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Abstract

Tyrosinemia type 1 is an autosomal recessive désondhich can be detected as early as possible kiftérso
that it may be treated or alleviated immediatefyuntreated, the disorder can cause dysfunctionbvef,

kidney, or neurological disease. There are 3 kinfldyrosinemia; that is, tyrosinemia type 1, 2, &ad
Tyrosinemia type 1 is the most severe of theserdése. To treat or alleviate the disorder, it canplerformed
using nitisinone drug along with diet managemernt rer transplantation. Other methods, which mayused
to reduce tyrosinemia type 1, are gene therapy, afraburse, genetic counseling.

1. Introduction

Hereditary tyrosinemia type 1 (HT1) is an autosomedessive disorder [1, 2] caused by deficiency of
fumarylacetoacetate hydrolase (FAH), the last ergityrosine degradation, encodedRAH [1]. It is a rare
genetic disorder [3]. Worldwide, HT1 affects abtuh 100,000 to 120,000 births (Mitchell et al, 20(P]. This
type of tyrosinemia is much more common in Quelizamada. The overall incidence in Quebec is abdat 1
16,000 births. In the Saguenay-Lac St. Jean regicdQuebec, HT1 affects 1 in 1,846 births [4]. HTAyrbe
detected after birth, newborn screening.

In physiological conditions [5], FAH hydrolyzes famylacetoaceta (FAA) into fumarate and acetoacetate
(Lindblad et al, 1977) [5, 6]. Deficiency of FAHdds to cellular accumulation of FAA in many bodssties,
and then intracellular FAA is rapidly degraded irsaccinylacetone (SA) and succinylacetoacetate (SAA
Although FAH can be detected in multiple tissueghsas lymphocytes and fibroblasts, it is mainlgresses in
hepatocytes and renal proximal tubular epithelidtherefore, liver and kidney are the two primary aorg
affected in patients with HT1 (Mitchell et al., 9[5]. If untreated, tyrosine and its byproductsldb up in
tissues and organs, which leads to serious meplioalems [4]. Individuals with this disorder arerigk of liver
cancer (hepatocarcinoma). Research studies sutpg¢stlevated levels of FAA in liver cells initiate promote
tumor development [7].

Nitisinone treatment should begin as soon as tagntisis of HT1 is confirmed. Because increasedlbed

concentration of tyrosine, dietary management wibintrol intake of phenylalanine and tyrosine shobéd
started immediately after diagnosis to prevent diyre crystal from forming in the cornea. Prior toet
availability of nitisinone, the only definitive thegpy for HT1 was liver transplantation, which notosld be

reserved for those children who have severe ligdure at presentation and fail to respond to initise therapy
or have documented evidence of malignant changéepatic tissue [2]. In addition, other therapiashsas
genetic therapy may be used in order to inhibitdbeelopment of this disorder. Genetic therapy mnajude

gene therapy and genetic counseling. Genetic thieagmg with nitisinone and liver transplantatidretapies
may be very helpful to fight HT1.

This article describes regarding HT1, treatmentdH®fL using nitisinone, liver transplantation, anengtic
therapy approaches. It is expected that this werkelpful for people all over the world, includisgholarly
communities who have deeply attention to HT1 p&si@md their family facing their troubles.

2. Materialsand M ethods
Materials, which are figures available in this workere taken from article and book searched baseth®

search methods as described below. Figures magdieis the link provided by the article or book vehéhe
figures were taken.
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Methods for information collection, which were usadhis work, were dug from databases on Nati@eter
for Biotechnology Information (NCBI). There wereddtabases used in this work. Theses include thanfiolg:
Gene, Online Mendelian Inheritance in Man (OMIM)}d&s, and Pubmed Central (PMC). The information
searches were done several times. For example safieching th&AH gene in Gene Database, it was searched
in OMIM Database, too. Use of each database wasdhas the needs. The work was performed as follows:

Gene Database: Visited NCBI home paluity://www.ncbi.nlm.nih.govUnder All Databases, clicked Gene and
typed FAH into the search box and then clicked &eafo get more information regardifgAH gene, it was
clicked HGNC.

PMC Database: Visited NCBI home pagép://www.ncbi.nlm.nih.govUnder All Databases, clicked PMC and
typed such as tyrosinemia type 1 into the search Gbcked Search and clicked the references needlitdf
the references, which were sought, were for opeasac

OMIM Database: Visited NCBI home pads#tp://www.ncbi.nlm.nih.govUnder All Databases, clicked OMIM
and typed tyrosinemia type 1 into the search bdick€d Search and under items selected the infoomat
needed, and then clicked it. To get the gene neddend gene/locus under Phenotype Gene Relatipnshi

Books Database: Visited NCBI home pab#p://www.ncbi.nlm.nih.govUnder All Databases, clicked Books
and typed a book name into the search box; thgeisetics or molecular genetics. In this work, désvpicked up
Human Molecular Genetics. It was related to geeeatby.

