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Psychosocial Aspects of Predictive Genetic Testing for Acute
Intermittent Porphyria in Norwegian Minors

Janice Andersen, Sverre Sandberg, Maalfrid Raaheim, and Eva Gjengedal

Abstract Objective: The Norwegian Porphyria Centre
routinely offers genetic counselling and predictive genetic
testing in families diagnosed with porphyria. The aim of
this study was to investigate the subjective experiences of
adolescents and young adults who were genetically tested
for acute intermittent porphyria (AIP) as minors. What were
the psychosocial consequences and how were these handled?

Methods: Qualitative interviews of ten Norwegians aged
16-21 years were performed and analysed based on inter-
pretive description. All participants were initially predictive-
ly tested for AIP as minors, but three had subsequently
developed manifest disease.

Results: The participants considered early diagnosis and
lifestyle moderation advantageous, but finding motivation
for precaution was difficult. AIP inflicted few psychosocial
challenges and was a small part of the participants’ identity,
but risk of manifest disease was, nevertheless, a cause for
concern for two participants with latent AIP. The partici-
pants were content with their present level of knowledge and
they felt capable of obtaining relevant information when
needed. AIP was experienced as a vague condition, and
participants and their relatives attributed a variety of symp-
toms to the disease.
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Conclusion and implications: Being genetically tested as
a minor was experienced as useful and entailed relatively
few adverse psychosocial consequences, although there
was a potential for concern. Appropriate and individually
tailored genetic counselling and written consent is subse-
quently advised. What constitutes a suitable age for testing
will differ from individual to individual, but these results
suggest that parents in collaboration with their children may
be suited to decide what age is appropriate.

Keywords Acute intermittent porphyria Genetic
counselling Minors Predictive genetic testing
Psychosocial - Qualitative methods

Introduction
Acute Intermittent Porphyria

Porphyrias are rare and mainly inherited diseases caused by
reduced activity of different enzymes in the heme synthetic
pathway. Each enzyme defect causes a specific disease.
These enzyme defects may result in elevated levels of por-
phyrins or porphyrin precursors leading to a wide range of
symptoms. Acute intermittent porphyria (AIP) is one of the
most common forms of porphyria. Prevalence of the symp-
tomatic disease is estimated to 1-2 per 100,000 (Herrick and
McColl 2004). Attacks are characterised by abdominal pain,
vomiting, headache, muscle aches, muscle weakness, pare-
ses, hypertension, tachycardia, mental symptoms and respi-
ratory paralysis (Sassa 2006). AIP has been referred to as
“the little imitator” because sometimes non-specific symp-
toms are easily mistaken for other subjective health com-
plaints (Crimlisk 1997). A range of medications can trigger
symptoms, in addition to hormones, alcohol, physical and
psychological stress, hunger and fasting (Normann and
Puy 2002). Inheritance is autosomal dominant, with reduced
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penetrance (Badminton and Elder 2005). Disease severity
varies from minor symptoms of abdominal pain to serious or
frequent attacks requiring hospitalisation. Paralysis and
respiratory failure are rare but potentially lethal complica-
tions, highlighting the need for early diagnosis (Herrick
and McColl 2004). Symptoms very rarely develop before
puberty, but there exists a few documented cases of AIP in
children (Sandberg et al. 2001; Elder 1997; Hultin et al.
2003).

Genetic Counselling and Testing

The Norwegian Porphyria Centre (NAPOS) offers both
diagnostic and predictive genetic testing for AIP. Norwegian
legislation states that predictive genetic testing requires
extensive genetic counselling, and written informed consent
is mandatory (Norwegian Biotechnology Act of 5th Decem-
ber 2003, No. 100 relating to the application of biotechnology
in human medicine, etc.). As a rule, predictive genetic testing
of minors is not permitted unless such testing can facilitate
treatment or prevention of the disease. In the case of AIP, one
considers that early detection of mutation carriers will im-
prove prognosis through lifestyle changes and avoidance of
symptom-triggering medications. Based on this, NAPOS
offers genetic counselling and predictive testing for minors.
Mutation carriers without symptoms are referred to as latent
AIP, and persons who have experienced one or more AIP
attacks are diagnosed as manifest AIP. If a person is diag-
nosed with latent or manifest AIP, NAPOS will issue a
personal ID card that can be used when the person is in
contact with health services, and thus contribute to both
avoidance of porphyrinogenic medication and the implemen-
tation of correct medical treatment.

Previous Research

There are few papers on psychosocial aspects of AIP and
hardly any focus on young persons with the diagnosis. A
qualitative study from Sweden, in which five women were
interviewed on their experiences with serious AIP attacks,
concluded that when these women had their attacks they
lived in the “deepest darkness”, with indescribable pain,
both physically and mentally (Wikberg et al. 2000). A
British questionnaire study of 116 patients (Millward et al.
2001) found lower quality of life in patients with AIP,
compared to patients with other types of porphyria. This
resulted in lifestyle consequences for a significant number of
the participants and especially for persons with manifest AIP.
A follow-up study confirmed that depression and especially

anxiety were more common in persons with AIP than in the
normal population (Millward et al. 2005). These reports
indicate that AIP might have serious consequences for
those involved and that there is a need for further investiga-
tions of the psychosocial aspects of this disease. Borry et al.
(2006) analysed 27 papers from 1991 to 2005 that addressed
the issue of guidelines for predictive testing of minors. The
main reason for recommending such testing was the direct
benefit the patient could achieve through medical treatment
or prevention of disease. Unless there were pressing medical
reasons for testing, all 27 papers proposed that one should
postpone testing until the child could consent. There are few
reports concerning predictive testing in minors for adult-
onset conditions (Borry et al. 2008; Wade et al. 2010), and
it is important to investigate whether young persons benefit
from the information such testing yields, and whether risk
information causes psychosocial harm to young persons
genetically tested for AIP.

