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Abstract Tyrosinemia type I (OMIM 276700) is a rare,

autosomal recessive disorder caused by a deficiency in the

fumarylacetoacetate hydrolase (FAH) enzyme. This study

examined the spectrum of FAH gene mutation in 32 patients

with tyrosinemia type I. In addition, clinical and bio-

chemical findings were evaluated to establish a genotype–

phenotype relationship in the patients. Mutation screening

was performed using a 50K custom-designed resequencing

microarray chip (TR_06_01r520489, Affymetrix) and

sequencing analysis. Of the 12 different mutations found,

6 are categorized as novel. Three of the mutations-IVS6-

1G>A, D233V, and IVS3-3C>G-are the most common

in Turkish patients, comprising 25%, 17.1%, and 12.5% of

mutant alleles, respectively.

Clinical evaluations suggest that the spectrum of symp-

toms observed in the patients with very early and early

disease were of the more nonspecific form, whereas the

patients with late-presenting disease had more of the distinc-

tive form over the course of the disease. This study adds

support to the notion that the D233V mutation is specific to

the Turkish population.

Keywords FAH mutations � Genotype � Microarray �
Phenotype � Resequencing chip � Tyrosinemia type I

Introduction

Tyrosinemia type I (OMIM 276700) is an autosomal reces-

sive disorder caused by a deficiency in the fumarylacetoace-

tate hydrolase (FAH) enzyme, which plays a role in the final

step of tyrosine amino acid catabolism. The disease has pan-

ethnic distribution and varying frequencies worldwide. The

disease primarily affects the liver and proximal renal tubular

system. Liver disease can manifest as acute hepatic failure,

mixed micro nodular cirrhosis, hepatocellular dysfunction,

and hepatocellular carcinoma, and proximal tubular dys-

function causes such symptoms as hypophosphatemic rick-

ets accompanying aminoaciduria, renal tubular acidosis, and

glucosuria. Acute neurological crisis and cardiomyopathy

may also develop in patients with the disease.

Three clinical phenotypes of the disease are described

based on age at onset of symptoms: the acute form presents

before 6 months of age with acute liver failure, the subacute

form presents between 6 months and 1 year of age with liver

disease, and the chronic form presents after 1 year of age

with slowly progressive liver cirrhosis and hypophosphate-

mic rickets (Bergman et al. 1998; Mitchell et al. 2001;

Chakrapani and Holme 2006). Van Spronsen et al. (1994,

1995) suggested another classification for tyrosinemia type I

on the basis of survival rates and the age of symptom onset:

very early form (onset of symptoms at <2 months of age),

early form (onset of symptoms at 2–6 months of age), and

late-presenting form (onset of symptoms at >6 months of

age). Laboratory findings for tyrosinemia type I include
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increased plasma levels of tyrosine (TYR), methionine

(MET), and alpha-fetoprotein (AFP), and excessive urinary

excretion of maleylacetoacetate (MAA), fumarylacetoace-

tate (FAA), and their derivatives-succinyl acetone (SA) and

succinyl acetoacetate (SAA) (Chakrapani and Holme 2006).

The FAH gene has been mapped to chromosome 15q23-25

and contains 14 exons that code 420 amino acids (Awata

et al. 1994). To date, more than 40 pathogenic mutations in

the FAH gene have been reported in different populations.

Some of the mutations appear to have accumulated in

particular ethnic groups, i.e., IVS12+5G>A in French–Cana-

dians (approximately 90% of alleles), IVS6-1G>T in the

Mediterranean region (approximately 60% of alleles),

W262X in Finns, D233V in Turks, and Q64H in Pakistanis

(Rootwelt et al. 1996; St-Louis and Tanguay 1997; Bergman

et al. 1998; Arranz et al. 2002; Elpeleg et al. 2002; Heath et al.

2002). Despite the fact that the spectrum of FAH gene muta-

tion has been expanded, current knowledge is not adequate for

establishing the disease’s genotype–phenotype relationship.

This study examined the spectrum of FAH gene mutation

in 32 patients with tyrosinemia type I. Of the 12 different

mutations detected, 6 are categorized herein as novel. Based

on the clinical and laboratory findings at the time of diagno-

sis, an attempt was made to establish a genotype–phenotype

relationship.

