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Abstract

Phenylketonuria (PKU) due to recessively inherited phenylalanine hydroxylase (PAH) deficiency 

is among the most common inborn errors of metabolism. Dietary therapy begun early in infancy 

prevents the major manifestations of the disease but shortcomings to treatment continue to exist 

including lifelong commitment to a complicated and unpalatable diet, poor adherence to diet in 

adolescence and adulthood, and consequently a range of unsatisfactory outcomes, including 

neuropsychiatric disorders, frequently develop. Novel treatments that do not strictly depend upon 

dietary protein restriction are actively sought. This review discusses the potential for and the 

limitations of permanently curative cell-directed treatment of PKU, including liver-directed gene 

therapy and gene editing, if initiated during early infancy. A fictional but realistic vignette of a 

family with a new baby girl recently diagnosed with PKU is presented. What is needed to 

permanently cure her?
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INTRODUCTION

The phone call came on a beautiful Thursday afternoon in April. Molly Lynn Campbell, just 

5 days old, was sleeping soundly after just having breast fed when her Mother Rachael 

answered the call from Molly’s pediatrician.

‘Hello, Rachael? This is Dr. Forrest. I am calling to check up on you and Molly.’

‘We’re doing fine. She’s just gone down for a nap,’ Rachael stated hesitantly, sensing that 

there was more to this call than just a routine check.
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‘Hmmm….I am also calling because I have concerning news from Molly’s newborn 

screening test results.’

After a long silent pause between them, she continued, ‘You do remember before you and 

Molly left the hospital that she had her heel poked and a blood sample taken on to a filter 

paper card when she was about 24 hours old?’

‘Yes, I recall that.’

‘The hospital sends that card out to laboratory where they test for many different inherited 

diseases. The laboratory called me today to tell me that Molly’s test is positive for PKU.’

Rachael called for her husband Rick to join her in the discussion.

‘Dr. Forrest, Rick is here too and I’m putting you on speaker phone if that’s OK. Can you 

please repeat that and explain what this means?’

‘Hello, Rick, Dr. Forrest here and I’m so sorry to disturb your afternoon, but the lab just 

called me with this result. Molly’s newborn screening test is positive for PKU, which stands 

for phenylketonuria. It’s a genetic disease that has to do with protein metabolism. I don’t 

know much about it. There is a special diet for it.’

Rachael and Rick stood in silence, each experiencing in their own individual way, the acute 

pain of losing their previously perfect child.

Breaking the silence, Dr. Forrest continued encouragingly, ‘Now, this is just a screening test. 

There is a chance that it is wrong. The first thing we need to do is draw more blood for 

additional testing and confirm that she really does have PKU. If that second test is positive, 

then we’ll refer you to the Metabolic Clinic at the University Hospital. They’re the experts 

on these conditions and they’ll start her on the appropriate treatment. I’ve spoken to one of 

their physicians who assures me that there isn’t anything life-threatening about PKU. There 

isn’t anything we need to do emergently. If she has PKU, they’ll take good care of her there. 

The first thing is to confirm whether she really has it or not. I have called in an order to our 

laboratory for the confirmatory testing. You can take Molly there tomorrow morning for the 

blood draw. The test is again sent out to another laboratory and it’ll take several days to get 

the results back. In the meantime, we don’t need to change her diet or do anything. We just 

need to wait until the test result come back in about a week.’

The following week while waiting for the test results, Rachael and Rick alternated between 

the joy of caring for their physically gorgeous baby girl with the agony, apprehension, anger, 

disbelief, dread, resignation, resolve, all of it, all at once that their beautiful Molly actually 

had this hidden disease that threatened her brain. And worst of all, they had given it to her! 

Rachael and Rick learned from Wikipedia that untreated PKU can lead to severe intellectual 
disability, autism, seizures, behavioral problems, and mental disorders. Treatment included a 
diet low in foods that contain phenylalanine, but what did that mean? Babies take a special 
formula with a small amount of breast milk. But what comes after that? And diet should 
begin as soon as possible but Molly is now 10 days old! What is happening to all of her 

brain cells while we wait to learn the results of this test?!! People who are diagnosed early 
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and maintain a strict diet can have normal health and a normal life span. But what about 

their brain function? Treatment should continue for life. In one way, this is worse than 

cancer! It won’t kill you but you can’t cure it either. It’s with you for life. Why isn’t there a 

cure? Rick and Rachael are intrigued by a vague sentence in the Wikipedia entry that begs 

for more exploration, ‘Gene therapy, while promising, requires a great deal more study…‥’

PHENYLKETONURIA, ITS CAUSES, CONTEMPORARY TREATMENT, AND 

OUTCOMES REVIEWED

Phenylketonuria is the colloquial term for recessively-inherited deficiency of the enzyme 

phenylalanine hydroxylase (PAH) (Fig. 1) and refers to the chemical phenotype associated 

with the original description of the disease from 1934. The Norwegian physician, Asbjörn 

Fölling first described the urinary excretion of phenylpyruvic acid, a phenylketone, in two 

cognitively disabled siblings1, naming the disorder imbecillitas phenylpyrouvica, and later 

found several other individuals with a similar phenotype among institutionalized individuals 

in Oslo. He correctly surmised that the primary defect likely involved metabolism of the 

amino acid l-phenylalanine (Phe). The geneticist Lionel Penrose demonstrated that 

phenylpyruvate excretion increased further when dietary phenylalanine intake increased and 

he coined the term phenylketonuria2 to describe the disorder. PAH deficiency as the primary 

defect in PKU was not actually proven until almost 20 years later3.