Objective

The aim of this study was to investigate the subjective
experiences of young persons diagnosed with active or latent
AIP as minors. What were the psychosocial consequences,
and how were these handled?

Methods

Interpretive descriptive method was chosen as it is a qualita-
tive approach suitable for smaller scale studies seeking clinical
insight into subjective experiences (Thorne et al. 1997, 2004).
Both the Norwegian Regional Ethics Committee and the Nor-
wegian Social Science Data Services approved this study.

Recruitment and Sample

NAPOS recruited persons eligible for participation. They
were contacted through mail, and asked to return written
consent to participation, in October 2008 and February 2009.
If the participant was younger than 18 years, written parental
consent was also required. To meet the inclusion criteria,
participants had to be registered at NAPOS, have been
genetically tested as minors (< 18 years) and identified
as AIP-mutation carriers. It was deemed purposeful that
participants were old enough to reflect on the subject in
question, but at the same time there should be closeness
in time to the genetic testing. Based on this, a theoretical
sample consisting of persons not younger than 16 years and
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Table 1 Presentation of participants

Participant ~ Age at PGT* Age at Manifest or Disease manifestation in patients and relatives
interview latent AIP

1. Alex 10-12 21 1AIP First-degree relative with unspecific symptoms

2. Morgan 11 17 IAIP First-degree relative with one AIP attack. Second-degree relative with chronic
and unspecific complaints

3. Billie 14 19 mAIP Unspecific symptoms, more or less chronic complaints. Admitted to hospital
twice. First-degree relative with unspecific and frequent complaints in
earlier years

4. Drew 5-7 17 mAIP Three AIP attacks requiring hospitalisation

5. Taylor 17 21 IAIP No symptomatic relatives in immediate family

6. Chris 12 17 IAIP First-degree relative with unspecific and frequent complaints

7. Morgan 15 16 IAIP First-degree relative with several AIP attacks requiring hospitalisation

8. Bobbie 11 19 mAIP One serious AIP attack. First-degree relative with a few attacks treated at home

9. Cameron 17 21 IAIP First-degree relative with one attack

10. Francis 15 17 IAIP First-degree relative with both unspecific and frequent symptoms and attacks

requiring medical treatment

Unspecific symptoms — Symptoms perceived by the participants: fatigue, muscle aches, headaches, dizziness, etc that were not in combination
with otherwise unexplained episodes of stomach/back pain with a duration of >12 h

APGT predictive genetic test

not older than 21 years was chosen. Persons with other
serious medical conditions were excluded. Twenty-eight
persons met the criteria and all were asked to participate.
Twelve persons were positive to participation, but as one
was difficult to get in touch with, and another was abroad,
only ten persons were able to attend. All participants were
initially diagnosed with latent AIP, but at the time of the
interviews three had experienced one or more attacks and
were diagnosed with manifest AIP. A short introduction of
the participants is provided in Table 1 to contextualise state-
ments. Analysis did not reveal gender-specific reactions, and
participants are given gender-neutral pseudonyms. Relatives
are invariably presented as males.

Data Collection

Individual qualitative interviews of six Norwegian females
and four males were performed in the period of December
2008 to April 2009 in participants’ homes or at a hospital
in their proximity. The first author, a registered nurse and
genetic counsellor with previous experience from qualitative
interviews conducted all interviews. One participant had
received genetic counselling from the interviewer in connec-
tion to prior genetic testing, without this seeming to influ-
ence given answers. Each interview lasted between 40 and
65 minutes and was based on a semi-structured interview
guide containing eight topics with a series of open-ended
sub-questions. Topics are listed in Table 2. All participants
were asked the same questions, but not necessarily in the
same order and depth. There was room for the participants to
define new topics of interest. Interviews were audiotaped
and transcribed verbatim consecutively.

Table 2 Main topics off interview guide

1. Disease presentation in the family
2. Participants own disease

3. Prevention of disease

4. Psychosocial consequences

5. Knowledge of porphyria

6. Being diagnosed as a minor

7. Inheritable disease
8. Genetic counselling

Data Analysis and Interpretative Descriptive
Method

Data analysis was performed by the first author, and started
as initial readings of the text to get a sense of the whole.
For practical purposes, formal analysis commenced after
completion of eight interviews, although guidelines for
interpretive descriptive approach suggest simultaneous data
collection and analysis (Thorne et al. 1997, 2004). There
were, nonetheless, certain amounts of informal analysis in
the form of reflections in the wake of each interview. A
second reading identified nine categories that were used as
basis for further coding (Morse 2008). For this coding, the
data material was transferred into QSR N6 software (QSR.
NUD*IST. Qualitative Research & Solutions Pty Ltd., 1997)
for easier data management. Each category was then ana-
lysed internally, and summaries were written to more clearly
present the participants’ meanings and experiences. Based
on critical reflection and discussions between the first and
the last author, four main themes emerged. In addition, the
research questions and what might be clinically relevant and
interesting knowledge were of crucial importance. To vali-
date and ensure that participant’s initial meaning was not
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lost, the total text was re-read and interviews were listened
to again.

Results

Results are presented as four main themes. Quotes are used
to illustrate and validate the participant’s meanings.

Living with a Small Intruder

When participants spoke of their genetic status they all per-
ceived knowledge of this as beneficial and useful. In their
view, early genetic testing contributed to them stay healthy,
and was not experienced as a cause for unnecessary worry.
Although risk information was considered advantageous,
nine participants were quite clear on the fact that their
genetic status did not entail any change of plans in regards
to education, occupation and social or physical activities.
One participant with frequent and unspecific complaints of
AIP contrasted this. The disease made Billie unable to take
part in social activities and attend school the way peers did.
Because of this, some friends and teachers gave the impres-
sion they believed Billie to be lazy.