For Genetic Testing Registry, it was searched lxkiclg Genetic Testing Registry at the bottom onBllGome
page http://www.ncbi.nlm.nih.govIt was performed in order to know about genetitihg for genetic recessive
disorder. In this work, it was fdfAH gene.

Also, there were other home pages used in this wock as Hugo Gene Nomenclature Committee (HGN&). F
example, HGNC were used to get symbol gene. It wimhe by visiting HGNC home page,
http://www.genenames.om@nd put cursor on Search Gene tab. Clicked QuieheGsearch, for example, typed
FAH and then clicked search.

Searches were without date. The main searchesomarkicted from July to August of 2013. Searche®wéso
conducted beyond the main searches in order toosupips work. Search results were related to alostnd/or
extraction of articles and books. Also, articlesraveelated to definition for tyrosinemia, for examp
Information on analytical processes was made aniteeand discussion section.

The information, which was obtained from the NCBHdaother sources, was directed in order to geEAN
gene functions as results of the work, for exampled 2) Discussion of the work. This work is retate
computational and systems biology, health sciengesetics, and information technology. The papelutfes
Introduction, Materials and Methods, Results andcDs$sion, Conflict of Interests, Acknowledgement,
References, and Figures.

3. Resultsand discussion
3.1FAH gene functions

The official name of this gene is “fumarylacetoatethydrolase” (fumarylacetoacetatEAH is the gene’s
official symbol. The FAH gene is also known as beta-Diketonase, FAA, FAA_HUM and
fumaryacetoacetase [7]. The HumaAH gene is localized to the q23-g25 region of chromwsd5 (Phaneuf

et al., 1991) [5, 6, 8], contains 14 exons, andec®v-35 kilobases of DNA (Labelle et al., 1993; Aavat al.,
1994) [5, 9]. Cytogenetic location 6AH gene is on chromosome 15g25.1. More preciselyfFiié gene is
located from base pairs 80,445,232 to 80,478,92ir€ 1 [7]. For more information regardif@\H gene, visit
http://www.ncbi.nlm.nih.gov/gene/218% 0 see MapViewer, for example, on the site, chdé&pViewer under
Genomic context section. To calculate how similacleotide or protein sequences are among the same o
different kinds of organisms, it is used BLAST (Bakocal Alignment Search Tool). For more infornaati
about BLAST, refer to the NCBI Handbodkttp://www.ncbi.nIm.nih.gov/books/NBK21097/
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The FAH gene provides instructions for making an enzymiedd&AH. This enzyme is abundant in the liver and
kidney, and smaller amounts are found in many éissithrough the body. FAH is the last in seriesioé f
enzymes needed to break down the amino acid typsinprotein building block found in many foods.[7]
Specifically, FAH converts tyrosine byproducts edllFAA into smaller molecules that are either etetteby
the kidneys or used in reactions that produce grdrgr].

FAH is mainly expressed in mammalian liver. It is adgpressed, in lesser amounts, in cell from a wédge of
tissues such as kidneys, adrenal glands, lungsishdaladder, intestine, stomach, pancreas, lymybsc
(Tanguay et al., 1990), skeletal muscle, placditimgblasts, chorionic villi (Berger et al., 1988nd some glial
cells of the mammalian brain (Labelle et al., 19%3)

3.2 Mutations irfFAH gene

FAH is the only gene in which mutation is known to @ah$Tl [2, 4, 7]. Mutations ifFAH gene cause a
shortage of one of the enzymes in the five-stepge®. The resulting enzyme deficiency leads toxi to
accumulation of tyrosine and its byproducts, whigim damage the liver, kidneys, nervous system,cdimer
organs and tissues [4].

Nearly 50 mutations iffAH gene have been identified in different races aratinedworld (Human Genome
Mutation Databasehttp://www.hgmd.cf.ac.uk Mutations inFAH included missense, nonsense, and splice-site
mutations [6]. These mutations are evenly spreadgatheFAH gene but with a slightly higher frequency in
some parts of exons 8 and 13 (Bergeron et al., )2[H)16]. One mutation (BW) causes a pseudodeficient
phenotype with a reduce amount of FAH immunoreacthaterial (Rootwelt et al., 1994) [10]. Differethnic
patients with HT1 have different common mutationEAH gene. For example, mutation of IVS12+5G>A is the
most prevalent in French and Canadian populati@nsripe et al., 1994), and mutation of IVS6-1G>T,623,
and P251L are common in the Mediterranean aredarieinand Ashkenazi Jew populations respectively
(Himsworth, 1950; Rootwelt et al., 1994; Elpele@kt 2002; and De Braekeleer, Larochelle, 199Q)tatlon of
R237X was detected in a Turkish proband with HTIb¢P Amstel et al., 1996) and 7 different familiggh
HT1 in Saudi Arabia (Imtiaz et al., 2011). It wascafound a Chinese patient with compound heteroagg
mutation (R237X and L375P) [6].

