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Abstract New, mechanistic understanding of genetic

disease is prompting the rapid advancement of treatments

for these diseases. Treatment strategies for monogenic

hereditary disorders and complex genetic disorders are

evolving with novel uses of traditional medications, tar-

geted therapies for biochemical deficiencies including

enzyme replacement, and pathology-targeted pharmaco-

logic approaches to enhance normal function. There is also

tangible progress in the development of nucleic acid-

derived therapies, utilizing both DNA and RNA to modify

gene expression and to correct a genetic disease process.

Technologies that use antisense oligonucleotides, RNA

interference, gene transfer, and stem cell transplantation

are resulting in promising treatment breakthroughs.

Though serious challenges remain in the safe and suc-

cessful implementation of these technologies in clinical

practice, the exciting prospect of treatment for previously

untreatable genetic conditions is now within sight, pro-

viding hope for both patients and providers. Current

options and evolving therapies are reviewed for the broad

category of genetic disease.
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Introduction

A new era in medical genetics is beginning. Since its

inception, the field of genetics has focused on diagnosis,

testing, and counseling. With few treatment options avail-

able for many disorders, there was little choice but to

phenotype and characterize. However, as the underlying

pathology of conditions becomes better understood, options

for disease-specific treatments emerge, tailored either to the

underlying genetic defect or to the consequences thereof.

This is not a new concept; indeed, one of the most effective

disorder-specific treatment strategies was first proposed in

1953 for phenylketonuria (PKU): the low-phenylalanine

diet [1]. However, as the mechanistic understanding of

disease at the molecular level has advanced, even disorders

such as PKU with established treatments have experienced

advances in treatment options [2, 3].

The focus of many trials has shifted away from the

supportive management of symptoms, and instead on to

new therapies targeting the underlying defects that result

from genetic mutations. These therapies, whether phar-

macologic or genetic, include the replacement of defective

proteins, the improvement of protein function, or the

diminishment of adverse consequences downstream of a

defect [4]. However, challenges remain, particularly in the

safe manipulation of gene expression. It is now 15 years

since complications from the viral vector used in a trans-

genic trial led to the tragic death of Mr. Jesse Gelsinger [5–

7]. This event and others prompted the research community

to re-evaluate gene therapy and to look for alternatives.
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The result is a rich variety of approaches, both traditional

and novel, to tackle varied genetic pathologies.

Therapeutic strategies range from the novel use of pre-

viously approved medications, to biochemically targeted

therapies. More excitingly, there has also been tangible

progress in the development of corrective therapies,

involving both DNA and RNA to overwrite genetic disease

processes. All of these new treatment approaches show

both promise and challenges. We will begin with the re-

purposing of existing therapeutic options, before exploring

compensatory therapies, nucleic acid-derived therapies,

and possibilities for the future.

Traditional Medical Therapies with New Uses

As functional studies determine the biologic and molecular

basis of rare diseases, existing medications are finding

novel uses in a targeted-disease approach. Combining

pharmacologic understanding of specific drugs to candidate

pathologies provides an opportunity to capitalize on

already approved medications. This allows for a rapid

deployment, not possible for new agents that must go

through the protracted trial process. Numerous examples

demonstrate the promise of this utilitarian approach.

One example is Marfan syndrome, a connective tissue

disorder with significant mortality related to cardiovas-

cular disease including aortic root dilation, dissection, and

rupture. Transforming growth factor b (TGF-b) recently

emerged as a potential mediator in the pathogenesis of

these cardiovascular manifestations [8]. Losartan, an

angiotensin II receptor blocker often used for hyperten-

sion, reduces TGF-b activity and leads to a normalization

of aortic root growth and architecture in mouse models

[9]. Due to this dramatic protective result, clinical trials

are nearing completion comparing cardiovascular out-

comes in subjects receiving losartan to those treated with

atenolol, the standard drug of choice for reducing hemo-

dynamic stress on the aortic wall [10, 11].

Genetic causes of intellectual disability (ID) are also

candidates for treatment with repurposed medications.