Participants seemed ambivalent towards lifestyle modifi-
cations for prevention of manifest disease, but they would
check medication before use. Some claimed to take it
easy and to avoid stress, or stated that they exercised and
were careful to eat regularly and sleep sufficiently. Never-
theless, they admitted they probably would lead the same life
regardless of their genetic status. Cameron had latent AIP.
When asked about strategies to avoid manifest AIP, the
answer was:

I used to smoke but I recently cut down on that because I've
been thinking smoking is not a smart thing to do when one has
porphyria. That really is the only thing I’ve. .. But then again,
I don’t want cancer either, you know? So there are several
reasons for me to cut down.

One participant stated that AIP was not a disease, but only
a “small intruder” in life. Alex had chosen a career that might
be unsuitable for a person with AIP. Several members of the
family had asked about the amount of physical or psycholog-
ical stress the chosen career entailed. Had the risk of trigger-
ing an acute attack been considered? The answer to this was:

It may come as it may, the dreams are bigger than the worries.

Participants did not change their lifestyles because of
manifest disease or in fear of developing manifest disease.
Because AIP was something several had never experienced, it
was not a big motivator for precaution. Some said they prob-
ably ought to do more, but that this was not easy, Taylor said:

I am just not able to take precautions against something I’ve
never really felt on my body. I might regret not doing it, but up
until now I’ve lived more against the advise I have got, and it has
worked out well so far.

Worrying About and Planning for the Future

It was evident that for two participants risk of disease was
not unproblematic. They both had latent AIP, and expressed
concerns for the future, and worried about the possibility of
manifest AIP. They had relatives with chronic complaints
attributed to AIP, in addition to other medical conditions.
Morgan said:

I do go around thinking about it all the time, and then I watch my

relative and listen to what he has experienced, and I look at my

other relative and I’'m not supposed to stress (. ..). I think about
it just about every single day

These two participants were quite certain that manifest
AIP would invariably lead to disability but this did not affect
their choices for the future. Morgans’ latent porphyria had
not affected choice of education, but when asked about the
potential for manifest disease the answer was:

It is a scary thought, in regards to it being permanent, and what

I will actually be able to do afterwards. Some say I will not be

allowed to stress as much if I have the disease. Will I be able to

work with children like I want to, or? I’m very sceptical of that
happening. . . I believe that at the very least I will not be able to

work as much as I would like. And it would be a great shame if
I were not able to work with children.

Also, one participant with more frequent AIP complaints
had never heard of anybody with manifest disease who was
able to work full time. This did not affect the choice of future
career, but led to an education where student life was flexible
and involved Internet-based lectures.

There were a few reports of discrimination based on
genetic status. One participant had been refused acceptance
to an education because of latent AIP. Two participants
were declared medically unfit for military service because
of latent AIP. One had freely provided this information, the
other had not. To be declared unfit for service was not
experienced as negative, on the contrary one of them said:
“In this regard I owe the porphyria a big thank you”.

Seeking Information as Needed

Participants believed that information about porphyria was
important to their health, but at their current state in life they
did not have a pressing need for more information. Cameron
said:
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I probably don’t know enough, but what I know is sufficient.
That is, I know as much as I need to know for now. But if I were
to experience an attack I would probably want to know more
about it. But right now I don’t really feel I need to know any
more

Participants generally knew where to get additional infor-
mation. Most felt that both NAPOS and the two Norwegian
patient organisations could be contacted, and also the Inter-
net was frequently used. In addition, the ID card provided by
NAPOS was deemed useful. Seven participants claimed to
always carry the ID card with them, and some participants
reported the card to be their main source of information.

Most participants reported their own age for genetic test-
ing as appropriate, but some believed they had been too
young. They had been tested at different ages, but reflected
on the fact that they had not been able to understand or care
about the implications. Drew said:

I was very young at the time. But I don’t think there was

anything wrong with that, really. It was OK. I just didn’t under-

stand very much, and it would have been different if I had been
told now. I would probably be more curious about it now

AIP a Vague Condition

Most participants perceived AIP as a rather vague disease
that they did not have first-hand knowledge of. Contributing
to this opinion was individual and ambiguous symptoms
and the fact that an attack could be triggered, and manifests
itself in varying degrees. Participants also commented that
medical authorities could not always offer precise answers
regarding AIP. These factors combined implied that there
would always be a degree of uncertainty with regard to AIP.
When asked whether it was difficult to know what was a
symptom of porphyria, Chris answered:

Yes, I do feel that, you might say. That it can be mixed up in so

many things, that you can not clearly separate what is what,

especially when I do not have it myself so to speak. If I suddenly

get it one day, it is not certain I will recognise it right away.
I might just think it is something else

When the participants were asked to describe porphyria
in their family, it became evident that a variety of symptoms
were attributed to AIP. If a family member said his or
her health complaints were caused by porphyria then
the participants accepted this as the cause. Participants
knew that medications could trigger an acute attack but the
mechanisms involved seemed to be vaguely understood.
Some explained present health problems in relatives were
caused by medication taken years back. Even though parti-
cipants defined themselves as having latent AIP or not
having porphyria yet, they would attribute symptoms such
as feeling tired and “out of it” to AIP. Most participants did

not reflect upon this seeming contradiction, Taylor discussed
this as follows:

Because I think, or, I have spent a lot of time becoming certain
of what I can attribute to it. And there have been things
that would be natural to assume was caused by porphyria but
which I think, no. I cannot blame everything on that. I am often
tired and so on, but I think a lot of people are, and if I start
blaming porphyria for being tired or exhausted then that will just
provide me with an excuse, instead of doing something about it.