Jorquera and Tanguay (2001) reported that a subagegc dose of FAA, the mutagenic metabolite
accumulating in HT1, included spindle disturbanaed segregational defects in both rodent and huwoeks A
sustained activation of the extracellular signgtated protein kinase (ERK) was also observedndas skin
fibroblasts derived from HT1 patients not exogempuseated with FAA showed similar mitotic-derived
alterations and ERK activation. Replenishment dfaicellular glutathione (GSH) with GSH monoethydest
abolished ERK activation and reduced the chromosanstability induced by FAA by 80%. Jorquera and
Tanguay (2001) speculated that this tumorigeniateel phenomenon may rely on the biochemical/cellula
effects of FAA as a thiol-reacting and organelleatic spindle-disturbing agent [11, 12].

Genetic correction, a reversion, in HT1 could océtwittingen et al. (1994) found that this geneta@rrection
for 3 different tyrosinemia-causing mutations. laclke case, a mutant AT nucleotide pair was reveided
normal GC pair [1]. One of the mutations that shdweversion was the splice site mutation [13]. Arotwas
the glu357-to-ter mutation due to G-to-T transvamnsit nucleotide 1069 [14]. Chemical mutagenesiggnsion
the disease-causing mutation, could result frommteabolites accumulating in tyrosinemia [1].

For more information regarding mutationsHAH gene, visit references [1] and [11].
3.3 Genotype-phenotype correlations

One mechanism that explains this clinical variatimene reversion. Hepatic nodules removed framrdi of
individuals with chronic form of HT1 have been shote have cells that are immunologically positiee FAH
protein and to have enzymatic activity for FAH (Kiwigen et al., 1994; Grompe, 2001). These seemingl
“normal” cells appear to have arisen by gene réemrsthat is, the spontaneous self-correction, (iback-
mutation) of germline mutation to the normal geaquence during somatic cell division. Spontaneounsasic
mutation that suppresses the effects of the pajfolmutations and allows for normal or near-normahe
expression in these cells has also been reportihi (@l et al., 2005). This is a true reversiontted mutant
sequence and not the result of maternal cell ceddiain or maternal cell fusion (Bergeron A et 2004). The
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“normal” (i.e., reverted) cells have a selectedwgtpadvantage since they are no longer at riskafmptosis
from the accumulation of the FAA. These foci of egant “normal” cell colonies comprise many of ther
nodules in untreated individuals with chronic HTharhave a milder biochemical and clinical phenotgiien
et al., 2000; Demers et al., 2003). However, thetinoed production of SA and FAA by the non-revetta
mutant cells places the individual at continuell fig hepatocellular carcinoma (Kim et al., 2008)) [

If enough cells have the reverted gene, some FAtiViycis restored. Researches have found a cdioela
between the severities of symptoms and the exterdgversion in liver cells. People with sever syoms of
HT1 have few reverted cells, while those with mildgmptoms have many cells with the rever&&H gene

[7].

No correlation is observed between clinical presgaon and genotype. Acute and chronic forms haen lseen
in the same families, as well as in unrelated ildials with the same genotype (Poudrier et al. 31 §3.

Theoretically, genetic correction shows that a gendisorder, including HT1, may be treated. Insticiase,
treatments for HT1 may be conducted using bothsleugl genetic therapies. Use of these both appesanhy
neutralize the HT1. Researchers, which have beeduoted in order to overcome the disorder, haven bee
performed since 1992. It has shown success so far.

3.4 Diiagnosis
3.4.1 Natural history

The natural history of the typical disease is apl@ion to liver failure, cirrhosis with hepatoadfir carcinoma,
end stage renal failure, acute neuropatic painshgpértrophic cardiomyopathy [17]. HT1 displays pbgypic
heterogeneity with both acute and chronic formst¢h@l et al., 2001; Poudrier, 1998) [9].

Untreated HT1 usually presents either in youngritdawvith severe liver involvement or later in thiestf year
with liver dysfunction and significant renal invelment, growth failure, and rickets. Growth failuesults from
chronic illness with poor nutritional intake, livénvolvement, and/or chronic renal disease. Deattthie
untreated child usually occurs before age ten yebugically from liver failure, neurologic crisispr
hepatocellular carcinoma [2].

Children with HT1 may have a characteristic odor “bbiled cabbage” or “rotten mushrooms.” Infants
occasionally have persistent hypoglycemia; somee Haxperinsulinism (Baumann et al, 2005). Othersehav
chronic low-grade acidosis (Scott, unpublished Ydggh An acute form of HT1 results in death duritihg first
month of life because of hepatic failure, whereahmnic form leads to gradual development of lidiease
often accompanied by childhood rickets, renal dysfion, neurological crisis, and hepatocellularccama [8,
10].