The antibiotic minocycline is being used in fragile X, the

most common inherited genetic cause of ID. Anecdotal

reports of cognitive and behavioral benefits to individuals

with fragile X taking minocycline for acne led researchers

to investigate possible mechanisms [12]. The metallo-

proteinase inhibitor role of minocycline as a secondary

inhibitor of the mGluR5 receptor (discussed further in the

‘‘Targeted Therapies to Compensate for Metabolic or

Biochemical Disequilibrium’’ section, below) provided a

putative mechanism of action for this drug, separate from

its established antibiotic function. Minocycline has since

demonstrated some efficacy for treatment of fragile X in a

double blind study [12, 13•]. Similarly, in Down syn-

drome, the commonest genetic cause of ID, several

medications are under investigation. Vitamin E has a

suggested utility in Alzheimer’s disease, and a clinical

trial is currently underway studying whether it slows the

cognitive decline of older adults with Down syndrome

[14, 15]. Memantine, a glutamine antagonist also used in

Alzheimer’s disease, may provide limited cognitive

improvement in verbal memory [16]. Lithium and bac-

lofen are also under investigation, having been shown to

improve cognitive performance in a Down syndrome

mouse model [17–19].

Aminoglycoside antibiotics provide a novel approach

for many genetic disorders. Streptomycin and gentamicin

bind to rRNA and allow low-frequency read-through of

premature stop codons, resulting in translational ‘‘skip-

ping’’ over mutant stop codons [20, 21]. Cystic fibrosis is

caused by mutations in the gene CTFR which acts as a

chloride channel, and approximately 10 % of mutations in

cystic fibrosis are caused by premature stop codons.

Studies on nonsense-mediated cystic fibrosis have indi-

cated that high dose gentamicin can amplify specific pro-

tein synthesis from less than 1 % to up to 5 % of normal

levels [22, 23]. Potential benefit has also been shown in

Hurler syndrome; a lysosomal storage disorder caused by

deficiency in the a-L-iduronidase enzyme with severe

manifestations including mental retardation, hydrocepha-

lus, physical disability, and hepatosplenomegaly. Preclini-

cal fibroblast cell studies in Hurler syndrome have shown

that gentamycin can induce the read-through of premature

stop codons, resulting in enzyme activity that reduces

substrate storage [24, 25]. However, the clinical benefit of

gentamicin is limited, since it requires very high concen-

trations to be useful, and comes with the associated risk of

severe side effects [26, 27]. These limitations have

prompted investigation into the development of other

compounds with a similar action but without the prohibi-

tive side effects (discussed further in the ‘‘Gene Targeted

Therapies’’ section below).

Targeted Therapies to Compensate for Metabolic

or Biochemical Disequilibrium

In terms of established treatments, therapies involving

dietary manipulations that alter the levels of deficient or

excessive metabolites are perhaps the oldest genetic treat-

ment options; as noted above for PKU, they can be trans-

formative. Novel pharmacologic interventions in use or in

development can alter or re-distribute metabolites, replace

deficient enzymes, alter enzyme and channel activity, or

inhibit pathogenic molecules, thereby restoring metabolic

equilibrium.
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Protein Replacement

A milestone in the treatment of lysosomal storage disorders

occurred with the introduction of enzyme replacement

therapy (ERT). This was originally proposed in the 1960s for

Gaucher’s disease, the most prevalent lysosomal storage

disorder caused by deficiency of the enzyme glucocerebro-

sidase [28]. Gaucher’s disease results in glucosylceramide

accumulation in various organs but particularly liver, spleen,

bone marrow, and brain and results in an evolving morbid-

ity, often with early death. The first successful ERT was

developed for Gaucher disease, and was approved by the US

Food and Drug Administration (FDA) in 1991 [29–31]. ERT

is now available for Fabry disease, mucopolysaccharidosis

(MPS) type I (Hurler syndrome), MPS type II (Hunter syn-

drome), MPS VI, and Pompe disease [27, 31]. Treatment of

MPS type IVA (Moriquio A syndrome) with elosulfase alfa

was FDA approved in February 2014 [32]. Other ERTs are in

clinical trials, including treatment for Niemann–Pick dis-

ease type B [33]. However, a major limitation to ERT is

limited access across the blood–brain barrier, to which

intrathecal injections may be a solution. ERT has profoundly

changed the outcome potential of lysosomal storage dis-

eases; however, bone, cartilage, heart valve, and brain

manifestations remain especially resistant to correction.

