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Abstract
The concept of orphan drugs for treatment of orphan genetic diseases is perceived enthusiastically at present, and this is
leading to research investment on the part of governments, disease-specific foundations and industry. This review attempts to
survey the potential to use traditional pharmaceuticals as opposed to biopharmaceuticals to treat single-gene disorders. The
available strategies include the use of antisense oligonucleotides (ASOs) to alter splicing or knock-down expression of a
transcript, siRNAs to knock-down gene expression and drugs for nonsense mutation read-through. There is an approved drug
for biallelic knock-down of the APOB gene as treatment for familial hypercholesterolemia. Both ASOs and siRNAs are being
explored to knock-down the transthyretin gene to prevent the related form of amyloidosis. The use of ASOs to alter gene-splicing
to treat spinal muscular atrophy is in phase 3 clinical trials. Work is progressing on the use of ASOs to activate the normally
silent paternal copyof the imprintedUBE3A gene in neurons as a treatment for Angelman syndrome. A gene-activation or gene-
specific ramp-up strategy would be generally helpful if such could be developed. There is exciting theoretical potential for
converting biopharmaceutical strategies such gene correction andCRISPR-Cas9 editing to a synthetic pharmaceutical approach.

Introduction
In this review, the term pharmaceutical will be used to refer to
traditional small-molecule drugs, usually derived from chemical
synthesis as distinct from biopharmaceuticals, which include
protein administration as in enzyme replacement therapy,
monoclonal antibodies, most gene therapy vectors and cell ther-
apy. The intent is to survey efforts to develop gene-specific treat-
ments for Mendelian disorders using chemically synthesized
compounds (primarily oligonucleotides). Of special interest are
strategies that use the sequence specificity of nucleic acid
hybridization such that a method might be easily adapted for
many different genes simply by changing the sequence of the
oligonucleotide. The most transportable example might be
knock-down of expression using an oligonucleotide to achieve
specificity toward a gene or transcript. At this time, it is reason-
able to say that it is generally feasible to develop an oligonucleo-
tide as a knock-down therapeutic for any gene in the genome.
Correcting function using small molecules directed against

proteins such as inhibitors, activators and chaperons will not
be discussed, although these may also be allele-specific.

Oligonucleotide Therapies for Gene- or
Transcript-specific Knock-down
This is the most broadly applicable strategy that is immediately
accessible. It includes antisense knock-down as well as RNAi/
siRNA knock-down. In principle, this approach could be used to
treat any gene duplication pathology that involves dosage-sensi-
tivity to over-expression. In some cases, a single gene is docu-
mented to be the dosage-sensitive product as best exemplified
by over-expression of PMP22 in CMT1A associated with a 1.5 Mb
duplication encompassing numerous genes. In other cases, the
dosage-sensitive gene is thought to be known but the presence
ofmultiple genes in the duplicated region leaves some ambiguity
as to whether one gene entirely explains the increased dosage
phenotype as in the case of duplications of the MECP2 region in
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males and duplications of the RAI1 region in Potocki–Lupski syn-
drome. In the case of the duplication that is the reciprocal of the
Williams syndrome deletion, the gene that is dosage-sensitive to
over-expression is even less clear. Some genes might require
intrathecal delivery as for MECP2 while in other instances sys-
temic delivery might suffice as for CMT1A. Avery recent publica-
tion describes the reversal of phenotypes in Mecp2 duplication
mice using ASOs (1). Most genes are not dosage-sensitive for
over-expression, so if a duplication includes 10–20 genes, only 1
or 2 may be mediating the over-expression phenotype. One can
also speculate about whether gene-specific knock-down might
be applied in various forms of aneuploidy with trisomy 21
being the most obvious candidate. If it was feasible to knock-
down 3–10 genes on chromosome 21,whatmight be the potential
benefits to infants with Down syndrome?

An important variable for the overall feasibility for any knock-
down treatment is whether there is irreversible pathology estab-
lished prior to birth. Again CMT1A is a very favorable example
where the pathology arises in adult life. In cases of prenatal dam-
age, in utero therapywould only be an option if examples of post-
natal success were well-documented. In addition, expanded
carrier testing and non-invasive prenatal diagnosis leading to
the options of pre-implantation genetic diagnosis or avoidance
of affected births through termination of pregnancy would inter-
face with the frequency of these therapies.