Untreated children before age six months typichlye acute liver failure with initial loss of syetft function
of clotting factors (Coffe et al., 1999). Prothrami time (PT) and partial thromboplastine time (pPTare
markedly prolonged and not corrected by vitaminug@ementation: factor Il, VII, IX, XI, and Xl leals are
decreased; factor V and factor VIII levels are presed. Paradoxically, serum transaminase levels meagnly
modestly elevated; serum bilirubin concentratioryrba normal or only slightly elevated, in contréstmost
forms of severe liver disease in which marked dlemaof transaminases and serum bilirubin concéntra
occur concomitantly with prolongation of PT and PTT. Resistance ofetid liver cells to cell death may
explain the observed discrepancy in liver functjgingel et al., 2004) [2]. HT1 is characterized leyere liver
injury [18].

Acute patients present before the age of six moiitiesmost severe between 0-2 months (van Spraetsah,
1994). These patients are particularly susceptiblénfections (Epoy et al., 2010). de Laet et aD1Q)
introduced about sub-acute patients. These paipeasent with progressive liver disease usuallh@nfirst year
of life that is usually less severe than the youmgdients. The main features are coagulopathlyréato thrive,
hepatosplenomegaly and rickets [19].

In the more chronic form of the untreated disordgmptoms develop after age six months; renal arbul
involvement is the major manifestation. The renddutar dysfunction involves a Fanconi-like renahdsome

10



Advances in Life Science and Technology www.iiste.org
ISSN 2224-7181 (Paper) ISSN 2225-062X (Online) [LLE]§

Vol 14, 2013 [[:

with generalized aminoaciduria, phosphate loss, fordmany, renal tubular acidosis. The continuedal loss
of phosphate is believed to account for ricketsjsecalcium concentrations are usually normal T2je chronic
form is generally diagnosed in early childhood gnelsents with a milder phenotype by such as secpmdaal
tubular dysfunction leading to hypophosphatemikais [6].

Chronic patients are more than one year old anseptemainly with liver and/or renal disease. Thse#s may
be complicated by cardiomyopathy (Arora et al., @0@nd neurological problems such as porphyria-like
episodes. Cirrhotic liver changes are generallyaaly present [19].

Untreated children may have repeated neurologgiscsimilar to those seen in older individuals wéttute
intermittent porphiria. These crises include chamgenental status, abdominal pain, peripheral neaitoy,
and/or respiratory failure requiring mechanical tiation. Crisis can last one to seven days. Regukat
neurologic crisis often go unrecognized. Mitchellak (1990) reported that 42% of untreated Frenahadian
children with HT1 had experience such episodesnliinternational survey, van Spronsen et al (198dprted
10% of deaths in untreated children occurred dugimgurologic crisis [2].

Untreated infants diagnosed before age two morldsaehtwo-year survival rate of 29% (van Spronseal.gt
1994). Those diagnosed between ages two and sixhexdiad a 74% two-year survival rate; those diagghos
after age six months had a 96% two-year survival. rafter more than five years the survival ratahef group
diagnosed between ages two and six months droppegbroximately 30% and that of the group diagnastet
age six months dropped to approximately 60% [2{ieRts surviving beyond infancy are at consideraisle for
the development of hepatocellular carcinoma, amdgh level of chromosomal breakage is observed i H
cells, suggesting a defect in the processing of DRH.

3.4.2 Newborn Screening

Newborn screening is best performed using SA asnaapy marker because it is sensitive and sped#iood
spot tyrosine is neither specific nor sensitiveahAlgh biochemical abnormalities may be identiadrtly after
birth (Schlum, Mayatepek, and Spiekerloutter, 20b@pies with HT1 are rarely symptomatic in thetfafays of
life. Newborn screening enables treatment of childwho are not yet clinically ill. However, newborn
diagnosed by screening have markedly raiséetoprotein levels (Hostetter et al., 1983) [19hiderman et al
(2011) indicated that SA is now a routine biomarfikerHT1 in newborn screening laboratories. SA sasured
directly from the newborn blot spot by tandem msgectroscopy (Allard et al., 2004; Rashid et 2002, Al
Dirbashi et al., 2008). In Quebec, Canada, ALA diehtase (PBG synthase) enzyme activity is meadortoe
newborn screening program (Gigure et al., 2005).isSthen measured in the urine of infants with app&d-
ALA dehydratase deficiency (Schulze et al., 20@]) Cassiman et al (2009) indicated that the diagnof HT1
is based on presence of SA in urine and blood #&#i8 urine, and increased tyrosine and methiodiry |

Anther method, which can be used, is blood tyroginenethionin concentration. Elevated concentratién
tyrosine or methionin in the blood suggests livisedse; the diagnosis of HT1 should be furtheruatatl by
guantification of plasma or urinary SA. In this ea¢l) infants with HT1 may have only modestly yrosine
and methionin when the first newborn screening $anwp collected. (2) Elevated tyrosine concentratom
newborn screening can be the result of transienthefnewborn, tyrosinemia type Il or Ill, or othivrer
diseases. (3) Elevated methionin concentrationimginate liver dysfunction, defects in methionirtatbolism,
or homocystunuria [2]

In addition to SA and SAA, the presence of 4-oxby@roxyheptanoic acid in urine has also been desdri
phatocnomonic (Lindblad, Steen, 1982). The presa@fic8A and SAA is considered phatognomonic for the
disease. Until now, no HT1 without SA or SAA inngihas been described (Scott, 2006). The diagnbsig1

is confirmed by measurement of FAH enzyme actiiritgultured fibroblasts (or on liver tissue) anddatection

of disease-causing mutationsHAH gene [17].