Additionally, the monetary cost of ERT remains high [27].

Enhancement of Normal Activity

Molecular chaperones are small proteins that naturally act

to stabilize unfolded proteins for cellular translocation, to

assist in correct protein folding, and to assist in elimination

of damaged and denatured proteins [27]. Protein function

can be enhanced by the induction of natural chaperones or

the administration of exogenous pharmacological chaper-

ones, which can locate and rescue misfolded proteins,

unstable mutant enzymes, or mistargeted proteins. Chem-

ical chaperones are used to correct protein conformational

defects, including the substrate analog deoxygalactonojir-

imycin for Fabry disease, N-(n-nonyl)deoxynojirimycin for

common Gaucher mutation N370S, and galactonorjirimy-

cin derivatives in GM1 gangliosidosis [34, 35]. These

therapies offer potential for use in neurodegenerative

lysosomal disorders, since the small molecules may cross

the blood–brain barrier [27].

The cytosolic HSP70 chaperone system is involved in

the ion-channel degradation of misfolded proteins seen in

cystic fibrosis and long QT syndrome [36]. This chaperone

is an attractive target for therapy; it may be manipulated to

allow for improved folding of the mutant protein, and

therefore partial restoration of function. Ivacaftor is also a

promising new treatment for cystic fibrosis. It is targeted to

individuals with the G551D missense mutation in the

CFTR gene, found in approximately 4 % of individuals

affected by cystic fibrosis. The medication acts as a

channel potentiator, increasing the time that the activated

CFTR channels at the cell surface remain open. Clinical

trials demonstrated improvements in lung function at

2 weeks that were sustained through 48 weeks [37••].

Ivacaftor was FDA approved in January 2012, and is now

under investigation for use in other CFTR mutations.

Cofactors are inorganic molecules that support the

function of enzymes and biologic processes and provide

another way to increase enzyme and channel activity.

Curcumin, a compound isolated from turmeric, can

influence a variety of ion channels. It is well studied for

its effects on CFTR, where it acts by rescuing localiza-

tion, allowing escape from the endoplasmic reticulum and

stimulating channel activity at the plasma membrane [38,

39]. PKU can be improved in some patients through the

use of sapropterin dihydrochloride (BH4) [2, 3]. Clini-

cally BH4 increased residual enzyme activity. This may

be attributed to an improved stability of the enzyme by a

chaperone effect, or compensation by saturation of a

kinetic binding of cofactor. Treatment with BH4 and

subsequent increased dietary tolerance has led to

improved quality of life measures in pediatric patients

[40]. Supplemental large neutral amino acids (LNAAs)

have also been used in PKU, and allow for a more

relaxed diet plan. High concentrations of LNAA compete

with phenylalanine transport across the blood–brain bar-

rier, decreasing the amount of phenylalanine in the brain

[41].

Inhibition of Pathogenic Molecules

In addition to increasing enzymatic function, another way

to lessen disease phenotypes is to block the creation of

pathogenic molecules. Tuberous sclerosis (TS) is a mul-

tisystem disorder including neurologic symptoms such as

seizures, ID and autism, and a predisposition to benign

tumors amongst other symptoms. TS is caused by muta-

tions which encode proteins that form a complex to inhibit

activation of the protein mammalian target of rapamycin

(mTOR) [42]. The protein mTOR regulates both mGluR5

and ERK, and has been identified as a potential target for

treatment by different groups [43, 44]. Inhibitory treat-

ments targeted at the mTOR pathway work to reestablish

equilibrium. Several drugs targeting this pathway,

including rapamycin and everolimus are now in clinical

trial or development [45]. This pathway is notably

involved with a number of disorders that share features of

ID and autistic symptomatology [46–48]. There is hope

that these drugs may have utility for these related disor-

ders as well as possible application for the greater popu-

lation affected by autism [49]. In addition to mTOR
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inhibition, other inhibitory treatments have been developed,

e.g., for tyrosinemia, an inborn error of metabolism resulting

in liver failure and hepatocellular cancer. (2-(2-Nitro-4-tri-

fluoromethylbenzoyl)-1,3-cyclohexadione) treats tyrosine-

mia type I by inhibiting 4-hydroxyphenylpyruvate dioxy-

genase, an enzyme in the tyrosine degradation pathway that

would otherwise result in the production of succinylacetone,

the toxic metabolite responsible for symptoms [50].