Antisense Oligonucleotides versus siRNA
Two strategies are being pursued for knock-down of transcripts
(Fig. 1). One utilizes antisense, single-stranded oligonucleotides
that hybridize to RNA transcripts and lead to their degradation
by ribonuclease H primarily acting in the nucleus. These ASOs
are chemicallymodified to optimize their pharmacokinetic prop-
erties and functionality (Fig. 2). The secondmakes the use of RNA
interference (RNAi) technology in which double-stranded siRNA
preparations activate the RNA-induced silencing complex (RISC)
pathway to degrade transcripts in the cytoplasm. Isis Pharma-
ceuticals has focused on antisense ASOs, and their approach is
described in greater detail in many publications including a gen-
eral review (3), a detailed discussion of pharmacodynamics (4), a
review of approaches to pre-mRNA processing defects (5) and a
current article in this journal on Huntington disease (HD) and
spinocerebellar ataxia (6). Antisense oligonucleotides (ASOs)
and siRNAs are competing strategies that could potentially be ap-
plied to almost any gene or transcript. The siRNAs are double-
stranded RNA molecules of 20–25 base pairs in length designed
to knock-down a gene using parts of the RNAi pathway. The po-
tential to develop RNAi-related drugs was embraced enthusias-
tically in the 2000 decade, but fell out of favor to some extent
thereafter as reviewed in 2011 and 2014 (7,8). More recently, two
companies (Alnylam and Dicerna) (9) and some academic groups
(10) have renewed interest especially in regard to treatment of
transthyretin (TTR) amyloidosis. In addition, Alnylam is focusing
on knock-down of PCSK9 as a strategy for treating various forms
of hypercholesterolemia (11).

Strategies for Allele-specific Knock-down
There are many human genetic disorders where allele-specific
knock-down would be extremely desirable (Fig. 3). In general,
this involves mutations that have some form of dominant gain-
of-function or harmful effect where silencing the mutant
alleles would be highly beneficial. Ideally, this would apply to
genes where converting a dominant gain-of-function mutation

to an inactive allele would result in a milder phenotype or even
a cure. In some cases, there is certainty as towhat the phenotype
for heterozygous loss-of-function mutation might be. A good ex-
ample is lethal osteogenesis imperfecta where dominant gain-
of-function mutations cause a lethal phenotype, while the loss
of function leads to a much milder form of osteogenesis. Whole
classes of disorders are candidates for this form of therapy
including especially the polyglutamine triplet repeat disorders
(but not fragile X) and many rasopathy phenotypes caused by
dominant gain-of-function point mutations. Allele-specific
knock-down would most often involve silencing expression of
a gene with a point mutation and could be relevant to achondro-
plasia, lethal osteogenesis imperfecta, rasopathies, cardiac
arrhythmias, cardiomyopathies, some forms of epilepsy with
ion channel mutations and many other disorders. For the poly-
glutamine triplet repeat mutations, the molecular challenge
is different, requiring the knock-down of the allele with the
expanded repeat at a specific locus while not significantly
disturbing expression of the other allele with a normal length
and also not disturbing expression of other genes with the triplet
repeat structure.

Hyperlipidemia
Mipomersen (Kynamro) is an antisense knock-down drug that
targets the gene for apolipoprotein B (12). The design is for bialle-
lic knock-down. It is approved for use in the USA for treatment of
homozygous familial hypercholesterolemia and is administered
by weekly subcutaneous injection (13). An ASO, designed to
knock-down apolipoprotein C-III, has been shown to lower trigly-
cerides patients with hypertriglyceridemia with and without the
genetic deficiency of lipoprotein lipase (14,15).

Huntington Disease
A significant amount of research has been performed for HD, and
a detailed discussion has just appeared in this journal (6) review-
ing over 25 studies related to HD. Two quite different approaches,
biallelic and allele-specific, are available to knock-down of the
HTT gene, which encodes mutated huntingtin protein. Biallelic
knock-down may be more straightforward and is the first ap-
proach to reach patients. In July 2015, Isis Pharmaceuticals, Inc.
announced the initiation of a ‘Phase 1/2a clinical study of ISIS-
HTTRx in patients with HD’. ISIS-HTTRx is designed to reduce
the production of all forms of the huntingtin protein. Biallelic
knock-down raises the question of what the effect of homozy-
gous deficiency might be in an adult human. Homozygous null
mice die between e8.5 and e10.5 of gestation (16), but this does
not answer the question of how adult onset deficiency might
affect a patient, although there is some evidence that normal
huntingtin provides beneficial activity for the neuronal function
and maintenance (17). There is also the possibility that the
knock-down of both the normal and the mutant allele by 50%
might delay the onset of symptoms indefinitely, and thus provide
clinical benefit without causing new symptoms related to the
huntingtin deficiency.

