therapy, but

he gene for the commonly used Cas9, from Strep. viri-
ans, is too large to fit in the AAV viral vectors that
ave the greatest promise for gene therapy. This prob-

em, though, appears to have been solved with the
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dentification of a smaller, but equally effective, Cas9
ene from Staph. aureus, which does fit in AAV parti-
les (Ran et al., 2015).
nother problem is the need to deliver to large num-
ers of neurons, i.e. ‘edit’ most neurons, which is a limi-

ation, though perhaps not serious, of present viral vec-
ors (see next section). Then there is the likely immuno-
enicity of Cas9 delivered to humans. However, Cas9
ill not need to be delivered many times, because its
ffect would be permanent. As such, the patient could
e immunosuppressed during the treatment.
nother problem is the risks associated with off-target
icking. While bioinformatics is used to design spe-
ific CRISPRs against specific sequences, the genome
s vast enough that there is at least the risk of off-target
utting, with potential for ‘side-effects’, including
ncogenesis.
ff-target effects, however, from most recent data,

ppear to be not nearly as concerning as initially
hought (Iyer et al., 2015). In addition, there is, of
ourse, the looming issue that gene deletion as a
herapeutic approach would be useful in only very
ew situations. What is desired is mutation correction,
nd the CRISPR system is not quite there yet. There
ave been successes, but correction of gene muta-

ion remains inefficient and much work is required
o optimize it. However, if this system proves to be
uccessful, it would allow, as mentioned, correction of
he root of the problem in essentially all the diseases
escribed in this book. An important step forward has
een taken recently in this endeavour. Yet another bac-

erial DNA nickase has been identified, which, unlike
as9, cleaves DNA via a staggered cut, leading to over-
anging ends, which should make the replacement of a
eleted segment by a corrected sequence much easier

Zetsche et al., 2015).

ene therapy

ost of the conditions described in this supplement
re autosomal recessive diseases caused by a loss of
unction of single genes. As such, they can potentially
e remedied by replacing the gene function. Gene
eplacement therapy stalled for a long time in the
990s due to premature use of immunogenic viruses
or gene delivery with subsequent harm to patients.
owever, gradual careful work has brought to the fore

he adeno-associated viruses, in particular AAV9 and
Epileptic Disord, Vol. 18, Supplement 2, September 2016

AVrh10, which have superb properties. These viruses
re normally present in the human brain, implying
atural BBB passage capability and low immunogenic-

ty. However, low immunogenicity does not mean no
mmunogenicity. The high load of virus that needs
o be given generates immune reactions in animal

odels, although, presumably, this problem can be
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verted by immunosuppression during treatment. AAV
iruses can package genes of average size, which
eans they are useful, potentially, for most diseases.

he DNA vectors are not silenced, leading to persis-
ent expression. Their DNA does not integrate into the
uman genome, i.e. there is low to no risk of interfer-

ng with genomic DNA, including tumour suppressor
enes. Finally, AAV9 is capable of delivering its cargo to
large proportion of cells, in particular, when injected

n the CSF (Meyer et al., 2015).
ene therapy is indeed in resurgence and it is hoped

he technical difficulties will continue to be over-
ome, to allow gene replacement, and, as discussed
bove, gene correction. In fact, clinical trials are ongo-
ng for multiple diseases, including some neuronal
eroid lipofuscinoses reviewed in this supplement,
s well as SMA, as mentioned above. While the ASO
pproach for SMA aims at activating SMN2, the AAV-
elivered gene therapy approach aims to replace
nder-expressed SMN1. Over a dozen babies with this

atal disease have been injected so far with virus carry-
ng SMN1, and they are doing well (B. Kaspar, personal
ommunication); publication of this major potential
herapeutic success by the group which has been
orking on it for many years is anticipated (Mandel,
aspar and colleagues).
hile gene therapy mostly utilizes viruses, it must be

oted that there are other approaches. These include
ackaging the gene of interest in liposomes, which
erge with membranes and can potentially make

heir way through the BBB to neurons. Immunolipo-
omes are another development on this concept. Here,
he liposome membrane contains an antibody that
llows it to bind to membrane receptors that are then
nternalized, thus supporting transduction into the
rain.

rotein replacement therapy

n this last section, we touch on the possibility of
irectly replacing the missing protein, instead of its
ene. Multiple approaches are used. This relies, as for

mmunoliposomes, on antibodies against the trans-
errin receptor or other proteins. The antibody is
ovalently bound to the protein to be delivered, and
nce it interacts with its target, it and the protein are

nternalized into vesicles, which then merge with lyso-
omes. As such, this type of therapy would be useful
pileptic Disord, Vol. 18, Supplement 2, September 2016

or lysosomal diseases, which make up a large part of
ME.
nother exciting possibility is the use of diphtheria

oxin. This toxin binds a receptor on the endothe-
ial cell membrane and is internalized into a vesicle
nto the endothelial cells that make up the BBB. This
esicle translocates to the other side of the cells and
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eleases the toxin into the CSF space. The toxin then
inds to its receptor at the surface of neurons, is again

nternalized into a vesicle, but this time it is injected
ut of the vesicle into the neuronal cytoplasm, where

t blocks protein synthesis and kills the neuron. It
as shown that the toxicity of this toxin can be com-
letely eliminated by a point mutation, whilst retaining

ts translocation properties. Finally, it was shown that
cargo protein, almost of any size, can be attached

o this toxin and co-delivered to cells (so far in cell
ulture experiments only) with maintained function of
he delivered protein (Auger et al., 2015).
here are other post-genetic era therapeutic
pproaches in the works, and indeed a lot of excite-
ent that the expression of certain genes will follow
endelian genetics. For example, for Lafora disease,

ne of the prototypical PMEs described in an earlier
hapter of this supplement (Turnbull et al., 2016),
rogress in understanding the disease has allowed us

o ‘cure’ Lafora mice simply by reducing the amount
f glycogen synthase (GS), the enzyme that gives
ise to the neurotoxic Lafora bodies that underlie the
isease. As such, we are presently applying almost all

he methods above to attempt to find a therapy for
his horrendous condition. This involves screening for
mall molecule inhibitors of GS, using ASOs against
S and its activator protein PTG, experimenting with
RISPRs against the latter two proteins, using AAV9 to

eplace the two respective disease-causing genes, and
sing inactivated diphtheria toxin-mediated delivery
f amylase to mouse brain. Amylase is the only enzyme
nown to digest Lafora bodies. We have already shown
hat we are able to deliver amylase to cells in culture
n this fashion and that amylase remains functional
fter crossing the cell membrane (Auger et al., 2015).
his disease, which we are particularly familiar with,
xemplifies the immense possibilities ahead for all
ur patients with any form of PME. �
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