A similar approach has been developed for lysosomal

storage diseases. These disorders, caused by defects

involved in glycosphingolipid degradation, lead to the

buildup of accumulated glycosphingolipid substrates

derived from glucosylceramide. One approach to reduce

the biosynthesis of glucosylceramide is inhibition of

glucosylceramide synthases [51, 52]. Inhibition of gluco-

sylceramide synthase with miglustat (N-butyldeoxynojiri-

mycin) can be used to treat patients with Gaucher disease

type 1 who cannot receive ERT. Improvements in vis-

ceromegaly and hematological abnormalities have been

demonstrated albeit high dose ERT appears to be more

efficacious [53]. These small molecules, able to cross the

blood–brain barrier, may also be useful in Gaucher dis-

ease type 3, Niemann–Pick disease type C, and GM2

gangliosidosis [52]. Miglustat has been used in Niemann–

Pick disease type C, with promising results showing a

stabilization or slowing of disease progression [54, 55].

Other monogenic diseases also benefit from this inhib-

itory approach. In fragile X, the loss of the fragile X pro-

tein, FMRP, leads to aberrant neuronal dendritic

development and abnormal signaling [56, 57]. Lack of

FMRP leads to unimpeded mGluR5 activity, particularly

impacting the gamma-aminobutyric acidergic (GABAer-

gic) system [58–60]. As a result, GABAergic function and

mGluR5 activity levels are promising targets for potential

therapies. Specific mGluR5-specific antagonist trials have

been carried out (involving the drugs AFQ056,

RO4917523, and STX107), in hopes of replacing the

inhibitor effect of the missing FMRP. Increasing GAB-

Aergic activity has been targeted with arbaclofen, a

GABAB agonist and prodrug of baclofen, with initial

results in humans suggesting improvement in social func-

tion [61]. Another example, in a very different disorder is

in trial for Hutchinson–Gilford progeria syndrome (HGPS),

a rare premature aging disorder. HGPS is caused by

mutations in LMNA leading to accumulation of progerin, an

aberrant form of the inner nuclear membrane protein lamin

A [62]. Farnesylation is a crucial posttranslational pro-

cessing step for protein intercalation into the inner nuclear

membrane. This can be prevented with the use of farne-

syltransferase inhibitors, such as lonafarnib, which is cur-

rently in phase 2 clinical trials as an oral treatment for

HGPS [63, 64].

Of perhaps greater significance at a population level are

protein inhibitory studies in Down syndrome. A potentially

important therapeutic target in Down syndrome identified

by immunohistopathology and mouse model studies is the

DYRK1A gene, which is overexpressed in the disorder.

DYRK1A has been associated with neurofibrillary tangles

and splicing regulation, and is thought to be responsible for

some of the pathology of the disorder [65]. Epigallocate-

chin gallate, a polyphenol derived from green tea, inhibits

DYRK1A function and is currently under active investiga-

tion [66, 67].

Gene-Targeted Therapies

Drug therapy does show promise for resolving some

downstream effects of genetic disorders; however, this

approach remains a secondary response. In many cases, the

use of medications will at best ameliorate the symptoms

that result from a more complex process than is being

targeted. To truly solve the problem of a genetic disease, it

is necessary to treat at a genetic level, via activation,

inactivation, or modification of the target genes.

Increasing Gene Expression

Globally, the hemoglobinopathies, such as sickle cell

anemia and thalassemia, are genetic disorders that cause

significant morbidity and mortality. Reactivation of fetal

hemoglobin (HbF) expression, which is otherwise turned

off in the neonatal period, is an important therapeutic

option. Experimental HbF-inducing agents are the subjects

of clinical trials for both sickle cell anemia and thalassemia

[68, 69]. DNA methylation is involved in silencing of the

gamma-globin (HbF) gene. Inhibiting DNA methyltrans-

ferase using decitabine (5-aza-20-deoxycytidine) results in

DNA hypomethylation, and has been demonstrated to

increase HbF levels in a small number of patients with

sickle cell anemia [70]. Decitabine is also under investi-

gation as a therapy for multiple malignancies, as it can

reactivate tumor suppressor genes silenced by aberrant

DNA methylation, a frequent event in all types of cancer

[71]. Further directions in treatment for hemoglobin dis-

orders are being developed after genome-wide association

studies, and traditional linkage studies have identified

BCL11A as a potent silencer of HbF and KLF1 as a tran-

scription factor that activates BCL11A [72].