Newborn screening is based upon the detection of elevated blood Phe4. Although the 

majority of infants with persistent hyperphenylalaninemia have PAH deficiency, in rare 

instances elevated blood Phe may also be caused inherited defects in the synthesis or 

recycling of tetrahydrobiopterin (BH4), a required cofactor for PAH activity (Fig. 1)5. 

Recently, a novel cause of hyperphenylalaninemia has been described: the deficiency of 

DNAJC126, a chaperone protein required for the appropriate folding of PAH protein. So, if 

hyperphenylalaninemia persists in Molly beyond the initial newborn screen, then the next 

step in Molly’s evaluation will be to establish the precise molecular cause through 

sequencing of a panel of potentially causative genes including Pah, the gene encoding the 

enzyme PAH. Again, the majority of infants with hyperphenylalaninemia will be found to 

have mutations in Pah.

The mainstay of therapy for PAH deficiency is dietary restriction of Phe intake7,8 through 

restriction of dietary intact protein. Because Phe is an essential amino acid, the 

concentrations of Phe in blood and other tissues can be controlled to some degree through 

diet therapy, although this becomes increasingly difficult with age. In adults, less than 10% 

of dietary Phe in the typical diet is necessary for the maintenance of normal protein 

turnover; the remaining 90% must be hydroxylated to tyrosine. Because Phe hydroxylation 

is severely impaired in individuals with inherited or functional PAH deficiency, the majority 

of dietary Phe intake must be eliminated in order to prevent severe hyperphenylalaninemia. 

All meat, dairy products, standard breads and pastas must be completely avoided; some 

specific vegetables that are high in free Phe are also restricted. A combination of specialized 

medical formulas and low protein food products supplying sufficient energy, vitamins, 

micronutrients, and amino acids other than Phe must be consumed to maintain balanced 
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nutrition. It is recommended that individuals with hyperphenylalaninemia maintain blood 

Phe concentrations at 120–360 μM7,8 (normal 60–120 μM) throughout the lifespan9, 

although there is not yet international agreement upon the specific treatment targets10.

A subset of individuals with PAH deficiency are responsive to treatment with sapropterin 

dihydrochloride, a synthetic form of the natural BH4 cofactor11. These individuals carry Pah 
genotypes that yield some residual PAH enzyme activity12 and typically exhibit milder 

hyperphenylalaninemia at baseline. Sapropterin likely acts as a chaperone to stabilize the 

mutant PAH protein13 leading to improved Phe tolerance and allowing a lessening of the 

dietary Phe restriction that the patients must follow. The proportion of PAH deficient 

patients who are responsive to sapropterin is between 20–50%14,15, but in the majority, some 

degree of dietary Phe restriction must be continued along with sapropterin therapy.

Recently, a novel enzyme substitution therapy for adults with PAH deficiency has been 

developed. Pegvaliase is a form of recombinantly-produced phenylalanine ammonia lyase 

from the cyanobacterium Anabaena variabilis. Administered by daily subcutaneous 

injection, pegvaliase circulates in blood and converts Phe to trans-cinnamic acid and 

ammonia. Several phase 1, 2, and 3 clinical trials have demonstrated the efficacy of 

pegvaliase in decreasing blood Phe concentration in adults, even down to the normal range, 

while liberalizing dietary Phe intake16–19. This revolutionary treatment approach is 

increasingly available in the US and Europe, yet still demands daily injections and is 

associated with immune-mediated hypersensitivity reactions in some individuals. It is not a 

cure.