3.4.3 Testing [2]

In FAH deficiency, FAA:

(1) Appears to accumulate in hepatocytes, caustiglar damage and apoptosis (identified in animatels by
Endo and Sun (2002) and (2) it is diverted into @& SAA. SA interferes with the activity of the ltaking
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enzymes: (a) parahydroxyphenylpyruvic acid dioxyagnp-HPPD), resulting in elevation of plasma tyrosine
concentration and (b) PBG synthase, and resultirfj reduced activity of the enzymieALA dehydratase and
circulating red blood cells; 2) reduced heme sysithe3) increased-aminolevulinic acid &ALA), which may
induce acute neurologic episodes; and 4) increasedry excretion 08-ALA.

HT1 is characterized by the following chemical fimgk:

There is increased SA concentration in the bloatiearetion in the urine. It needs to be known {fatlasma
tyrosine concentration in affected infants can lemal in cord blood and during the newborn peri().
Elevated plasma tyrosine concentration can alsa henspecific indicator of liver damage or immatyrfor

example, in infants taking a high-protein formulBe¢hakittiroj et al. 2005), including undiluted gaailk

(Hendriksz and Walter, 2004).

There is elevated urinary concentration of tyrosimaetabolites. p-hydroxyphenylpyruvate, p-
hydroxyphenyllatate, angthydroxyphenylactate detected on urine organic testing.

Increased urinary excretion of the compowarliLA secondary to inhibition of the enzyndeALA dehydratase
by SA in liver and circulating red blood cells (Sa& Kappas, 1983).

Untreated HT1 is characterized by the following res in liver function: (1) markedly elevated serum
concentration ofi-fetoprotein (average 160,000 ng/mL) (normal <10@0mL for infants age 1-3 months and
<12 ng/mL for children age 3 months to 18 years] ) prolonged prothrombin and partial thrombotitas
times. It should be noted that (a) Changes in sarunfetoprotein and PT/PTT are more severe in HT1 than
nonspecific liver disease and are often the presgfindings in HT1. (b) Transaminases and biliruare only
modestly elevated, if at all. (c) Presence of ndrseaum concentration ef-fetoprotein and normal PT/PTT in
an individual with liver disease has a low probigpibf being from HT1.

Assay of FAH enzyme activity is possible in skibréiblasts but is not readily available. Affectediuiduals
have very low or undetectable FAH enzyme acti\dpecific reference ranges vary among laboratories.

It should be noted that homozygosity for the pseleficiency allele (p.AArg341Trp) or compound
heterozygosity for the pseudodefisiency allele amdithologic allele results in low FAH enzyme atfibut not
clinical symptoms and normal serum concentratiotyafsine, thus potentially complicating the intexfation
of FAH enzyme activity particularly in prenatal tieg. This potential difficulty is now avoided bers® assay of
FAH enzyme activity is no longer in routine use.

3.5 Genetic counseling

HTI is inherited in an autosomal recessive manAerconception, each sib of an affected individuas ta 25%
chance of being affected (recessive homozygote)50& chance of being an asymptomatic carrier
(heterozygote), and a 25% chance of being an wtaffeand not a carrier. This is fit for the firseMlel's law
called “Segregation of Allelic Genes.” Once anigksib is known to be unaffected, the chance sfheir being

a carrier is 2/3. All of the autsomal recessiveenitances are fits with the above information.

The appearance of HTI would be lower if the paresats not relative. If the parents are relative lechl
consanguinity, the appearance would be higher.ebfuation for this is o+ paCc /d) [22]. Cc is the inbreeding
coefficient. The equation for the inbreeding cagéfint is F(Cc) =2(%2)*™* [23]. The prevalence of HTI is
100,000 to 120,000. If the prevalence of 100,000sid, then, the probability of an expression of féF Ccl
would be about as follows:

Cc = (¥%f2" + (%"= 0.0625
o° = 1/100,000 = 0.00001
q =40.00001 = 0.0032
p =1-0.0032 = 0.997
If the accurate equation is used, the result is:

(o + pqCc/d) = 20.70
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Thus, the HTI would be about 20.70 times highehd& parents were cousins (consanguinity) thaneiftéirents
were unrelated. It seems that it is important torgarried without unrelated. Unrelated marriagey imalp to
reduce the increase of HT1 in the areas where ag@siare common. It needs to give education thrgagktic
counseling in the elementary schools in those aeggerding HT1. It may help people in those areasiwkabout
HT1 as early as possible. However, the decisiomlshioe given to the people in those areas whethapbthey
would like to get married with unrelated.