Discussion

In general, the participant’s lives were not very influenced
by porphyria, and AIP was only a small part of their identi-
ty. One participant, with more chronic complaints of mani-
fest AIP, contrasted this and two young participants with
latent AIP worried about their genetic predisposition and
were certain that active disease would entail serious con-
sequences. Apart from the participant with chronic com-
plaints, few lifestyle modifications were reported, and
although participants believed they would benefit from
taking precautions, these were not enough to motivate
them into taking active steps to prevent AIP attacks. This
ambivalence towards taking precautions is perhaps not
surprising, and poses a general problem in health promo-
tion (Shiloh and Ilan 2005; Pronk et al. 2004). That adoles-
cents engage in more risk-taking than adults have
previously led to the hypothesis that adolescents are poor
decision-makers, lacking in cognitive skills and under-
standing of consequences. More recent studies indicate
that adolescents do not lack in perception or appraisal of
risk, but that risk-taking is largely influenced by emotions
and psychosocial factors, and cannot be completely under-
stood in terms of cognitive processes during low emotions
or arousal (Steinberg and Morris 2001; Steinberg 2004,
2005). This fits with the present findings, where partici-
pants believed they would benefit from taking precautions,
yet finding motivation was difficult.

Two participants worried about developing active AIP,
and it is worth noting that both had relatives with more
chronic complaints. Perception of risk is subjective and
dependent of context and the expected nature of potential
outcome (Austin 2010). That disease presentation in the
immediate family might influence perception of the condi-
tion has been suggested in previous research (Michie et al.
2002; Tgnder et al. 2003). Family members attributing a
variety of symptoms to AIP, and participants’ vague under-
standing of latent and manifest forms emphasise the need
for relevant and unambiguous information. For patients to
benefit from predictive testing and early diagnosis, knowl-
edge of genetic status is not enough. The ability to use risk
information in a productive and constructive way is essential.
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This implies that genetic counselling should be tailored to
individual needs, providing sufficient information on symp-
toms, treatment, medical follow-ups and information on
judicial rights (Paus 2009). Participants also indicated that
need for information varied according to their situation in
life and this favours the opportunity to access repeated
information through, for example, patient education semi-
nars, news-letters, web pages or individual counselling,
and might be especially important when genetic testing is
performed on minors.

That latent AIP triggered few lifestyle moderations could
be viewed as positive in minimising the potential ethical
dilemma of stigmatising healthy individuals. On the other
hand, the goals of genetic service should ultimately be to
improve long-term health status (Wang et al. 2004). Few
consequences might question the direct benefit patients
achieve through predictive testing as minors, as proposed
by ethical guidelines (Borry et al. 2006).

In this study, it was positive to note that participants
claimed to check medications for adverse porphyrinogenic
reactions, and this is likely to prevent future AIP attacks
(Badminton and Elder 2005). In addition, participants expe-
rienced early genetic testing as beneficial, and although there
were reports of discrimination, this was not perceived as
negative or dramatic. Minimal adverse response to testing
has also been reported in previous research (Wang et al.
2005). Participants were also satisfied with their current
knowledge and felt capable of obtaining further information
when needed.

Strengths and Limitations

This study did not include persons who were not genetically
tested or were tested as consenting adults. Reasons for, and
consequences of, choosing to wait or not testing are there-
fore not examined. Qualitative findings can provide useful
understanding and descriptions of the challenges minors
tested for AIP experience, but the results cannot lend them-
selves to statistical analysis and transferability should be
considered in relation to context and sociocultural setting
(Kuper et al. 2008). Further investigations into psychosocial
aspects and quality of life in persons with both latent and
manifest AIP are subsequently desired.

Conclusion and Clinical Implications

AIP entailed relatively few psychosocial consequences for
the participants, but results point to a potential for increased
anxiety, without necessarily generating lifestyle changes.

Discrimination based on genetic status was reported, and
while the participant’s experience of this was not negative,
ethical implications need to be considered when predictive
genetic testing is performed. Appropriate counselling and
informed consent is advisable. What constitutes a suitable
age for testing will differ from individual to individual, but
these results suggest that parents in cooperation with their
children may, after genetic counselling, be able to decide
what age is appropriate.
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Abstract We conducted a survey of physician opinions in
relation to enzyme replacement therapy (ERT) and extended
newborn screening (ENBS) for mucopolysaccharidoses
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(MPS). A questionnaire consisting of hypothetical clinical
scenarios about ERT and ENBS for MPS was posted on
metab-L, a list server for the metabolic community. The
questionnaire included similar questions to those used in
previous studies that sought the views of individuals and
families affected by MPS. Our aim was to compare medical
professionals’ opinions with that of the individuals and
families affected by MPS that they serve. The question-
naire was completed by 35 physicians, most of whom
were metabolic physicians. Responses differed significantly
between the physician and parent groups when the clinical
scenario involved intellectual impairment. In this setting,
physicians were significantly less inclined to advocate the
use of ERT. Comparison of the responses to the ENBS
scenarios revealed that compared to physicians, family of
individuals with MPS were more inclined to desire diagnosis
at birth, even if no treatment could alter the outcome
of the condition. Compared to the family of individuals
with MPS, physicians are more likely to advocate the use
of ERT and ENBS where there is proven medical benefit
to the affected individual.