Newborn screening and dietary treatment of hyperphenylalaninemia has been commonplace 

since the 1960’s, but the field had been permeated for some years by the unfortunate and 

unfounded perception that the problem of PKU had been completely solved. One can only 

surmise that this impression developed out of the need on the part of practitioners in the field 

to constantly champion and defend dietary treatment against naysayers and reluctant payers 

as dietary therapy was the only available effective treatment (prior to 2007) and was 

essential to prevent severe cognitive disability in affected infants. Early studies indicated that 

dietary Phe restriction begun during infancy in PAH deficiency dramatically improved the 

developmental outcomes of affected patients as compared to the expected natural history of 

the disease20–26, yet objections were raised against the adequacy of the evidence base 

supporting the efficacy of diet therapy. A large multicenter collaborative study was therefore 

designed to systematically study outcomes in infants with PAH deficiency detected through 

newborn screening27; the original goal was to compare outcomes in infants randomized to 

two different blood Phe targets (120–360 or 360–600 μM). Ultimately, it proved impossible 

to maintain sufficient dietary control to keep blood Phe precisely within the target ranges 

over time with the dietary tools available so the comparison between the two targets was 

unsuccessful. That said, the study did prove the efficacy of therapy in young children and 

established a direct relationship between chronic blood Phe control and cognitive outcome in 

children with PKU — dietary Phe restriction in PAH deficiency was proven to prevent the 

major manifestations of the untreated disease (severe cognitive disability, seizures, growth 

failure)28. Importantly, the study showed significantly higher IQ in children who remained 

on dietary Phe restriction through age 12 years in comparison to those in whom diet 
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restrictions had been discontinued at age 6 years. A further, less well appreciated finding 

from that study was the comparison between 12 year old children with PAH deficiency on 

diet (with a treatment target of Phe = 120–600 μM) in comparison to their PAH sufficient 

siblings; the children with PAH deficiency exhibited a normal mean IQ of 100 but the mean 

IQ of their siblings was 10 points higher at 110, and the incidence of attention deficit and 

specific learning disabilities, particularly in visuospatial tasks, was significantly greater in 

children with PAH deficiency despite adequate dietary therapy for the time. Unfortunately, 

funding for the collaborative study was discontinued when the study essentially achieved its 

goal of proving the efficacy of dietary therapy for infants and children. Although a follow up 

of some of the original participants in the collaborative study was published some years later 

and demonstrated significant deterioration in cognitive function in those who had lost 

dietary control (with a high incidence of educational, social, and vocational dysfunction)29, 

no large-scale systematic evaluation of health, cognitive, or psychiatric outcomes in 

adolescents or adults with hyperphenylalaninemia exists. Furthermore, no comparison of the 

various treatment modalities available for adults has been conducted. Still, we know that 

outcomes remain imperfect in many adolescents and adults.

• The incidence of inattention and learning disabilities in children with PAH 

deficiency treated with dietary Phe restriction remains greater than in their PAH 

sufficient siblings and in the general population28.

• Adherence to dietary therapy in adolescents and adults is poor with up to 85–

90% of patients exhibiting blood Phe concentrations above target levels30,31.

• Adults with chronic hyperphenylalaninemia exhibit a high incidence of 

psychiatric symptoms including anxiety and depression32,33 and upon detailed 

neuropsychological assessment exhibit inattention and impaired executive 

function34.

• Hyperphenylalaninemia in individuals with PAH deficiency is associated with 

diffuse abnormalities of brain white matter microstructural integrity visible by 

diffusion tensor imaging and concomitantly with impaired executive function on 

neuropsychological tests35,36.

• Many adolescents and adults with elevated blood Phe are hyperreflexic and many 

exhibit intention tremor37. Severe white matter damage visible by MR imaging 

associated with tone abnormalities, impaired balance and gait, and even seizures 

can occur in some adults with chronic hyperphenylalaninemia38.

• Elevated blood Phe during pregnancy causes severe teratogenic effects upon the 

fetus, the so-called maternal PKU syndrome39. Elevated maternal blood Phe 

crosses the placenta and interferes with early fetal development leading to 

microcephaly, facial dysmorphism, global developmental disability and 

congenital heart disease in a substantial percentage of infants.

• The long term health consequences of dietary therapy are a concern with 

questions regarding vitamin and micronutrient status40–42, and the effects of 

hyperphenylalaninemia or diet therapy upon kidney43 and bone health44,45.
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All of these concerns provide a compelling argument for the development of novel therapies 

for hyperphenylalaninemia that do not strictly depend upon dietary Phe restriction. Patients 

with PAH deficiency and their families have expressed, through a survey conducted by the 

National PKU Alliance (NPKUA), their overwhelming desire for the development of novel 

treatments46.

POTENTIAL CELL-DIRECTED CURATIVE THERAPIES FOR PKU

PAH is predominantly expressed in liver, specifically in the cytoplasm of hepatocytes, so the 

aim of a truly curative therapy is to yield a permanent population of PAH-expressing 

hepatocytes in the individual with PKU that is sufficient to metabolize the daily 

phenylalanine load from both endogenous protein turnover and from unrestricted dietary 

protein intake. PAH is also expressed in kidney47, but it is known that restoration of liver 

PAH is sufficient to completely correct hyperphenylalaninemia. A child with PKU has 

undergone orthotopic liver transplantation for reasons unrelated to PKU48 and this was 

found to completely correct his dietary Phe tolerance. Although this procedure would be 

curative, the scarcity of donor livers precludes their routine utilization in a disorder that is 

not life threatening. Instead, preclinical investigations over many years have focused upon 

two potential avenues of treatment: cell transplantation to provide a population of PAH 

positive cells or alternatively, gene therapy to restore PAH activity in the patients’ own cells. 