Materials and Methods

In all, 32 Turkish patients with tyrosinemia type I that, to

the best of our knowledge, came from unrelated families

were examined for FAH gene mutations. Clinical diagnosis

was based on increased levels of tyrosine in serum and the

presence of SA in urine. No enzymatic studies were per-

formed. The patients were categorized as very early (onset of

symptoms at<2 months of age), early (onset of symptoms at

2–6 months of age), and late-presenting (onset of symptoms

at >6 months of age), according to van Spronsen classifica-

tion. Genotype and phenotype profiles, together with bio-

chemical findings, are summarized in Table 1.

Mutation screening was performed using a 50K resequen-

cing microarray chip (TR_06_01r520489/Affymetrix) cus-

tom designed by our research group to sequence all exonic

sequences and their flanking intronic sequences for the fol-

lowing 14 genes responsible for 10 different types of inborn

errors of metabolic diseases: the ALDOB gene for hereditary

fructose intolerance, the ATP7B gene for Wilson disease,

BCKDHA, BCKDHB, DBT, and DLD genes for maple syrup

urine disease, the FAH gene for tyrosinemia type I, the FBP1

gene for fructose 1–6 diphosphatase deficiency, the GALT

gene for galactosemia, the GCDH gene for glutaric aciduria

type I, the MUT gene for methylmalonic acidemia, PCCA

and PCCB genes for propionic acidemia, and the PAH gene

for phenylketonuria. Genomic DNA was extracted from

blood samples using the salting-out technique. Fifty healthy

individuals were selected as a control group to test the

identified nucleotide changes and their frequencies in normal

people. The study protocol was approved by the Hacettepe

University Ethics Committee.

In brief, the FAH gene was amplified from genomic DNA

via long-range polymerase chain reaction (PCR). The primer

sets used for long-range PCR, and the related exons

and amplicon sizes are given in Table 2. After purification

(Qiagen kit), all PCR products were quantified (NanoDrop

Technologies) and equimolar quantities were pooled. After

the fragmentation step, fragmented PCR products were end-

labeled using a biotin-labeling reagent and hybridized with

DNA arrays (GeneChip Resequencing Assay Kit, Affy-

metrix). Arrays were processed via washing and staining

on a fluidics station. Scanned arrays were analyzed using

Affymetrix GeneChip resequencing analysis software.

Direct DNA sequencing was performed using primers

specific for each exon to confirm all of the nucleotide changes

detected by the microarray resequencing chip. Sequences

of the exonic primers will be supplied upon request. For the

sequencing reaction, BigDye Terminator Cycle Sequencing

v.3.1 (Applied Biosystems, Foster City, CA) and sense or

anti-sense primers were used in both the forward and reverse

directions. An ABI 3130 capillary electrophoresis system was

used for automated sequencing (Applied Biosystems) with the

POP7 polymer. Sequencing chromogram files were analyzed

using sequencing analysis software.

Results and Discussion

In total, two patients had very early disease, 15 had early

disease, and eight had late-presenting disease. Six patients

who were diagnosed via selective newborn screening

because of a positive family history were excluded from

clinical classification, and one patient, whose clinical and

biochemical findings were not available, was excluded

from classification. While two patients with the very early

form presented with gastrointestinal hemorrhagia and acute

liver failure that mimicked other acute neonatal problems,

15 patients with the early form had broader clinical symp-

tomatology, including acute hepatic insufficiency, sepsis,

hepatomegaly, chronic diarrhea, and rickets. On the con-

trary, hepatomegaly and rickets were primarily observed in

patients with the late-presenting form.

Neurologic crisis and restrictive cardiomyopathy, which

disappeared after the initiation of treatment, were noted

during the follow-up of two patients with the late-presenting

form. All but one patient excreted SA in their urine at
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the time of diagnosis. Patient 15, who was screened for

tyrosinemia type I at the age of 1.5 months because of

a positive history (an affected older sibling), did not excrete

SA in his urine (according to gas chromatography-mass

spectrometry (GC-MS) results) despite the fact that plasma

tyrosine and alpha-fetoprotein levels were elevated. The diag-

nosis of this patient was made via mutation analysis. During

follow-up, GC-MS analysis detected SA in the urine of patient

14 at age 4 months. Haagen and Duran (1987) reported a case

with tyrosinemia type I in which SA results were negative at 7

months of age. They proved that this finding was due to the

low sensitivity of the test method used, which implies that

there is a need for more sensitive tests.