Though many of the syndromic genetic disorders are

rare, collectively they affect a large number of individuals

[73]. Nonsense mutations resulting in premature termina-

tion codons (PTCs) are thought to cause between 5 and

20 % of genetic disorders [74, 75]. The small organic
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molecule PTC124 encourages the translation machinery to

ignore PTCs without preventing it from reading real stop

signals, using a mechanism that parallels that of amino-

glycoside antibiotics. It is proposed that PTC124, which

lacks the side effects of gentamycin, may be beneficial in a

clinical setting [27, 76]. PTC124 has received particular

attention for trials in cystic fibrosis and Duchenne muscular

dystrophy (DMD) [74]. Theoretically, this mechanism

could be applied to many other disorders caused by non-

sense mutations resulting in premature stop codons [77,

78]. As new PTC-skipping compounds are developed, this

avenue will continue to evolve, as is already being seen

animal studies involving the aminoglycoside NB84 for

example [79].

Blocking Gene Expression

Gene-blocking therapies are particularly effective in cor-

recting abnormal gain-of-function mutations, in which the

aberrant product of the mutation is more harmful than its

absence. Gene-blocking can also be used to inhibit pro-

duction of precursors in a disease-causing pathway. One

way to achieve this is with antisense oligonucleotides

(AONs), single-stranded DNA oligonucleotides comple-

mentary to mRNA transcripts, which can target the mRNA

resulting from gain-of-function mutations. The AON binds

to the abnormal mRNA, preventing its translation into a

harmful protein. Alternatively, an oligonucleotide can be

engineered to bind to the dsDNA containing the disease-

causing mutation, creating a triple helix that cannot be

transcribed into mRNA. This method depends upon the

oligonucleotide not being degraded prior to reaching it’s

target [80, 81]. Gene-blocking therapies can also inhibit a

pathway made harmful due to a loss-of-function mutation.

Familial hypercholesterolemia is a genetic disorder that

leads to premature coronary artery disease due to loss-of-

function mutations in the low-density lipoprotein (LDL)

receptor. Mipomersen is a modified AON designed to

inhibit translation of the apolipoprotein B protein. Inhibi-

tion of apolipoprotein B synthesis by mipomersen effec-

tively lowered LDL cholesterol concentrations in

homozygous patients [82•]. Mipomersen was FDA

approved for treatment of homozygous familial hypercho-

lesterolemia in January 2013, and clinical trials are

underway to evaluate its use in related disorders [83].

AON-mediated splicing modulation can also target pre-

mRNA to create exon skipping by splice-switching oligo-

mers. This is achieved with AON complementary to

regions of the pre-mRNA transcript relevant for targeting,

allowing skipping over mutant stop codons that are present

in the spliceform and restoration of the open reading frame

[80, 81]. This type of exon skipping is a promising therapy

for DMD, where loss of dystrophin results in progressive

and severely disabling neuromuscular disease. In Becker’s

muscular dystrophy, a shortened but still functional dys-

trophin protein results in a less severe disease profile,

suggesting that even partial replacement of the protein

product may have practical benefits. Exon-skipping with

AON improves both dystrophin expression and muscle

strength in animal models, and clinical trials are currently

underway using intramuscular injections of anti-sense oli-

goribonucleotides for the treatment of DMD [84–87]. This

technology also has potential applications in spinal mus-

cular atrophy, ataxia telangiectasia, and congenital disor-

ders of glycosylation, amongst other conditions [80, 88].

MicroRNAs (miRNAs) are a class of small noncoding

RNAs that bind to mRNA and regulate its translation.