In the general US population, the carrier frequeas@stimated at 1 : 150 to 1 : 100 [2].

Carrier detection and prenatal diagnosis are plessibthe diseases-causing mutations for HTI haeerb
identified in the family. The testing can be dometbe DNA extracted from chorion villus samplingMg&) at

10-12 weeks gestation or on DNA extracted froml fegdls obtained by amniocentecis at 15-18 weeksagen.

Preimplantation genetic diagnosis (PGD) for at-psgnancies is also possible in principle.

Prenatal diagnosis for pregnancies at 25% riskossiple by detection of SA in amniotic fluid obtdiy
amniocentesis usually performed at approximatehl8 Sveeks gestation. Detection of SA in amniotiddlis
diagnostic; however, because false negative hagg teported this method should only be used byrédbres
consistently able to identify SA at low levels ligitde isotope detection [2].

3.6 Gene therapy

The term gene therapy describes any proceduredieteto treat or alleviate disease by geneticalldifging the
cells of a patient. It encompasses many differaategies and the material transferred into patiefis may be
genes, gene segments, or oligonucleotides. Thetiigenaterials may be transferred directly into ellithin a
patient (n vivo gene therapy), or cells may be removed from theepaand the genetic material inserted into
them in vitro, prior to transplanting the modified back into thatient &x vivo gene therapy). Because the
molecular basis of the diseases can vary widelynesgene therapy strategies are particularly sudeckrtain
type of disorder, and some to others. Major disedasses include: infectious disease, inheritedrdess,
cancers, and immune system disorders (StratchaRaap, 1999) [23]. For HT1, it seems that geneathefor
inherited disorders may be used to treat or altewiize disorder.

One of the gene therapy techniques is called as gagmentation therapy (GAT). GAT has been usdcetd
several inherited disorders caused by genetic idafig. GAT is targeted at clinical disorders whéehe
pathogenesis is reversible. It also helps to have no precise for expressimels of the introduced gene and a
clinical response at low expression levels. GAT hesn particularly applied to autosomal recessiserders.
Where even modest expression levels of the intredigene may make a substantial different [24].

The type of DNA molecules used for gene therapyriscial but “DNA delivery vehicles” are also very
important. Gene therapy defined as the transfeuofeic acid molecules (usually DNA) to patient sdi cells
in order to prevent, treat, or alleviate a spedafindition. Different gene therapy strategies hagen design to
suit different type of diseases, the most “clagsiohwhich involves gene delivery to target ceiis order to
obtain optimal expression of the gene introducekis Therapeutic approach is particularly well sitfer
inherited diseases that are causes by recessiaiong, since these are typically associated wighabsence of
a functional gene product or the drastic decreaskd expression of gene. In these cases, theafibatic gene”
must be inserted within a DNA molecule (usuallyaaterial plasmid) along with its entire essentegulatory
sequences in order to ensure the correct expressitine gene in the target cells. To facilitate #aequate
cellular of the uptake molecules, they must be pdakithin appropriate “gene delivery vehicles” [25]

One of the first vectors to be developed was pBREHivar et al., 1977), which was constructed igating
restriction fragments from 3 naturally occurrig coli plasmids: R1, R6.5 and pMB1 [26]. The pBR322
plasmid consists of 4362 base pairs (bp). It camgEnes for resistance to two antibiotics and dagrew when
either of the two antibiotics is present [23].

Some of the different types of viruses used as gfegrapy vectors: (1) Retroviruses - a class afsés that can
create double-stranded DNA copies of their RNA gees. These copies of its genome can be integrated i
the chromosomes of host cells. Human immunodefigietirus (HIV) is a retrovirus. (2) Adenoviruses <lass
of viruses with double-stranded DNA genomes thasearespiratory, intestinal, and eye infectionfiumans.
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The virus that causes the common cold is an adam\i3) Adeno-associated viruses - a class oflssiagle-
stranded DNA viruses that can insert their genptaterial at a specific site on chromosome 9. (4jpele
simplex viruses - a class of double-stranded DNAségs that infect a particular cell type, neurddsrpes
simplex virus type 1 is a common human pathogehdases cold sores [26].

Lentiviruses belong to the retrovirus family. Thene able to transducer both proliferating and noliferating
cells, augmenting the range of target cells (Naleiral., 1996; Reiser et al., 1996). These virumescurrently
the most widely used gene therapy vectors, as somyetimes permit prolonged gene expression, althoug
gradually silencing of gene expression has also begorted in occasion (Pannell et al., 2000) [27].

Gene therapy may be useful in genetic diseasesewthere is genetic aberration that causes the alofen
expression of a certain gene such as in HTI dueAtd deficiency and thalassemia. A study has developed an
induced pluripotent stem cell (iPSC) from an FAHfidency mouse, corrected the genetic aberration by
transduction of FAH cDNA using lentiveral vectondasuccessfully generated healthy mice from coerect
iPSC (Wu and Liu, 2011) [25]. It seems that leméiivector may be used to fight HT1 on human.