However, the allele-specific knock-down of the expanded al-
lelewould presumably bemore attractive, and preclinical studies
using this approach are encouraging (Fig. 3) (18). One strategy is to
implement the knock-down in an allele-specific manner using
naturally occurring SNPs in the gene. One group (18) concluded
using this approach that ‘two allelic variants of an HD-SNP
could provide a therapeutic option for all persons with HD;
allele-specifically for roughly half, and non-specifically for the
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Figure 1. Comparison of siRNA and ASO knock-down. On the left, double-stranded silencing RNA oligonucleotides reach the cytoplasmwhere they engage the RNA-RISC,

which is part of the RNAi pathway. This leads to the degradation ofmaturemRNA. On the right, single-strandedASOs reach the nucleuswhere they bind to pre-mRNAand

engage RNase H, which degrades the transcript.

Figure 2. Nucleotide analogues used in ASO drugs. ASOs (green) bind to the target RNA (purple) by Watson–Crick base pairing (left). Chemical structures of various

nucleotides or nucleotide analogues commonly used in antisense drugs are shown. The ASO developed by Isis Pharmaceuticals to improve SMN2 splicing has the

2′-methoxyethyl modification (red). Reproduced from Rigo et al. (2) with permission.
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remainder’. The HD work provides a good precedent for how al-
lele-specific knock-down might be achieved for other genes. In
the case of point mutations that will vary widely from case-to-
case, one could attempt to use the mutation itself to mediate
the allele-specific knock-down, but not all mutations are favor-
able for this approach (19) in which cases heterozygous SNPs in
the gene may still allow allele-specific effects by knocking
down the SNP allele in cis with the deleterious mutation. For a
highly polymorphic SNP, the mutation would often be in cis or
trans on a random basis. ASOs targeted to intronic sequences
can be active for knock-down, although activity is strongly influ-
enced by splicing efficiency (20). This opens the potential for
using polymorphisms in introns to achieve the allele-specific
knock-down.

Angelman Syndrome
Angelman syndrome involves the UBE3A gene, which is subject
to genomic imprinting with the silencing of the paternal allele
in neurons.UBE3A encodes an ubiquitin ligasewhose exact func-
tions in the neuron are still relatively obscure. Accumulated evi-
dence suggests the silencing of the paternal allele is mediated
through an unusually long antisense paternal transcript that is
transcribed in a convergent direction relative to UBE3A transcrip-
tion (Fig. 4). There is evidence that terminating the antisense
transcript allows the completion of the sense transcription of
the paternal allele (21).

Because Angelman syndrome is caused by loss-of-function
mutations in the maternal allele of UBE3A, one potential thera-
peutic strategy would be to activate neuronal expression of the
normally silent paternal allele. As noted above, the paternal
allele is normally silenced by the expression of an antisense tran-
script. The first report of antisense knock-down activating ex-
pression of the paternal allele found that topoisomerase
inhibitors could knock-down Ube3a antisense and lead to ‘unsi-
lencing’ of the paternal allele in mouse cells (22). The

topoisomerase inhibitors knock-down very long transcripts pref-
erentially and are not specific to the Ube3a antisense (23). In add-
ition, they have significant toxicity. In a search for a less toxic
alternative, we have collaborated with Isis to explore a curious
circumstance for up-regulating paternal expression of the
Ube3a gene. Remarkably, it is feasible at least in mice to use an
ASO to knock-down the naturally occurring antisense transcript
(antisense to thenatural antisense) therebyactivating expression
of the normally silenced Ube3a transcript from the paternal
chromosome. This provides a targetedmodification that appears
not to disturb the expression of nearby genes including paternal-
ly expressed genes such as snoRNAs that are necessary for the
prevention of Prader–Willi syndrome. This potential to knock-
down only the very distal region of a very long transcript leaving
its upstream functions intact is very fortuitous. Although a
unique example, this represents a potential therapeutic strategy
for oligonucleotide-based gene activation, whichmay have other
applications as the knowledge of non-coding RNA-mediated
gene regulation increases.