Unlike AONs, miRNAs do not necessarily target nucleic

acid; therapeutic miRNAs can act at the ribosome to inhibit

indiscriminate translation of mRNA moieties with potential

clinical applications. In models of fragile X, the use of

miRNA to inhibit translation resulted in improved spine

morphology [89]. The regulation of genes through miRNA

manipulation is well demonstrated in research settings, and

is being studied with interest for potential therapeutic

applications.

RNA may also therapeutically modulate aberrant gene

expression via RNA interference (RNAi). This is a naturally

occurring intracellular mechanism triggered by the presence

of double-stranded RNA (dsRNA), which results in the

targeted destruction of mRNA and subsequent cessation of

protein translation [90]. Because many viruses produce

dsRNA, cells of all multicellular organisms recognize this

as a form of alien RNA and use the enzyme dicer to digest it

into small pieces. These pieces are then used as a template

to direct the destruction of any single-stranded RNA with

the same sequence as the double-stranded viral RNA [81,

90]. RNAi can be manipulated to result in knockdown of

single or multiple genes, and can be expressed as miRNAs

or as short hairpin RNAs (shRNA). Introducing a shRNA

complementary to the mutant gene can be used to interfere

with expression of the mutant allele, leaving the wild-type

allele unaffected. Alternately, it can interfere with the

expression of both alleles if used in conjunction with gene

transfer of a functional gene copy which has been modified

to be RNAi-resistant. Viral vectors can be used to introduce

RNAi into cells, and have been used effectively in models

for neurodegenerative diseases, including Huntington dis-

ease and spino-cerebellar ataxia [91].

Gene Replacement Therapy

While manipulating the effects of mutated genes can have

great clinical utility, the ultimate therapeutic goal is the

permanent repair of the affected genes. Internationally,
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over 1,800 gene therapy clinical trials have been approved,

completed, or are underway [92], with the first successful

treatment by gene therapy of X-linked severe combined

immunodeficiency (SCID) in 2000 [93]. Following the

hiatus to resolve safety issues exposed by the death of Jesse

Gelsinger [6], work to completely overhaul deficient genes

has continued, using different approaches in order to

maximize efficacy while limiting potential toxicity.

Transplantation Gene Therapy

Somatic cell gene therapy can be carried out via trans-

plantation, to introduce wild-type copies of a gene into

patients requiring functional gene copies. These methods

are well suited to the correction of a loss-of-function

mutation resulting in a nonfunctional or missing gene

product. Clinical gene therapy trials for monogenic dis-

eases have been conducted, with some particularly prom-

ising published results for a variety of conditions,

including: SCID, cystic fibrosis, ornithine transcarbamy-

lase deficiency, hemophilia B, chronic granulomatous dis-

ease (CDG), epidermolysis bullosa, juvenile neuronal

ceroid lipofuscinosis, Canavan disease, lipoprotein lipase,

alpha-1 antitrypsin deficiency, Leber congenital amaurosis

(LCA), and X-linked adrenoleukodystrophy [27, 92].

Whole liver transplantation has been used to correct

functional enzymatic impairment in a number of metabolic

disorders, including: urea cycle disorders, organic acidu-

rias, homozygous familial hypercholesterolemia, and

severe forms of glycogen storage disease [27]. Alternately,

ABO blood group-compatible hepatocytes can be infused

intraportally into the patient’s liver, where a portion of the

cells will engraft and replace the deficient metabolic

function. Hepatocyte transplantation is less invasive than

organ transplantation, and results in clinical improvement

and partial correction of the metabolic abnormality in most

cases; however, it requires immunosuppression similar to

that given to whole-organ transplantation recipient [94].

Hematopoietic stem cell (HSC) transplantation with

pluripotent stem cells is capable of reconstituting all blood

lineages completely and permanently. SCID has been a

primary target for HSC gene therapy, since even a small

number of engrafted marrow cells from an HLA-matched

sibling can completely restore a patient’s immune system.