Fortunately, a murine model of human PAH deficiency, the Pahenu2/enu2 mouse49, which 

harbors a missense mutation in the Pah gene50 and recapitulates the major features of human 

PKU, has been available for use as a test bed for novel treatments.

How many PAH+ hepatocytes are required to correct hyperphenylalaninemia?

Humans and mice that are heterozygous for mutations in Pah have 50% or less liver PAH 

activity and exhibit blood Phe concentrations in the normal range on typical dietary protein 

intake; this fact suggests that it will not be necessary to fully restore cellular PAH activity to 

100% following liver-directed gene transfer in order to affect blood Phe concentrations. In 

these instances, however, PAH activity is spread among all hepatocytes in the liver. 

Transplantation of a small population of wild type hepatocytes or supraphysiologic 

expression of PAH activity in a small hepatocyte population following gene transfer is not 

guaranteed to have the same effect upon Phe clearance. In fact, hepatocyte transplantation 

experiments into Pahenu2/enu2 mice have demonstrated that PAH activity must be distributed 

across a minimum number of hepatocytes otherwise Phe flux becomes limited51,52. Blood 

Phe concentration was completely corrected in Pahenu2/enu2 mice that had been repopulated 

with as few as 10% wild type hepatocytes expressing 100% PAH activity but remain mildly 

elevated in mice that achieved only 5–10% repopulation51. Surprisingly, identical results 

were demonstrated in mice transplanted with hepatocytes from heterozygous Pahenu2/+ mice, 

which express less than 50% PAH activity52. This result suggested that at low repopulation 

frequency with PAH+ hepatocytes, the absolute cell number is primarily limiting Phe 

clearance rather than the total PAH enzyme activity. So regardless of the treatment approach 

taken, cell transplantation or gene therapy, complete therapeutic success will likely require 
achieving a stable population of least 10% PAH-expressing hepatocytes in the liver of an 
individual with PKU.
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THERAPEUTIC LIVER REPOPULATION (TLR) FOLLOWING CELL 

TRANSPLANTATION

TLR following cell transplantation is an alternate treatment approach to whole organ 

transplantation53. Liver is unique among solid organs in its capability to completely 

regenerate itself after injury. TLR takes advantage of this regenerative potential and aims to 

replace diseased liver with fully functional hepatocytes. Successful TLR is dependent upon a 

stimulus for liver regeneration at the time of hepatocyte transplantation and ideally a 

selective growth advantage for the donor cells over the native hepatocytes. Transplantation 

of wild type hepatocytes into healthy liver of adult mice unfortunately yields little 

repopulation, most likely due to the low level of ongoing hepatocyte turnover in the normal 

adult liver. The latter likely leads to insufficient driving force for the growth of transplanted 

cells. This has led many investigators to introduce liver damaging interventions in order to 

induce engraftment of exogenous hepatocytes, including hepatectomy, irradiation, or the use 

of alkaloids and other chemicals to deplete endogenous liver tissue. A single trial of 

hepatocyte transplant into an adult with PKU has been carried out at the University of 

Pittsburgh (IJ Fox, personal communication). In this patient, focal gamma irradiation of the 

left liver lobe was employed prior to delivery of donor hepatocytes to generate both a 

regenerative stimulus but also to block mitosis of the native hepatocytes and allow 

preferential proliferation from the donor hepatocytes. Even with this preparative regimen, 

only minimal liver repopulation and a modest decrease in blood Phe concentration was 

achieved.

Transplantation into neonatal liver, in which the hepatocyte population is rapidly expanding 

during normal growth, offers greater promise for successful TLR. Evidence for the active 

function of transplanted human hepatocytes in infants was first obtained in a patient with 

Crigler–Najjar syndrome type I (UDP-glucuronosyltransferase 1A1; UGT1A1 deficiency), 

in whom there was a fifty percent reduction of serum bilirubin levels and reconstitution of 

5% of hepatic UGT1A1 activity following a single hepatocyte transplantation. This study 

established that long-term engraftment and function of transplanted allogeneic hepatocytes 

could be accomplished54. Successful allogeneic TLR was subsequently reported in ornithine 

transcarbamylase (OTC) deficiency (a urea cycle disorder)54–56. In a recent clinical trial of 

hepatocyte transplantation in several infants with urea cycle disorders, repeated hepatocyte 

infusions via the umbilical vein were performed over the first two weeks of life in order to 

gradually build up a physiologically relevant population of wild type cells57. This led to 

transient improvement in biochemical and clinical parameters in some but not all patients. 