Splicing and Exon Skipping in Spinal Muscular
Atrophy and Duchenne Muscular Dystrophy
In addition to knock-down, there are examples where oligonu-
cleotides can be used to modify splicing in a therapeutically
favorable manner. One excellent example of this approach in-
volves spinal muscular atrophy caused by biallelic deletions or
loss-of-function mutations of the SMN1 gene (Fig. 5). For this
gene, there is a highly homologous SMN2 gene nearby. However,
the SMN2 gene is not very effective functionally because of nat-
ural skipping of exon 7. It was shown in preclinical studies that
ASOs targeted to the intron can block the binding of a splicing-
related protein and promote retention of exon 7 in SMN2, thus
providing partial correction of the SMN1/SMN2 protein deficiency
(Fig. 5) (24). In this case, ASO is fully modified with 2′-methox-
yethyl to prevent cleavage by nucleases (Fig. 1). Spinal muscular

Figure 3. Comparison of all-allelic knock-down to allele-specific knock-down. On the left, a duplication such as occurs for PMP22 in CMT1A is depicted. An ASO is used to

degrade a fraction of the pre-mRNA coming from all three alleles to decrease the amount of maturemRNA to the level that would ordinarily be produced by two copies of

the gene. On the right, a triplet repeat expansion mutation encoding a polyglutamine tract in the protein is depicted. An ASO, at the site of a SNP in the transcript, is

designed to hybridize with the allele that is in cis with the triplet repeat mutation. This leads to preferential degradation of the pre-mRNA from the mutant allele.
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atrophy (SMA) represents a disorder where clinical trials are fur-
ther advanced than in many other cases. The clinicaltrials.gov
website lists two Phase 2 and two Phase 3 trials recruiting sub-
jects at this time for studies of an oligonucleotide designated as
ISIS 396443 (ISIS SMNRx) (Table 1). Results, suggesting some clin-
ical benefits, have been presented at international meetings and
are described on the Isis corporatewebsite, but are not published
at this time.

Another review in this series is focused on gene therapy
for Duchenne muscular dystrophy (DMD) and other muscle
disorders (25). That review includes a table of over 30 clinical
trials for DMD including exon-skipping and nonsense mutation
read-through, although they are not discussed. Efforts to utilize
exon-skipping and nonsense mutation read-through qualify
as pharmaceutical strategies. Two drugs designed to promote
exon-skipping have entered clinical trials. Drisapersen is a 2′O-
methyl-phosphorothioate oligonucleotide developed by Prosen-
sa Holding N.V. Eteplirsen is a phosphorodiamidatemorpholino
oligomer developed by Sarepta Therapeutics, Inc. Both drugs pro-
mote skipping of exon 51 that would benefit ∼14% of DMD pa-
tients. A clinical trial of eteplirsen reported in 2014 suggested
limited clinical benefit (26). An update on results with these
two drugs (27) suggests minimal benefit with drisapersen and
perhaps some slowing of deterioration with eteplirsen.

Nonsense Read-through for Cystic Fibrosis,
DMD and Other Disorders
The nonsense read-through strategy is not oligonucleotide
based, and therefore, is not directly gene-specific but it can
have preferential effects on genes harboring deleterious non-
sensemutations. Nonsensemutations or premature termination
codons cause disease by virtue of their occurrence in thousands

of disease genes. They truncate protein synthesis and generally
produce loss-of-function mutations. The potential for drug-
mediated suppression or read-through of nonsense codons was
first described in the 1960s with streptomycin, and in recent
decades, numerous publications have delineated the ability of
various aminoglycoside antibiotics to cause a reduction in trans-
lation fidelity at both sense and nonsense codons, thus allowing
the insertion of an amino acid at the position of a nonsense
codon (28). There are numerous drawbacks in using aminoglyco-
sides as therapies for nonsense mutations, which led to screen-
ing to identify other compounds that would cause read-through
at nonsense codons. One screening study identified PTC124 as a
non-aminoglycoside compound that could promote read-
through with minimal effect on naturally occurring termination
codons (29). Numerous preclinical studies have been carried out
examining the ability of PTC124, also known as ataluren. Atalu-
ren can be administered orally, and it has been studied most ex-
tensively for patients with nonsense mutations causing cystic
fibrosis (CF) or DMD. It is an approved drug in the European
Union (30) for treatment of patients with nonsense mutations
causing DMD. However, this was a conditional approval ‘despite
limitations in the robustness of the efficacy data presented’.
Thus, benefits were relatively marginal. A randomized, double-
blind, placebo-controlled phase 3 trial of ataluren in cystic fibro-
sis reported in 2014 showed questionable efficacy (31). Overall,
attempts to use nonsense-mediated read-through as a treatment
approach have led to limited success.