Except lentiveral vector [25], delivery system lthem adeno-associated virus (AAV) vectors haveaetitd

significant attention (Youjin and Lun, 2009) [28erhaps, AAV vectors may be developed in ordeigtat HT1

on human. In mice albinism, AAV vectors had beeadus order to treat the disorder. Gargiulo et24100)

indicated that mice that received sub retinal itigecof AAV 2/1-CMV-hTYR-mediated delivery at birtand

adult Tyf? retina resulted irex novo melanin biosynthesis in retinal pigment epitheliamd in the choroid,
suggesting that deposition of melanin and conseeytigmentation of the eye are reversible whentdcba
regardless of the age of the animals [23, 29]].réfoee, it is reasonable to suggest that AAV vectmay be
used in order to treat HT1 on human.

3.7 Treatment of HT1 with nitisinone and transpdeioin

Sniderman et al (2011) suggested that nitisinoreuldhbe prescribed as soon as the diagnosis of idT1
confirmed. A diet low in phenylalanine and tyrositen lower plasma tyrosine concentration [2]. luldoneed
the combination of NTBC (nitisinone) therapy, liieansplantation, and gene therapy to fight tyresiia type
1. At present, the biggest hope to treat the desoisiwith using nitisinone therapy. Nitisinondrnsglicated as an
adjunct to dietary restriction of tyrosine and pylatanine in the treatment of patients with HT1.

Nitrisinoe was first approved in the US on 30 OetoB002, and subsequently in the European Union (EdJ
centralized procedure on 21 February 2005. Orfedatso available for “named-patient” used in otbeuntries.
Nitisinone was designed as an Orphan Drug for teatient of HT1 the Therapeutic Goods Administratio
(TGA) Health Safety Regulation of Australian Goueent on 30 October 2008. The drug is not registéred
Canada or New Zealand [30].

Nitisinone (Orfadift), 2-(2-nitro-4-trifluoro-methylbenzyol)-1,3 cycleranedione (NTBC) was approved by the
Food and Drug Administration in April 2002 for ttegent of tyrosinemia type 1 (Schewets, 2002) [2].
Nitisinone is competitive inhibitor of 4-hydroxypind-piruvate dioxigenase, an enzyme upstream of kthe
tyrosine catabolic pathway. By inhibiting the notnsatabolism of tyrosine in patients with HT1, sitione
prevents the accumulation of the catabolic interiated maleylacetoacetate and fumarylacetoacetafmtients
with HT1, these catabolic intermediates are comederto the toxic metabolites SA and SAA, which are
responsible for the observed liver and kidney tioxif23]. SA can also inhibit the porphyrin syntiepathway
leading to the accumulation of 5-aminolevulinat@eearotoxin responsible for the porphyric crisearebteristic

of HT1 (Orfadin: www.acessdata.fda.gov/drugsatfda dogs/label/2012825010Ibl.pdf The tyrosine
catabolic pathway can be seen at Figure 2.

The recommended dosage of nitisinone is 1 to 2 gngikided into two daily doses. The initial doselis
mg/kg/day divided for morning and evening admiristm; individual requirements may vary. In pateenhose
porpphobilinogen (PBG) synthase activity and uBr&LA and urine SA are not normalized within onentio
after the start of nitisinone treatment, the nitisie dose may be increased to 1.5 mg/kg/day. lientat
receiving 1.5 mg/kg/day, whose erythrocyte PBGHsgaé activity and urine 5-ALA and urine SA remain
elevated and whose plasma SA is not normalized #ftee months, the dose may be increased to up a
maximum dose of 2 mg/kg/day.
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If plasma nitisinone concentration, plasma SA, @rBtALA and erythrocyte PGB-synthase activity am n
available, clinical laboratory assessments shautude urine SA, liver function tests;fetoprotein, and serum
tyrosine and phenylalanine level. During initiatiaf therapy and during acute exacerbations, it rhay
necessary to follow more closely all available biemical parameters.

Schlump et al. (2010) reported that a significantéase in SA was observed within the first 12 badidife in a
newborn baby with HT1 without treatment. It may becessary to make an early diagnosis and start the
treatment. It appeared that nitisinone slowed psgjon of the disease [16].

Nitisinone is typically given in two divided dosdxwever, because of the long half-life (50-60 kpuaffected
individuals who are older and stable may maintaiecuate therapy with once-per-day dosing [2].