Keywords Ethics
Questionnaire

Lysosomal storage disorders

Introduction

The mucopolysaccharidoses (MPS) are a group of related
disorders of lysosomal storage that have an approximate
prevalence of 1:22,500 live births (Meikle et al. 1999).
Diminished levels of specific lysosomal enzymes result in
progressive accumulation of glycosaminoglycans (GAGs) in
the lysosomes of various organs. The resultant clinical man-
ifestations can include intellectual disability, hydrocephalus,
spinal cord compression, deafness, dysostosis multiplex,
short stature, hepatosplenomegaly, sleep apnoea, cardiac
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disease, corneal clouding, coarse facial features, and reduced
life span in the majority (McKusick 2001).

Early bone marrow transplantation is effective in the
severe form of MPSI (MPS-1H) (Pastores and Barnett
2005). Enzyme replacement therapy (ERT) can ameliorate
some clinical features associated with select subtypes of
MPS and is now available for MPSI (Laronidase), MPSII
(Idursulfase), and MPSVI (Galsulfase) (Muenzer et al. 2006;
Kakkis 2002; Harmatz et al. 2006). Significant limitations of
ERT include that ERT will not cross the blood—brain barrier
and thus do not impact the central nervous system manifes-
tations of MPS and the very high cost, and resultant limited
drug availability in some countries.

Newborn screening (NBS) methods have been developed
for the identification of individuals at birth who have specific
lysosomal storage disorders (Meikle et al. 2006; Wang
et al. 2005, 2007). Glycosphingolipid and oligosaccharide
markers (measured using tandem mass spectroscopy) have
100% sensitivity and specificity for the identification of
MPSIIIA, MPSIVA, I-cell disease as well as a number of
other lysosomal storage disorders (Janssen et al. 2005).
Measurement of specific enzymes deficient in other types
of MPS would enable these to be identified by NBS (Wang
et al. 2007; De Jesus et al. 2009).

We have previously conducted questionnaire studies
to assess the opinions of parents of individuals with MPS
and adults with MPS in the USA and Australia regarding
NBS and ERT for these conditions (Coman et al. 2008;
Hayes et al. 2007). Eighty-six percent of respondents indi-
cated that they would have wanted NBS for their own
children, with the most common reason cited in support
of NBS being the avoidance of a delay in diagnosis and the
distress caused by a delayed diagnosis (Hayes et al. 2007).
This study indicated strong support for the introduction of
NBS from MPS families, in which the psychosocial bene-
fits of screening may outweigh potential harms. Overall,
92% were in favor of ERT where MPS causes severe
physical problems but does not affect intellect, and 69%
were in favor of ERT where the physical limitations are
mild and intellect is spared (Coman et al. 2008). The
majority of respondents were in favor of ERT for MPS,
even where it would not alter the intellectual deterioration,
with perceived improvements in quality of life (QOL) pro-
duced by ERT, the most commonly cited factor (Coman
et al. 2008).

In considering treatments such as ERT, the clinician must
consider factors such as (1) the prospects for benefit, (2)
parental wishes, (3) potential negative impacts on the patient
and the wider family unit, and (4) the cost of treatment. We
undertook a questionnaire study to elicit the views of physi-
cians who treat MPS, on ERT and NBS for MPS. We
hypothesized that clinicians would have differing views to
the MPS families regarding the suitability of NBS and ERT

in some MPS patient scenarios, especially where intellectual
impairment is involved in the clinical phenotype.

Methods

The questionnaire used in this study was based on that used
in our previous studies to elicit the views of individuals with
MPS and parents (Coman et al. 2008; Hayes et al. 2007) but
included some questions specifically designed for medical
professionals. It included questions on the clinical role of the
respondent, how many patients they have treated with each
MPS subtype, and their responses to a number of hypotheti-
cal clinical scenarios regarding ERT and extended newborn
screening (ENBS) for MPS. The questionnaire with details
of these scenarios is available at http://www.mcri.edu.au/
Downloads/Survey/ERT_expert_survey.pdf, and the scenar-
ios are summarized in Tables 1 and 2. Questionnaires were
distributed online via metab-L (http://www.daneel.franken.
de/metab-1), a list server for the worldwide metabolic
community with over 1,000 active members. The metab-L
post-directed respondents to the MCRI website where the
questionnaire was completed anonymously.

Statistical Analysis

Characteristics of the health professionals who responded
to the survey are provided as frequency data. Physician
responses are presented as the proportion of respondents
agreeing with the use of ERT or ENBS for each scenario.
The responses of the physicians were compared with those
of the individuals affected by MPS and parents, elicited
in earlier studies (Coman et al. 2008; Hayes et al. 2007),
using chi-square statistics with one degree of freedom or
Fisher’s exact tests where an expected cell frequency was
less than five. The level of evidence for an association
between responses to scenarios and whether the respondent
was a physician or an affected individual/parent is given as
a p value. A p value of < 0.05 was considered statistically
significant.

Results

Thirty-five physicians responded to the survey. Metabolic
physicians were the highest represented specialty among the
respondents (65.7%) followed by medical geneticists (11.4%),
general pediatricians (8.5%), with three respondents not stat-
ing their specialty, and two indicating another specialty
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Table 1 Outline of the six ERT scenarios presented in the questionnaire

Scenario summary Manifestations Effect of ERT
Physical  Intellectual Physical Life expectancy Intellectual
la 1l-year old with severe physical Severe Nil Significant improvement Increased Nil improvement
MPSVI and normal intellect,
ERT will prolong life
2a  MPSI-S with minor health issues as  Mild Nil Minimal improvement Unchanged Nil improvement
an adult but normal intellect,
ERT will only improve health
issues a little
3a  Severe physical and intellectual Severe Severe Minimal improvement Increased 3 years  Nil improvement
manifestations of MPSII. Death
in 5 years without ERT
4a  The 1-year-old younger brother of = Moderate Severe Minimal improvement Increased 15 years  Nil improvement
the MPSII patient in 3a. ERT
will prolong his life but not halt
the CNS manifestations
5a  Mild MPSII with early joint and Mild Mild Moderate improvement ~ Not significant Nil improvement
mobility difficulties, and mild
school performance issues
3b - Severe Severe Minimal improvement Increased 3 years  Significant improvement
4 - Moderate  Severe Minimal improvement Increased 15 years  Significant improvement
5 - Mild Mild Moderate improvement ~ Unchanged Significant improvement