Ex vivo gene transfer can be used, but transduced cells will

be out-competed unless a provided with a selective advan-

tage, by the expression of a therapeutic gene (as used for

SCID caused by adenosine deaminase deficiency, ADA), or

by reducing the mass of untransduced cells by myeloablative

chemotherapy. HSC transplantation has also been used to

treat more than 20 inborn errors of metabolism, including:

Hunter syndrome and other MPS disorders, X-linked adre-

noleukodystrophy, metachromatic leukodystrophy, and

globoid cell leukodystrophy [27, 95]. Currently, it is con-

sidered the only effective therapy for childhood cerebral

X-linked adrenoleukodystrophy [96]. However, not all

lysosomal storage diseases respond to HSC transplantation,

and transplant-related morbidity must be considered. There

are also several issues still to be resolved, especially con-

cerning the safe and accurate direction and reprogramming

of stem cell differentiation in the desired direction, and in a

specific, and controllable manner [97].

A combination approach, using gene therapy applied to

HSCs to overexpress lysosomal enzymes, augments the

potential of HSC transplantation. Genetically modified

bone marrow-derived cells that over-express lysosomal

enzymes can migrate into the central nervous system and

provide a transacting benefit to neighboring brain cells

[98]. Umbilical cord blood (UCB) transplantation is

another emerging technology [99]. Transplantation can be

employed with UCB as a stem cell source within a month

of diagnosis, which is now a successful treatment option

for infants with Hurler syndrome and presymptomatic

Krabbe disease [100, 101]. Additionally, engraftment rates

for UCB are reportedly higher compared with other stem

cell sources. Furthermore, adding enzyme replacement

after transplantation has been associated with better cog-

nitive outcomes in children with Hurler syndrome, high-

lighting the potential benefit of combining new therapeutic

approaches [102]. Finally, pluripotent stem cells are not the

only such cell type with clinical utility; corneal stem cells

have also been used to regenerate the corneal epithelium

[103, 104]. There is also enormous potential for common

disorders seen in the population, exemplified by promising

studies of combined somatic cell reprogramming gene

therapy in animal models of Parkinson’s disease and sickle

cell anemia [105, 106].

Transductive Gene Therapy

Transduction is the introduction of foreign DNA into a host

cell via a viral vector. The foreign DNA can be used to

replace a missing gene product by inserting a normal gene

into somatic cells. However, there are many potential

barriers to the introduction of foreign DNA. It is critical to

ensure that the introduced gene targets the appropriate

tissue and, once incorporated, is expressed appropriately.

The gene is typically inserted, via heterologous recombi-

nation, whereby the gene is nonspecifically inserted into

the genome and not at it’s natural site. It is, therefore, not

regulated in the same manner as the endogenous gene.

Thus, there may be only transient and low-level expression,

unable to yield a phenotypic effect. The cell may also

methylate and inactivate the foreign DNA. There is also a

potential for insertional mutagenesis with subsequent

immune response [7, 81, 92, 107]. Gene therapy clinical
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trials to date have targeted numerous inherited monogenic

diseases, though current trials are addressing treatment for

cancer and cardiovascular disease as well.

The first successful transductive gene therapy trials used

retroviral vectors; however, early trials in treatment of

X-linked SCID demonstrated the adverse effects: after the

retrovirus vector integrated near the LMO2 proto-oncogene

promoter (insertional mutagenesis), it led to aberrant

transcription and expression of LMO2 and subsequent

development of T cell leukemia [108]. Clinical gene ther-

apy trials were put on hold after these events in 2008, and a

worldwide effort was undertaken to improve vector safety.

Currently, trials for both X-linked SCID and ADA related

SCID (ADA-SCID) are underway using safer vectors [92,

109]. ADA-SCID cases thus treated with gene therapy

have demonstrated reconstitution of immune function in

the majority of cases, without adverse events related to the

gene transfer technology. Use of retroviral vectors for

treatment of a primary immunodeficiency CDG demon-

strated initial success with lack of infections and improved

quality of life after gene therapy. However, one of the

patients involved in the initial clinical trial died from a

severe bacterial infection as a result of the return of the

CDG, later determined to be caused by silencing of the

transgene from methylation of the viral promoter [92, 110,

111].