As soon as the diagnosis is confirmed, or evenesiisd because of liver disease and appropriatstiged¢ions,

have been sent, start nitisinone in a dose of kgidy once a day as the half life is 54 hours I(Ni3 et al.,

2001; Schlune a et al., 2012). A dose of 2 mg/kg&teuld be given for 48 hours for those in aceteese liver

failure. An alternative approach is to give allipats in liver failure nitisinone at a dose of 2/kgjday from the
start and allow the dose to fall with growth to f/kg/day before increasing it. Nitisinone can ohby given

orally (or by naso-gastric tube). It is imperatteedo so quickly to prevent further liver and kigrdamage and
avoid potentially major complications such as haehage. The risk of long term complication is ateduced
(Holme E and Lindstedt S, 1998) [19].

The safety of nitisinone in the treatment in prewya and the accompanying fetal and maternal
hypertyrosinemia, has not been firmly establishéowever, three patients on nitisinone have haddsahiho
were normal on examinations in the newborn peficaly follow up was also normal [19].

A low phenylalanine and tyrosine diet for HT1 pateewas introduced by Halvorsen and Gjessing (1864
for a long time was the only treatment availabléhdd a beneficial effect on renal tubular defebts, did not
cure the liver disease [19].

Nitisinone increases blood concentration of tyresimecessitating a low-tyrosine diet to preverasine crystals
from forming in the cornea. Dietary management &hdie started immediately upon diagnosis and should
provide a nutritional complete diet with controlledakes of phenylalanine and tyrosine using a ta@ga diet
with low-protein foods and a medical formula sushgrexX’ (Ross) or Tyros-1(Mead Johnson) [2].

Infants with HT1 should be placed on a low protdiet that contains limited amounts of phenylalanamel
tyrosine. In some cases, affected infants havebérkdi improvement of liver and kidney abnormalitiggh
dietary management alone. However, progressiornirthosis, liver failure and potential liver cancisr still
possible. Therefore, affected individuals must obse very strict diet using special medical fabi®ugh their
lifetime [3].

Phenylalanine and tyrosine requirements are inpenggent and vary from individual to individual amithin
the same individual depending on growth rate, adegof energy and protein intakes, and state dfthea/ith
appropriate dietary management, plasma tyrosineesdration should be 200-500 umol/L, regardlesags;
plasma phenylalanine concentration should be 2@u8®I/L (0.3-1.3 mg/dL). If the blood concentratiofi
phenylalanine is too low (<20 umol/L), additionabfein should be added to the diet from milk orde¢2].
Liver transplantation may be required in cases whadfected infants or children develop end staggr failure,
fail to respond to therapy with nitisinone, or hawédence of liver cancer [3], hepatocarcinoma.

In an overview of HT1 by Kvittingen in 1986, theseaof a patient with HT1 is described who was &géah
1978 with a liver transplant performed by Fisthal. The patient died three months later but the ®adbal
derangements apparently improved. Subsequentlygbe of liver transplants in HT1 cases have irsgéand
the benefit appear to be confirmed. Paratlial. reported in 1990 that six out of seven patient®s wéteived
liver transplants survived with normal liver furani and growth on a normal diet. Thus, liver traasgdtion
seems to be an effective treatment and it may edhe risk of hepatocellular carcinoma (Uetlal., 2005).
However, long-term follow-up of the patients witil H treated with liver transplantation may be neaps$o
confirm the results [16].

There are three items important that related &r livansplantation [2]:
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1) liver transplantation should now be reservedtfmse children who (a) have severe liver failurelmical
presentation and fail to respond to nitisinonedpgror (b) have documented evidence of the maligclaanges
in hepatic tissue (Mohan et al., 1999).

2) Transplant recipients require long-term immumossasion. Mortality associated with liver transpédion in
young children is 10%.

3) Transplant recipients may also benefit from ldese nitisinone therapy to prevent continued remad
glomerular dysfunction resulting from SA generatedenal tissue (Pierik et al., 2005).

It seems that nitisinone, diet management, and tramsplantation are the best way in order tat tfea disorder
at the present time. The drug is helpful for bath countries and development countries. It is pde0d register
the drug for countries that have not yet registetegarticularly the development countries. Nitishe is
beneficial in order to fight HT1.

3.8 A Clinical trial

A sample of clinical trial using nitisinone is fadlow [31]:

Title: Taste and Palatability of Orfadin Suspensi@n Open, Non-controlled 3 Day in Pediatric Pasewith
Hereditary Tyrosinemia Type 1 Treated with Orfadin

Purpose: The purpose of this study is to verify greiatric patients, especially those who areatdtenough to
swallow capsules, accept the taste and palatabiliynew suspension.

Detailed description: This is an open, non-randechiznon-controlled, multiple-dose study in 18 ptitia
patients. The treatment period is 3 days, and dutie study the subject will rate the taste andtphllity of the
suspension or (for younger children) their parevilisrate the child’s acceptance of the suspension.

The study consists of a screening period, a 3 @@grhent period and a 1 week follow-up period.

Sponsors and collaborators: Swedish Orphan Biavitru

For more information, visit reference [31].
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Figure 1.FAH gene location on chromosome 15

Taken from Genetics Home Reference

Figure 2. The Tyrosine Catabolic Pathway
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