3b, 4b, and 5b are identical to 3a, 4a, and 5a; however, the respondents were asked to consider whether they would use ERT for the patients in 3a,

4a, and 5a if it improved the CNS manifestations

Table 2 Outline of three NBS scenarios presented in the questionnaire

MPS type Manifestations
Physical Intellectual
Scenario 1 MPSVI Mild Nil
Scenario 2 MPSIII Mild Severe
Scenario 3 MPSI Severe Severe

Table 3 Characteristics of the participating physicians (n = 35)

Number Proportion (%)

Specialty

Metabolic physician 23 65.7

Medical geneticist 4 11.4

Pediatrician 3 8.6

Other 2 5.7

Not stated 3 8.6
Years in practice

0-10 15 42.8

11-20 8 22.9

More than 20 8 22.9

Not stated 4 11.4

(Table 3). Under half (42.8%) of respondents had been prac-
ticing in the field for 10 years or less with 22.8% very experi-
enced as evidenced by working in the field for over 20 years.
The numbers of past and present MPS 1, I, and VI patients
treated by the responding physicians are outlined in Table 4,
indicating a broad range of experience with these conditions.
Unsurprisingly, given its novelty and expense, there was rela-
tively limited experience with the use of ERT (Table 5).

Enzyme Replacement Therapy

The hypothetical ERT scenarios are outlined in Table 1, and
the physician responses are shown in Table 6 where they are
compared to those of the individuals with MPS/families
(Coman et al. 2008).

Responses of the physician and parent groups followed
certain themes. Both groups were united in their opinions
that ERT should be used in situations where intellect is
normal with only mild physical problems (scenario la),
mild decreases in IQ with mild joint restriction improved
by ERT (scenario 5a), severe intellectual disability where
ERT would prolong life by 15 years (scenario 4a), and in
hypothetical scenarios where ERT can avert the evolving
CNS manifestations (scenarios 4b and 5b).

However, differences were observed in other scenarios.
Physicians were significantly less inclined to support the use
of ERT in scenarios where severe intellectual impairment
is prominent (scenario 3a: 8.8% physicians in favor vs.
46.9% families in favor, p < 0.001; scenario 3b: 38.2%
physicians in favor vs. 82.6% families in favor, p < 0.001)
or when the child displays only mild physical manifestations
(scenario 2a: 38.2% physicians in favor vs. 69.2% families
in favor, p < 0.001).

Forty percent (14/35) of the physician group made addi-
tional comments. The most common themes among the com-
ments included the need to involve the affected individual/
families in the ERT decision process (4/14, 28.5%), con-
cerns that ERT may prolong suffering rather than prolong
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Table 4 Number and type of MPS patients treated by physicians in the study (current and past)

MPS type Current care Past care
Number Median number Total number Number Median number Total number
responded of patients of patients responded of patients of patients

MPSI 30 5.7 171 26 8.5 220

MPSII 26 5.7 150 23 6 139

MPSIIT 22 8.7 193 21 8.6 180

MPSIV 21 42 90 18 5.2 94

MPSVI 20 33 67 16 4.3 69

MPSVII 9 0.8 8 6 0.66 4

Table 5 Number and type of MPS patients treated by ERT
MPS type ERT patient numbers

Nil 1-10 11-20 21-30 No response
MPSI 9(257%) 20(57%) 0(0%) 12.8%) 5 (14.3%)
MPSII 720%) 21(60%) 0(0%) 1(2.8%) 6(17%)
MPSVI 6(17%) 18 (51.4%) 11 (31.4%)

MPSIII, MPSIV, and MPSVII not applicable as no ERT is currently
available for these subtypes of MPS

Table 6 Comparison of proportions of respondents who agreed with
the use of ERT in each scenario between physicians and patients/
parents

Scenario Physicians Patients/parents” p value

No. % agree  No. % agree

responded  with ERT responded  with ERT
la 34 91.2 245 91.8 0.896
2a 34 38.2 247 69.2 <0.001
3a 34 8.8 245 46.9 <0.001
4a 34 67.6 241 76.8 0.246
Sa 33 90.9 247 92.7 0.712
3b 34 38.2 242 82.6 <0.001
4b 34 100 243 97.1 0.603°
5b 34 97.1 241 98.3 0.486"
*Affected individual/parent responses from previous study (Coman
et al. 2008)

PFisher’s exact test

QOL in some MPS scenarios (4/14, 28.5%), and that the use
of ERT is not ideal in situations of intellectual impairment
(4/14, 28.5%). The most common additional comments
cited in favor of ERT in the family study included improved
QOL (26% of those who made additional comments), that
ERT should be available to all regardless of intellectual
status (18%), with 4% of parents of children with MPS
stating that ERT should not be used where it would prolong
suffering (Coman et al. 2008).

Expanded Newborn Screening

The hypothetical NBS scenarios are outlined in Table 2, and
the physician responses are listed in Table 7 where they are

Table 7 Comparison of proportions of respondents who agreed with
having NBS in each scenario between physicians and patients/parents

Scenario Physicians Patients/parents® p value
No. % agree No. % agree
responded with ENBS responded with ENBS
1 34 64.7 242 83.9 <0.01
2 34 64.7 247 87.4 <0.001
3 35 100 245 97.1 0.60°
4Affected individual/parent responses from previous study (Hayes et al.