The Critical Need for a Gene-activation/
Ramp-up Method
Many human genetic disorders are caused by heterozygous loss-
of-function mutations, often referred to as dosage-sensitive

Figure 4. ASO knock-down of natural occurring antisense in Angelman syndrome. The upper panel depicts a deleted or otherwise inactivated maternal allele for the

SNRPN to UBE3A genomic interval. A very long transcript starting in the SNRPN region has a UBE3A antisense component at its distal position. ASOs to the upstream

of the antisense region lead to the degradation of the antisense. Transcription is initiated, but not fully elongated at the paternal copy of the UBE3A promoter. In the

lower panel, a collision model, which agrees with available data blocks the full extension of UBE3A transcription thus silencing the paternal allele of UBE3A. The

degradation of the antisense allows for the complete transcription of the UBE3A gene. Pol II in blue represents antisense transcription while Pol II in red represents

sense transcription.
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genes where haploinsufficiency causes a disease phenotype.
Prominent examples likely causing prenatal damage and there-
fore less amenable to this approach include mutations in
ARID1B, EHMT1, SNYGAP1, SHANK3, EP300 andNSD1; ideal condi-
tions with later onset would include loss-of-function mutations
in LDLR andANKRD11, deletions ofCHRNA7, various forms of por-
phyria and contiguous gene deletions such as Smith–Magenis
and Williams syndromes. The heritable cancer predispositions
such as BRCA1/2 and Li–Fraumeni syndrome would probably
not be well-treated by this approach because two independent
normal copies of the gene are needed for optimal protection.
This paradigm is limited to autosomal genes and excludes
X-linked genes. For any of these mutations, it would potentially
be curative to double the rate of transcription, double the half-
life of the mRNA or double the half-life of the protein produced
from the normal allele (Fig. 6). If this could be accomplished
using an oligonucleotide in a gene-specific manner, it could be
widely applied. Some of the loci involve both multi-gene dele-
tions and point mutations, but up-regulating the normal allele

should be beneficial in all cases regardless of the type of the
loss-of-function mutation.

Gene Correction
The concept of gene correction received a wave of attention in
the 1990s (32,33). The strategy is touse various formsof oligonucleo-
tide complexes to target the site of a specificmutation based on hy-
bridization and induce some formofDNA repair event to correct the
mutation to the normal sequence. Basic research especially in the
useof triplex-formingpeptidenucleic acids continues to thepresent
(34), and there is a recent report of the correctionof the F508delCFTR
mutation in culturedhumancells and inCFmutantmice (35). There
are multiple more recent reports using CRISPR-Cas9 methods to
correct mutations in iPSCs including for CF (36) and fragile X syn-
drome (37), but these cannot yet be considered pharmaceutical ap-
proaches since the Cas9 gene or proteinmust be delivered. Similar
biopharmaceutical approaches using the CRISPR-Cas9 system in
muscular dystrophy mice were reported (38).

Figure 5.Mechanism of the action of an antisense drug thatmodulates SMN2 splicing. Single-stranded ASO are taken up into cells by an endocytic process via interaction

with proteins expressed on the surface of cells. The ASOs escape the endosome and enter the nucleus, where they bind to the SMN2 pre-mRNA. The binding of the ASO to

the RNAdisplaces anhnRNPprotein thatnormally represses splicing of exon 7, resulting in the production of amaturemRNA that includes exon 7,which is translated into

the full-length SMN protein. Reproduced from Rigo et al. (2) with permission.
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Potential for the conversion of the CRISPR-Cas9
technology from a biopharmaceutical to a synthetic
pharmaceutical strategy