However, the investigators struggled to maintain sufficient immunosuppression, which was 

necessary as the donor cells were allogeneic. All subjects ultimately received orthotopic 

whole liver transplants and upon detailed examination of the explanted livers, little evidence 

of the transplanted hepatocytes infused during the neonatal period could be found. The 

investigators concluded that the donor hepatocytes had most likely been eliminated by the 

host immune system. To date, a neonatal hepatocyte transplantation trial has not occurred in 

PKU.
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Cell sources other than fully differentiated adult hepatocytes have been suggested as possible 

donor cell sources, such as induced pluripotent stem cells or even embryonic stem cells, 

which would then hopefully differentiate into fully functional hepatocytes. Human amnion 

epithelial cells (hAEC), the cells that form the epithelial layer on the external surface of the 

human placenta, are an interesting potential source of cells for TLR58. These unique cells 

are pluripotent, being capable of differentiating into several different cells types including 

hepatocytes, but most interestingly, hAEC express a cell surface antigen, HLA-G, that leads 

to immunologic tolerance of the cells in the recipient and absence of any need for 

immunosuppression following transplantation.

GENE THERAPY

The Wikipedia entry on PKU ended with a less than definitive proclamation about the 

potential for gene therapy as a treatment for the disease. So what is the current status of this 

treatment approach? By definition, gene therapy is the use of genes, typically DNA, as a 

drug to treat a disease. For the treatment of genetic disorders, gene therapy comes in two 

specific flavors, gene addition and gene correction (Fig. 2). In gene addition, an intact copy 

of a functional gene is added to the diseased tissue or organism; the mutant gene present in 

the patient is not altered by this approach. This treatment method is appropriate for 

recessively-inherited disorders, such as PKU, where disease pathogenesis is caused by 

insufficiency of a specific gene product. Addition of a functional gene to produce the gene 

product will cure the disease. The method will not typically work for dominantly inherited 

disorders in which disease pathogenesis is caused by the presence of a mutant gene product; 

simple addition of normal gene product without elimination of the mutant protein will not 

ameliorate the disease. There is a further distinction among gene addition methods in 

whether the approach leads to integration of the added genetic material into the host genome 

or whether the added gene remains as a non-integrated episome in the nucleus of the host 

cell. In gene correction, the mutation within the disease gene of the patient is physically 

altered, leading to restoration of the wild type sequence, and production of the normal gene 

product. This approach will work for either recessive or dominant disorders but is typically 

more difficult to achieve. A complete review of the field of gene therapy is certainly beyond 

the scope of this article; the focus will remain upon those specific milestone experiments 

pertaining to treatment of PKU.

Episomal gene addition approaches to the treatment of PKU.

Several investigators have investigated the feasibility of gene addition for the treatment of 

PKU in preclinical experiments. Most experiments have exploited nature’s best gene 

delivery vehicles, various types of viruses, to deliver a normal Pah gene into liver of 

hyperphenylalaninemic Pahenu2/enu2 mice (reviewed in59), but a few labs have also exploited 

non-viral methods of delivering Pah into liver60. In the viral approaches, the majority of the 

viral sequences from the virus genome are replaced by the therapeutic gene (Pah), actually 

the Pah cDNA. Minimally, a strong promoter placed upstream and a polyadenylation signal 

downstream of the cDNA are necessary to drive tissue specific expression (Fig. 3). This 

recombinant genome is then transfected into the requisite cell line in culture where it is 

packaged in vitro with viral capsid proteins to form infectious but replication incompetent 
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viral particles. The recombinant viral particles are purified, quantified and then administered 

to the target organism where ideally they infect the target organ (liver in the case of PKU) 

and direct the expression of the therapeutic gene product.

Two independent studies have employed recombinant adenovirus vectors, based upon a virus 

that causes the common cold, directed toward liver and demonstrated transient correction of 

serum Phe in Pahenu2/enu2 mice in vivo61,62. However, the effects were temporary because 

the virus elicited a profound host immune response that eliminated the vector transduced 

hepatocytes. A second administration of adenoviral vector had no effect because of anti-

adenoviral antibodies now present in the treated animal. The inflammatory response induced 

following recombinant adenovirus administration in the mice presaged the inflammatory 

response that led to the death of an 18 year old male subject in a liver-directed adenovirus-

mediated gene therapy trial for ornithine transcarbamylase (OTC) deficiency63.