2007)
®Fisher’s exact test

compared to those of the individuals with MPS/families
(Hayes et al. 2007).

There was no significant difference between the groups in
relation to the response to scenario 3 where NBS would
allow early diagnosis of MPSI such that bone marrow trans-
plantation can be offered (100% of physicians in favor and
97.1% of families in favor, p = 0.60). There was a signifi-
cantly lower positive response by the physicians compared
to individuals with MPS/families for scenario 1 (mild case
of MPSVI where ERT would not be required), where NBS
was advocated by 64.7% of the physicians and 83.9%
of the affected individuals/families (p = 0.007); and sce-
nario 2 (MPSIII) where NBS was advocated by 64.7% of
physicians and 87.4% of the affected individuals/families
(p < 0.001).

Overall, 42.8% (15/35) of physician respondents made
additional comments. The most frequently cited reasons in
favor of NBS were the ability to provide genetic counseling
to affected families to allow the option of preventing the
birth of further children with the condition (7/15 of those
who made comments, 46.6%), and health benefits and treat-
ments potentially made available by early diagnosis (7/15,
46.6%). The most frequent comments in favor of NBS in the
family study were increased stress associated with not hav-
ing a diagnosis (25%), improved medical care (24%), and
genetic counseling (19%) (Hayes et al. 2007). The most
commonly cited arguments against NBS cited by physicians
in this study were the inability to judge phenotype from the
NBS results and thus predict those in need of treatment
where available (4/14, 26.6%). Only one clinician made
comments about the possible impact on families from
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false-negative and false-positive NBS results. Themes of
potential harm were cited in the family study, with NBS
removing a period of perceived good health (7%) and creat-
ing an altered and negative perception of their child (2%).

Discussion

MPS presents with a wide range of clinical manifestations
which can create significant morbidity and mortality. The
emergence of ERT has been welcomed by clinicians and
families; however, it carries significant limitations. Clinical
trials of ERT in MPS I, II, and VI have demonstrated reduced
disease burden for many non-CNS manifestations, but ERT
does not impact on CNS morbidity (Muenzer et al. 2006;
Harmatz et al. 2006; Wraith et al. 2004; Kakkis et al. 2001).

We previously found that MPS families have a sound
understanding of the uses and limitations of ERT for MPS
(Coman et al. 2008). Nevertheless, we hypothesized that
variation would exist in how medical professionals and
families judge burden of disease, especially where intellec-
tual impairment is involved, and thus the appropriateness
of ERT in these situations. Physicians were significantly
less inclined than parents to think that ERT was an appropri-
ate therapeutic option in scenarios where severe intellectual
impairment is prominent (scenario 3a and 3b) or when the
child displays only mild physical manifestations (scenario
2a). Further evidence for differing views on the appropriate-
ness of ERT in these situations came from the additional
comments. A commonly cited theme from the physicians
was concern regarding the use of ERT where life might be
prolonged without associated improvement in QOL, where
intellectual impairment was involved.

MPS creates a significant burden of disease for the indi-
vidual, the family, and health care systems, which can be
judged in terms of the clinical manifestations (intellectual
and physical), functional limitations, familial dysfunction
and dislocation, invasive medical intervention (especially
weekly ERT), impacts on hospital resources, and monetary
cost to society (again exacerbated by ERT). QOL is defined as
the individual’s perception of their physical and psychologi-
cal health, level of independence, and social and personal
relationships that are tempered by the environment and cul-
ture in which the individual lives (Saxena and Orley 1997).
Our study demonstrates affected individual/family-physician
discordance regarding the use of ERT when the disease bur-
den involves intellectual impairment. Physicians have been
shown to misjudge the perceived QOL in patients with intel-
lectual disability (Janssen et al. 2005), and underestimate the
patient’s positive view of their own QOL (Nursey et al. 1990).
Similar discordance in assessing disease severity, manage-
ment decisions, and perceived QOL has been observed in

rheumatoid disorders (Consolaro et al. 2007; Spoorenberg
et al. 2005; Yen et al. 2003), planning gastroenterological
procedures (Sonnenberg 2004), inflammatory bowel disease
(Sewitch et al. 2002), schizophrenia (Fitzgerald et al. 2001),
and malignancy (Wilson et al. 2000). ERT is very expensive
in its own right, but its administration also creates collateral
costs on health professional’s time and resources beyond the
time pressures on the individual and family.

Affected individual/families may well be able to make a
valid argument that the child’s non-CNS health and QOL
would be improved with ERT, and not providing ERT to
their child is discrimination on the basis of symptoms. Ulti-
mate decisions regarding the appropriateness of ERT for
individuals with progressive intellectual deterioration need
to be made in conjunction with government bodies, treating
physicians and other health professionals and families. An
example of this process is the UK guidelines for investiga-
tions and management of MPSI (http://www.dh.gov.uk/en/
Publicationsandstatistics/Publications/PublicationsPolicy And
Guidance/DH_4118402).

Both physicians and family groups were supportive
of NBS where the early diagnosis would lead to a proven
therapeutic option, e.g., BMT for MPSI (scenario 3). Highly
statistically significant variation was observed, however, for
the use of NBS in a scenario where it would diagnose mild
MPSVI that would not qualify for ERT (scenario 1) and for
MPSIII (scenario 2), where no treatment can prevent the
inexorable decline of this condition. MPSIII has a severe
CNS phenotype including intellectual impairment and re-
gression but far fewer non-CNS manifestations than other
MPSs. The extra comments from families suggest that it is
psychosocial rather than medical benefits that underlie this
difference. The themes emerging from additional comments
support this contention, especially revolving around the
stress of a delayed diagnosis (Hayes et al. 2007).