Blood tyrosine levels of the patients in this study ranged

from 4.4 to 25.1 mg dL�1. A high-peak tyrosine level

(25.1 mg dL�1) was observed in one patient carrying the

homozygous c.191delA mutation. AFP levels were higher

than the normal range in all the patients at the time of

diagnosis; however, based on the variation in the age of the

patients at the time of diagnosis, AFP levels seemed to

decrease considerably in terms of newborn period as time

passes even if any treatment was given. A meaningful corre-

lation was not observed between AFP level, and the severity

of symptoms and disease type.

Altered coagulation parameters (PT and PTT) indicative

of hepatic synthesis dysfunction were observed in all but

except three of the patients in this study. In addition, two

patients with a sibling history did not have distinctive clini-

cal findings, but did have abnormal coagulation parameters

at the time of diagnosis. Interestingly, although AST levels

were elevated in 25 patients, the level of ALT (a specific

enzyme for liver tissue) was significantly elevated in only

five patients. Bilirubin levels were near the normal range at

the time of diagnosis in all the patients. In summary, altered

levels of tyrosine, AFP, coagulation parameters (PT/PTT),

and AST were considered sensitive biomarkers for the diag-

nosis of tyrosinemia type I.

In total, 12 different disease-causing mutations were

observed in 32 Turkish patients with tyrosinemia type I

(Table 1): 4 missense mutations, 1 nonsense mutation, 4

splicing mutations, and 3 deletion-type mutations. Of the

12 mutations detected, 6 (V166G, R174X, D233V, R237X,

IVS6-1G>A, and IVS12+5G>A) have been previously

reported, the others (N232K, V259D, c.191delA, IVS3-

3C>G, c.(440–441)del8 nt, and IVS9+2T>C) are desig-

nated as novel. Each novel mutation was screened in 50

control individuals and all were negative. In this study,

IVS6-1G>A, D233V, and IVS3-3C>G were the most com-

mon mutations, comprising 25%, 17.1%, and 12.5% of the

mutant alleles, respectively.

It is well known that the IVS6-1G>A mutation is the

most frequently seen nucleotide change in the Mediterra-

nean region, and accounts for approximately 60% of the

deleterious alleles in the FAH gene (Bergman et al. 1998;

Arranz et al. 2002). D233V is known to be specific to the

Turkish population, as it has not been reported in other

ethnic groups thus far, which is in agreement with the pres-

ent results (Rootwelt et al. 1994, 1996). Surprisingly, IVS12

+5G>A, which is reportedly the most prevalent mutation

worldwide (about 25% of alleles), was detected homozy-

gously in only 2 patients in this study. It was suggested that

D233V mutation causes FAH dysfunction by directly affect-

ing the Ca2+ ligand at the active site, and that V166G

mutation occurring near the active site may cause misfolding

by directly affecting the active site geometry (Timm et al.

1999). Similarly, it could be predicted that N232K located in

strand 8 of the b-roll at the active site may impair Ca2+

ligands, as does the D233V mutation. On the contrary,

it could be suggested that another novel mutation-V259D-

located in strand 9 of the b roll at the active site may cause

dysfunction via misfolding, as does V166G.

Large cohorts are necessary to establish genotype–

phenotype relationships for infrequent mutations; however,

genotype–phenotype relationships were evaluated for the

three most common mutations (IVS6-1G>A, D233V, and

IVS3-3C>G) observed in this study. On the basis of age

of diagnosis, presenting symptoms, tyrosine levels, and bio-

chemical markers, a meaningful genotype–phenotype rela-

tionship for these three mutations was not observed. These

findings are consistent with the consensus that appears in the

literature.

Hepatocellular carcinoma developed in 7 of our patients.