Recombinant adeno-associated virus (rAAV) is currently the favored vector system for safe 

and effective liver-directed gene addition, with active clinical trials ongoing for adults with 

Hemophilia A or B, OTC deficiency, glycogen storage disease type 1A, acute intermittent 

porphyria, Crigler-Najjar syndrome, and others64. rAAV-mediated liver-directed gene 

therapy for PKU has been explored preclinically by several investigators using the 

Pahenu2/enu2 mouse model for nearly twenty years. AAV is a non-pathogenic parvovirus that 

is biologically unrelated to adenovirus; it is called adeno-associated simply because it 

requires the presence of adenovirus to replicate. Several different laboratories have 

demonstrated successful treatment of Pahenu2enu2 mice using various flavors of rAAV with 

differing viral capsid serotypes65–70. Administration of rAAV pseudotyped with serotype 8 

capsid has consistently yielded the most robust correction of blood Phe in mice; delivery of 

1011–1012 vector genomes of rAAV to adult Pahenu2/enu2 mice by intravenous injection is 

associated with rapid decrease in blood Phe down to normal concentrations. The 

recombinant AAV genomes do not integrate into the host liver genome but rather multiple 

AAV genomes combine within the hepatocyte nucleus to form circular head-to-tail episomes 

as the predominant PAH-expressing molecular species. rAAV treatment of the mice does not 

cause any notable adverse effects, and the safety profile has been outstanding in multiple 

human clinical trials for diseases other than PKU. Because of the accumulating human 

safety data and the body of preclinical efficacy evidence, human clinical trials of rAAV-

mediated liver-directed gene therapy using different AAV serotypes are now planned in 

adults with PKU.

rAAV genomes predominantly remain episomal and only rarely integrate into the liver 

genome, as discussed. Episomes are lost and therapeutic gene expression diminished if 

hepatocyte division occurs. In preclinical systems, rAAV-mediated therapeutic gene 

expression in liver is lost following partial hepatectomy. Hepatocytes in the remaining liver 

rapidly divide to regenerate the needed liver mass, and during that regeneration, all rAAV 

episomes and therapeutic gene expression are lost. Also, therapeutic gene expression 

following rAAV administration to neonatal animals is short lived typically, as rapid liver 

growth and hepatocyte division is again associated with quick loss of rAAV episomes71,72. 

So unfortunately, standard liver-directed gene addition approaches that only leave episomal 

genomes in hepatocytes will not be a viable treatment for neonates with PKU.
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THE PROMISE OF GENE EDITING

A truly permanent gene therapeutic solution will require that the hepatocyte genome of the 

neonate with PKU be permanently altered so that the genetic alteration will be replicated 

and will persist in daughter cells even while treated hepatocytes undergo cell division during 

normal liver growth or during the process of liver regeneration following some toxic insult 

later in life. Two approaches (Fig. 2) are possible: a variation of gene addition in which a 

complete expression package with Pah cDNA and promoter are permanently integrated 

somewhere into the liver genome, not necessarily into the Pah gene, or gene correction in 

which the patient’s specific disease-causing mutation is corrected back to the normal 

sequence leading to restoration of PAH expression from the Pah gene. In either case, the 

hepatocyte gains permanent functional PAH expression. The latter approach has the 

theoretical advantage that PAH expression would be directed by the native Pah gene 

promoter and therefore regulated naturally by those influences that control native PAH 

expression. Gene expression from the gene addition method would just be constitutively 

activated at all times. Current experimental results fortunately do not suggest any major 

adverse effects from constitutive PAH expression in liver. The major drawback of the gene 

correction approach is the likely need to design reagents specific to every different mutation, 

and therefore a multiplicity of different gene therapy vectors would need to exist to treat the 

entire spectrum of PKU patients whereas a single vector system would be needed to deliver 

the PAH expression construct for gene addition.

Integrating gene addition.

Wild type adeno-associated virus latently infects its host cell by integrating its genome into a 

specific site in the human chromosome, but unfortunately recombinant AAV vectors only 

very rarely integrate, so rAAV cannot be relied upon for effective permanent integrated gene 

addition. Recombinant gene therapy vectors based upon the human immunodeficiency virus 

(HIV), so-called lentivirus vectors, are much more efficient at permanent integration into the 

host cell. Because hematopoietic cells are the natural target of lentiviral infection, lentivirus-

mediated gene transfer has become a favored method for integrating hematopoietic stem 

cell-directed gene therapy. However, lentivirus will infect liver, and there have been recent 

preclinical attempts at using lentivirus vectors to achieve permanent gene addition in liver73. 

Currently, lentivirus vector injection leads to permanent integrations in 1–2% of hepatocytes, 

a number that is insufficient to treat PKU, but investigators are working to develop methods 

that will provide hepatocytes harboring lentivirus integrations with a selective growth 

advantage to allow expansion of this population of hepatocytes to physiologic relevance.

Gene correction.

Gene correction, that is correction of the patient’s specific mutation back to the normal 

sequence, is an attractive approach to the treatment of genetic disease. CRISPR/Cas9 

technology is a rapidly developing and widely adopted strategy for genome editing 

applications including gene correction in animal models of human disease (reviewed in74). 