The CRISPR-Cas9 technology has transformed the potential for
genetic editing and manipulation in biology within a mere
moment in time. A recent and most stimulating review is avail-
able from Sternberg and Doudna (39). Given the role of oligonu-
cleotides in the treatment strategies described above and the
essential involvement of RNA guides in the CRISPR-Cas9 system,
it is tempting to ask whether the CRISPR technology can be har-
nessed as a small-molecule approach for gene-editing and gene
regulation. Current approaches require introducing the protein or

coding sequence for Cas9 or a related protein, butmight it be pos-
sible to construct next-generation guide RNAs that would them-
selves have enzymatic activity or would recruit endogenous
proteins to mediate a desired gene-editing? In one report (40),
adult mice with a deficiency in the fumarylacetoacetate hydro-
lase (Fah) gene which causes tyrosinemia were gene corrected
with the hydrodynamic injection of a donor DNA template and
plasmid DNA encoding Cas9 and sgRNA. Although this injection
involved three components, perhaps one could envision one
moderate-sized single-stranded or double-stranded oligonucleotide
being able to target a unique site in the genome and mediate the
desired editing designed to treat single-gene disorders. The

Table 1. Examples of gene-specific pharmaceutical approaches from clinicaltrials.gov

Gene Disorder Intervention or study
type

Sponsor Clinical
trial

Clinicaltrial.
org

Status Drug

HD Huntington ASO all-allelic
knock-down

Isis Phase 1/2 NCT02519036 ISIS HTTRx

TTR Transthyretin amyloidosis siRNA Alnylam Phase 3 NCT01960348 Recruiting ALN-TTR02
TTR Transthyretin amyloidosis ASO all-allelic

knock-down
Isis Phase 3 NCT01737398

Enrolling ISIS-TTR Rx
CFTR CF Nonsense read-through PTC

therapeutics
Phase 2 NCT00458341 Completed PTC124

SMN1/
SMN2

SMA ASO splicing Isis Phase 3 NCT02193074 Recruiting ISIS-SMN Rx

SMN1/
SMN2

SMA ASO splicing Isis Phase 2 NCT02386553 Recruiting ISIS-SMN Rx

SMN1/
SMN2

SMA ASO splicing Isis Phase 2 NCT02462759 Recruiting ISIS-SMN Rx

SMN1/
SMN2

SMA ASO splicing Isis Phase 3 NCT02594124 Enrolling ISIS-SMN Rx

APOB Familial
hypercholesterolemia

ASO all-allelic
knock-down of APOB

Isis Phase 3 NCT00607373 Completed Mipomersen

DMD see Bengtsson et al. (25) this series of reviews.

Figure 6. A proposed ramp-up strategy. A heterozygous deletion or other inactivating mutation is depicted in the right panel. A hypothetical process whereby an ASO

would bind to the 3′-UTR of mature mRNA and by some yet to be developed technology, double its half-life is proposed. This would lead to the production of a normal

level of the protein.
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targeting potential could be used to implement up-regulation or
down-regulation of a specific gene. The CRISPR-Cas9 system can
bemodified to inactivate its catalytic nuclease activity to create a
dead Cas9 (dCas9), which can provide a docking mechanism that
can bring along or otherwise engage regulatory elements. The
dCas9 can be fused to transcriptional repressors and activators
and potentially can up-regulate or down-regulate a gene of inter-
est; see Sternberg and Doudna for references (39). This suggests
the possibility of a ramp-up strategy as described above for a spe-
cific gene or allele. Sternberg and Doudna (39) also point out that
‘dead Cas9 can bind single-stranded RNA targets (41), suggesting
that programmable manipulation of cellular RNA transcripts
may become possible in the near future’.

Epigenetic Strategies
Initially therewas a consideration to focus this review on epigen-
etic approaches to therapy. Depending ones definition of epigen-
etic, perhaps some of the knock-down strategies described above
could be considered as epigenetic since the gene expression is
altered, but the primary genomic sequence is unchanged. How-
ever,most current visions of epigenetic therapy involve relatively
non-specific alterations of DNAmethylation or histonemodifica-
tions. If epigenetic approaches could be combined with oligonu-
cleotides to achieve gene specificity, epigenetic approaches
would become more attractive. Again the CRISPR-Cas9 system
has been explored, and ‘dCas9 fusions to effector domains that
install epigenetic markers may also enable the specific perturb-
ation of epigenetic regulation (39)’.
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