Several other viral vectors have been developed,

involving lentiviral vectors, adenoviral vectors, and adeno-

associated viral (AAV) vectors. Each has varying advan-

tages and disadvantages. Difficulties include: transduction

limited to dividing cells, short-term expression, low effi-

ciency of transduction, acute toxicity, random integration,

and insertional carcinogenesis [4, 81, 111]. Lentiviral

vectors for gene therapy have been used for X-linked

adrenoleukodystrophy, a fatal demyelinating disease of the

central nervous system, with clinical benefit demonstrated

in two patients [112]. AAV vectors have successfully tar-

geted gene transfer to a small number of cells in the retina,

liver, muscle, or lung, in multiple models. Treatment of

LCA, a form of congenital blindness, using sub-retinal

administration of recombinant AAV vectors expressing the

gene has had promising results [113]. AAV-mediated liver

gene transfer has been used successfully in animal models

to treat several inborn errors of metabolism, including

lysosomal storage disease, urea cycle disorders, and am-

inoacidopathies [111, 114].

Current clinical trials are examining the potential utility

of gene therapy for treatment of hemophilia B and lipo-

protein lipase deficiency in adults [115, 116]. In both trials,

only transient clinical benefit was observed, a result of the

immune response directed against the vector constituents

and cell-mediated destruction of the gene-corrected cells in

the liver and muscle. Modulation of the immune system or

transient immune suppression has been trialed in some

protocols, and may be necessary to prevent unwanted

immune responses.

Future Therapies

Nonviral Vectors

Given the risks inherent with the use of viral vectors, there

is an understandable interest in gene therapy using non-

viral vectors. The simplest non-viral gene delivery uses

‘‘naked’’ DNA injected directly into certain tissues, espe-

cially muscle tissue, and produces significant levels of gene

expression [4, 111]. More popular is the non-viral systemic

vector which uses cationic lipid/DNA complexes [92].

Non-viral vectors, however, lack the transfer efficiency of

viruses, and most of the DNA inserts are degraded in the

cytoplasm.

Gene Repair

Homologous recombination, whereby genetic material is

inserted into the correct region on the genome, occurs

naturally in mammalian cells, and in rare circumstances

can lead to a spontaneous self-correction of disease by

altering the pathogenic mutation [117–119]. Strategies

based on AAV vectors or induction of DNA double-strand

breaks has been used to increase the rate of homologous

recombination for potential therapeutic use. Zinc-finger

nucleases with a DNA-binding domain and a DNA-cleav-

ing domain have also been used to induce homologous

recombination. Precision is needed to ensure zinc-finger

nucleases have minimal off-target DNA double-strand

breaks, in order to reduce mutagenesis and chromosomal

translocations [111, 120, 121].

Conclusion

As the technical barriers to the successful treatment of

genetic disorders are being overcome, there are other fac-

tors that must be considered. In the internet age, patients

and their families are more involved in the mechanism of

trial creation and the approval process, and are able to

advocate in increasingly influential ways. After a clinical

trial for the drug arbaclofen was suddenly and unexpect-

edly closed due to a funding shortfall, parents started an

online petition to congress and gathered support for the

trial on social media [122]. The family of a boy affected by

DMD recently submitted a 100,000 signature petition to the

White House that urged the FDA to use an accelerated

approval pathway for safe and effective therapies for
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DMD. As a result, the FDA released a detailed report

outlining a potential accelerated path forward for those

therapies [123, 124]. These patients and their families are

empowered by hope and optimism to push for the dis-

covery of cures.

From a biological perspective, therapy may not be able to

solve every problem in a practical and timely manner. Many

genetic conditions cause pre-diagnostic fetal damage, and

major congenital malformations remain a challenge for

treatment [4]. Occasionally, these problems can be antici-

pated, if there is a known family history, or with carrier

screening. Strategies for prenatal treatment of inherited and

congenital disorders have been developed, including pre-

natal medical and surgical treatment, as with dexametha-

sone administration for congenital adrenal hyperplasia [4,

81]. However, many disorders still do not have identified

causative genes, and for others the pathogenesis is not fully

understood. The increased use of whole exome and whole

genome sequencing will certainly lead to a better under-

standing of the contributory genes, but functional studies

will still be needed to identify targets for treatment. Despite

setbacks and difficulties seen with new treatment options,

progress is being made. There is much optimism that these

approaches will herald a new era in medicine, providing

hope where it was not previously possible.

More information about new clinical trials and devel-

opments in genetic therapies is available via many sources,

including ClinicalTrials.gov and www.gemcris.od.nih.gov.
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