All of these patients were treated irregularly and inadequately

with NTBC. In addition, there was not any information

Table 2 Amplification of FAH gene fragments with long PCR using four primer sets

Amplicon Exon Amplicon size (bp) Sequence of the primers

PCR1 1 5069 F-primer: TGCCAAACAGGTTGAATACAGAGGTTGTAACT

R-primer: ACTCTTCTAGACCAAAGCACTTACCGCAGAC

PCR2 2,3,4,5 9672 F-primer: AAAGAGGGCAGGGAAACAAACTTTGACTAAG

R-primer: TCATCACTGCCAAGGACACTCATATAGACACT

PCR3 6,7,8,9,10 11635 F-primer: TTAATCCAATAAAGGAACCAAGGTGGGTAA

R-primer: ACCCTGGAACTGACAGTGAGACAGACAT

PCR4 11,12,13,14 12901 F-primer: CTGAGTGTCTTGCAGACAGACCCGAGAT

R-primer: TAGAGAGCAGGGGTTTTAGCTGAGTCAACA
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available concerning NTBC plasma levels or urinary succi-

nylacetone excretion at the time these patients received

NTBC treatment. Among these 7 patients, 5 who carried

N232K, D233V, V259D, and IVS3-3C>G mutations

developed liver cancer between 10 and 12 years of age.

The patient carrying the IVS9+2T>C mutation developed

liver cancer at 6 years of age. The patient with the IVS6-

1G>T mutation was 24 years old when diagnosed with

liver cancer. The AFP level in this patient was normal

(4.16 IU mL�1), and AFP was not immunohistochemically

detected in liver tissue, whereas histological test results of

liver tissue were compatible with neoplasm. On the contrary,

noticeable increases in the AFP levels were not observed in

these patients at the time liver cancer was diagnosed.

As a consequence, the present findings suggest that AFP

has limited value for the early detection of liver cancer in

tyrosinemia type I patients. Five patients in this study with

the D233V mutation-3 of whom were previously reported by

Rootwelt et al. (1994) developed liver carcinoma during

follow-up at our clinic. Although 5 patients are not sufficient

to conclude that the D233V mutation is a risk factor for liver

cancer, patients carrying this nucleotide change should be

followed up closely for liver neoplasm.

In conclusion, this study presents 6 novel mutations that

were observed in tyrosinemia type I patients. The microarray

resequencing method used to prescreen nucleotide changes

was confirmed to be a rapid and cost-effective method for

screening a large number of samples. Moreover, results of

this study indicate that some mutations might be associated

with a high risk of developing liver neoplasm.
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Synopsis

The article describes different type of FAH mutations and

their clinical outcomes in tyrosinemia type 1 patients.
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(1994) Novel splice, missense, and nonsense mutations in the

fumarylacetoacetase gene causing tyrosinemia type 1. Am J Hum

Genet 55:653–658

Rootwelt H, Høie K, Berger R, Kvittingen EA (1996) Fumarylacetoa-

cetase mutations in tyrosinemia type I. Hum Mutat 7:239–243

St-Louis M, Tanguay RM (1997) Mutations in the fumarylacetoacetate

hydrolase gene causing hereditary tyrosinemia type I: overview.

Hum Mutat 9:291–299

Timm DE, Mueller HA, Bhanumoorthy P, Harp JM, Bunick GJ

(1999) Crystal structure and mechanism of a carbon-carbon bond

hydrolase. Structure 7:1023–1033

Van Spronsen FJ, Thomasse Y, Smit GP, Leonard JV, Clayton PT,

Fidler V, Berger R, Heymans HS (1994) Hereditary tyrosinemia

type I: a new clinical classification with difference in prognosis on

dietary treatment. Hepatology 20:1187–1191

Van Spronsen FJ, Smit GP, Wijburg FA, Thomasse Y, Visser G,

Heymans HS (1995) Tyrosinaemia type I: considerations of treat-

ment strategy and experiences with risk assessment, diet and trans-

plantation. J Inherit Metab Dis 18:111–114

Wu JT, Book L, Sudar K (1981) Serum alpha fetoprotein (AFP) levels

in normal infants. Pediatr Res 15(1):50–52

Mutation Spectrum of Fumarylacetoacetase Gene and Clinical Aspects of Tyrosinemia Type I Disease 21


	Mutation Spectrum of Fumarylacetoacetase Gene and Clinical Aspects of Tyrosinemia Type I Disease
	Introduction
	Materials and Methods
	Results and Discussion
	Synopsis
	References