The naturally occurring CRISPR (Clustered Regularly Interspaced Short Palindromic 

Repeats)/Cas (CRISP-associated gene) system is a key component of microbial adaptive 

immunity which bacteria use to protect themselves from viral invasion. The system employs 
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an RNA-guided endonuclease (Cas9) to cleave specific CRISPR sequences in bacteriophage 

genomes, but this system has been adapted to also cleave mammalian DNA75,76. Once Cas9 

induces a double strand break at a specific genomic site, the break can be repaired through 

one of two DNA repair mechanisms operating endogenously within the host mammalian 

cell, either NHEJ or less frequently homology directed repair (HDR) (Fig. 4). NHEJ can 

lead to perfect repair of the DSB back to the original sequence but may also result in a small 

deletion at the site of the initial DSB and cause the target gene to remain disrupted even after 

gene repair. This technique has been used to develop targeted knockout animal models. 

Alternatively, if an intact copy of genomic DNA with homology to sequences flanking the 

DSB is supplied along with the CRISPR/Cas9 machinery, this repair template can be 

integrated through HDR into the region of the DSB leading to gene correction. Due to the 

packaging size limit of rAAV, the necessary CRISPR/Cas9 reagents and repair template 

must be delivered in two separate rAAV vectors. Unfortunately, all things being equal, HDR 

with the repair template, which is the desired event necessary to correct disease, occurs 

much less frequently than NHEJ. Thus, when CRISPR/Cas9 was applied to adult mouse 

models for ornithine transcarbamylase deficiency, hereditary tyrosinemia, and hemophilia B, 

repair rates were extremely low, at 2%, 0.4%, and 1%, respectively77–79. Repair rates due to 

HDR in liver are higher if CRISPR/Cas9 reagents are administered to neonatal mice, 

reaching about 10% in neonatal OTC-deficient mice80. In a recently published experiment 

using CRISPR/Cas9 reagents delivered via rAAV serotype 8 vectors to neonatal Pahenu2/enu2 

mice81, we found NHEJ predominance with repair of Cas9-mediated DSB back to the 

original mutant sequence. We achieved only about 1% HDR repair unless we also treated the 

mice with vanillin, a pharmacologic NHEJ inhibitor. In mice treated with both CRISPR/

Cas9 reagents and vanillin, the frequency of HDR repair increased to 13% on average; this 

restored liver PAH activity to approximately 10% of normal and led to partial but incomplete 

correction of blood Phe concentration. Although this is an initially promising result, 

methods to further increase the frequency of HDR in preference to NHEJ must be 

developed, and the safety of the approach with regards to off-target DSB must be further 

examined, before CRISPR/Cas9-mediated liver-direct gene editing could be considered for 

human clinical trial.

Recently, novel CRISPR/Cas9-based genome editing tools that enable direct single base 

substitutions without introducing DSB have been developed and employed to treat animal 

models of genetic disease. These base editor systems are chimeric proteins consisting of 

endonuclease-deficient Cas9 fused to a catalytic domain from either a cytidine or adenine 

deaminase. The Cas9 protein along with the guide RNA allows targeting of the complex to 

the mutation site of interest but the Cas9 is catalytically dead and unable to create a DSB. 

Rather, the deaminase activity alters the base at the mutation site and ultimately allows a 

base substitution. The cytidine base editor deaminates a cytosine, creating uracil; during 

subsequent DNA replication, uracil is read as a thymine and the C∙G base pair has been 

successfully converted to T∙A82. Adenine base editors enable single A∙T to G∙C base pair 

conversions via inosine intermediates83. In a recent study, a cytidine base editor was 

employed to correct the c.788T>C missense mutation in the Pahenu2/enu2 mouse model back 

to thymine84. rAAV-mediated delivery of cytidine base editor into liver resulted in about 

20% repair of Pahenu2 alleles, and a complete reduction of blood phenylalanine to 
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physiological levels. These data suggest that the base editors have great potential for 

treatment of a subset of PKU patients with targetable T to C, A to G, G to A, or C to T 

mutations. Very recently, the laboratory of David Liu has developed a Cas9 nickase variant 

tethered to reverse transcriptase that is capable of utilizing an extended guide RNA to not 

only localize the enzyme to a mutation target but to also, using the extended guide as a 

template, transcribe in the correct DNA sequence in place of the targeted mutant sequence85. 

This so-called Prime Editing method is capable of editing all twelve types of point mutations 

as well as small deletions and insertions at significant frequency at least in cultured cells.

The major drawback of any of the site specific editing methods is that a different editing 

reagent design is required for each specific mutation, so that essentially each patient, or at 

least patients sharing the same mutation, will require their own custom gene therapeutic 

agent. Additionally, much effort remains prior to clinical use of these gene editing methods 

to evaluate the frequency of off target DNA changes elsewhere in the genome as these are 

potentially deleterious.

CONCLUSION

So how do we cure PKU in Molly? A method that permanently restores a population of 

PAH-expressing hepatocytes that make up at least 10% or more of the liver and that are 

propagated as she grows is the holy grail for cell-directed PKU therapies in a neonate. 

Contemporary cell transplantation methodology has struggled to deliver sufficient cell 

numbers, to provide a selective growth advantage for the donor cells, or to prevent their 

immune rejection. Episomal gene addition would definitely only provide temporary 

treatment if applied to neonates. The integration frequency achieved by currently available 

integrating gene addition methods is too low to be physiologically relevant unless a method 

for establishing a selective growth advantage for hepatocytes with integrations can be 

achieved. Gene correction by HDR following CRISPR/Cas9-mediated gene cleavage suffers 

similar limitation due to the preference for NHEJ in DNA repair. Precise gene editing would 

appear currently to hold the most promise with the greatest initial frequency of gene 

correction but this method requires the development of unique reagents for each different 

mutation to be treated. Perhaps Wikipedia’s closing statement is prescient, ‘Gene therapy, 

while promising, requires a great deal more study.’
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Figure 1. Phenylalanine hydroxylase (PAH) reaction and Phenylketonuria (PKU).
Phenylalanine hydroxylase is a cytoplasmic iron and molecular oxygen-requiring 

homotetramer that catalyzes the conversion of L-phenylalanine to L-tyrosine in a reaction 

that utilizes the reduced pterin cofactor, tetrahydrobiopterin (BH4). The oxidized pterin, 

quinonoid dihydrobiopterin (qBH2), is enzymatically reduced back to BH4 and recycled to 

support continued Phe hydroxylation in liver. In recessively-inherited phenylketonuria 

(PKU), PAH activity is diminished or absent. PAH deficiency leads to accumulation of L-

phenylalanine, relative L-tyrosine deficiency, and enzymatically catalyzed deamination of L-

phenylalanine to the phenylketone, phenylpyruvic acid.
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Figure 2. Gene therapy for PKU.
Phenylketonuira (PKU) is caused by recessively-inherited mutations (X) in the Pah gene 

leading to PAH enzyme deficiency and Phe accumulation. Three gene therapeutic 

approaches are used to restore cellular PAH enzyme expression and reduce Phe. First, in 

episomal gene addition, a gene therapy vector expressing PAH from a PAH cDNA driven by 

a promoter is introduced into the PAH-deficient cell. The vector genome resides 

autonomously within the host cell nucleus as an episome that is not integrated into the host 

cell DNA. In integrating gene addition, the vector genome encoding the PAH expression 

cassette physically integrates somewhere in the host cell genome, not necessarily into the 

chromosome carrying the native Pah gene. In neither of these two approaches is the native 

Pah gene altered. Lastly, in gene correction, the disease-causing Pah gene mutation is 

corrected back to the wild type sequence to restore PAH expression.
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Figure 3. Representative recombinant AAV vector genome for liver-directed gene therapy for 
PKU.
Diagram of a typical recombinant AAV vector genome designed for liver-directed gene 

therapy in Pahenu2/enu2 mice. Expression from the murine PAH complementary cDNA 

(cDNA) is driven by a strong Liver Specific Promoter (LSP). A canonical polyadenylation 

signal from the bovine growth hormone gene (BGH pA) is also required for appropriate 

expression. The only viral sequences retained the in genome are the two AAV intermediate 

terminal repeats (ITRs) flanking the expression cassette; these sequences are necessary for 

packaging of the genome into viral capsid proteins to form infectious viral particles and for 

the appropriate intracellular processing of the genomes following vector administration. The 

translation start site (AUG) is depicted at the 5’ end of the cDNA; translation initiated here 

yields a functional 454 amino acid PAH monomer that then spontaneously forms 

enzymatically active tetramers.
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Figure 4. Site specific CRISPR/Cas9-mediated double strand breakage in the Pah gene and the 
critical choice of DNA repair pathway for editing of the Pahenu2 mutation.
We designed a CRISPR/Cas9-mediated strategy to attempt to repair the Pahenu2 mutation in 

PKU mice. The Pahenu2 mutation is a T to C change at nucleotide position 788 (relative to 

the translation start site of the Pah cDNA) residing in exon 7 of the Pah gene. We designed a 

single guide RNA (sgRNA) that directs binding of the Cas9 endonuclease to a position just 

upstream from the Pahenu2 mutation site. Cas9 induces a double strand break (DSB) at this 

specific location. Competing innate cellular DNA repair mechanisms then seek to repair the 

DSB. The predominant repair mechanism is Non-Homologous End Joining (NHEJ), which 

can either perfectly repair the DSB yielding the original unaltered DNA sequence or may 

introduce small deletions or duplications (indels) further disrupting the gene. Neither of 

these events results in restoration of a functional Pah gene. Alternatively, in the presence of a 

double stranded DNA repair template that harbors the wild type sequence at the site of the 

targeted mutation, a small percentage of genomes may be repaired through Homology 

Directed Repair (HDR). In successful HDR, a segment of the chromosome harboring the 

DSB and the Pahenu2 mutation is replaced by the repair template sequence leading to 

correction of the mutation and restoration of PAH expression.
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