A significant limitation of NBS at present is the inability
to accurately predict phenotype and projected treatment
requirements, something noted by the physician group, high-
lighting the need for ongoing education of affected indivi-
duals and their families. False-positive results would
undoubtedly cause significant stress to families, and proven
diagnoses may “rob” the family of a period of normality
when no treatment options are available to alter later onset
disease progression, and may even create a negative impact
on parent—child bonding. However, the latter concern
has not been the reported experience in Duchene muscular
dystrophy newborn screening in Wales, which uses detailed
parent—physician communication strategies (Parsons et al.
2002). These are issues that were raised by the affected
individual/family group but not the physicians (Hayes et al.
2007). Guidelines state that NBS should only be introduced
if a disorder is severe, and early diagnosis results in a better
outcome for the affected individual (Wilcken 2008). Early
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diagnosis afforded by NBS might allow timely genetic
counseling and family planning, and was raised as a positive
outcome by both physicians and affected individuals/
families as an important potential benefit of NBS.

This study has some limitations. Ascertainment bias
may exist by virtue of the small sample of clinicians who
responded to the survey, with varying degrees of experience
with the use of ERT, and therefore the range of responses to
the hypothetical scenarios may be biased in those motivated
to complete the online survey. Thus, the views of the physi-
cians who responded to the survey may not reflect those of the
wider medical community involved in treating MPS. Conti-
nental or cultural variances and the impacts of the respon-
dent’s area of medical specialization on physician’s opinions
were not explored due to the small sample size. The results of
the current study were compared to the results of previous
studies that assessed the responses of patients/parents to the
same scenarios (Coman et al. 2008; Hayes et al. 2007). The
time interval between the two studies may have resulted in
bias as the patients/parents may have responded differently
now, since experience with ERT has considerably increased
during the time since the initial survey was conducted.

The advent of ERT and the evolution of NBS create many
ethical and sociological issues that impinge on the physician—
family interface. Clinicians face the difficult dual task of
advocating for their patients and developing guidelines for
the use of expensive medications that impact on already
stretched health budgets and systems. Involvement of advo-
cacy groups in formulating these policies offers an opportuni-
ty for informing both parties as to the range of opinions about
appropriateness for treatment, as indicated in this study. Fail-
ure to involve families in such important matters may alienate
the treating clinicians and funding bodies from those that they
advocate for and may even be construed as paternalistic.
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Take Home Message

Compared to the family of individuals with MPS, physicians
are more likely to advocate the use of enzyme replacement
therapy and extended newborn screening where there is
proven medical benefit to the affected individual.
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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
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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
etal. 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 1. 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 SOK 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 FBPI
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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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

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™'. A high-peak tyrosine level
(25.1 mg dL™") 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 1.

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 Ca®* 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 P-roll at the active site may impair Ca®*
ligands, as does the D233V mutation. On the contrary,
it could be suggested that another novel mutation-V259D-
located in strand 9 of the [ 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
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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 mLfl), 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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Generalized Arterial Calcification of Infancy: Fatal Clinical
Course Associated with a Novel Mutation in ENPP1

Silvia Galletti, Yvonne Nitschke, Anna M. Malavolti, Giulia Aquilano, Giacomo Faldella,

Luigi Corvaglia, and Frank Rutsch

Abstract Generalized arterial calcification of infancy
(GACI) is arare condition characterized by arterial calcifica-
tion within the internal elastic lamina associated with intimal
proliferation, leading to stenosis of great and medium-sized
vessels. This disease, caused by mutations in multiple exons
of ENPPI, frequently results in death in infancy. Nowadays,
the most promising therapeutic compounds for this rare dis-
ease are bisphosphonates. We describe a case of GACI asso-
ciated with the novel mutation c.653A>T (p.D218V) in
ENPPI on both alleles. The male infant was delivered pre-
maturely and developed heart failure, severe hypertension,
and diffuse -calcifications of all arterial districts. He
was treated with etidronate (18 mg/kg/day); however, the
clinical condition did not improve, and a resolution of calci-
fications was not observed. The infant died within the 6th
month of life of ischemic heart failure. We conclude
that even if the diagnosis of GACI is established early and
bisphosphonate treatment is started early, the prognosis can
be very poor.
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infarction - Inorganic pyrophosphate
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Introduction

Generalized arterial calcification of infancy (GACI, MIM
#208000) is a rare condition characterized by arterial calcifi-
cation within the internal elastic lamina associated with
intimal proliferation leading to stenosis of great and medium-
sized arteries. The disease frequently results in death in
infancy due to progressive ischemic heart failure. Although
some cases of prenatal diagnosis have been reported, some
patients are diagnosed postmortem at the earliest (Eronem
et al. 2001). Presentation after the neonatal period is also
unusual. Familial occurrence has suggested a genetic basis
for this disease, which has been shown to be autosomal reces-
sive (Rutsch et al. 2001). Although most patients die within
the first 6 months of life, there have been rare reports of
spontaneous resolution of the calcifications and cases of suc-
cessful treatment with bisphosphonates (Sholler et al. 1984,
Gleason et al. 1994, Ciana et al. 2006, Rutsch et al. 2008,
Ramjan et al. 2009). We describe a case of GACI associated
with a novel mutation in ENPP associated with preterm
delivery and death early in life despite etidronate therapy.

Case Report

The patient was the second child of consanguineous Moroccan
parents. The mother is a 40-year-old woman, who had seven
previous pregnancies: a l6-year-old healthy boy, two
miscarriages, two voluntary interruptions, and two stillborn
infants delivered at 28 and 30 weeks of gestation. Amnio-
centesis of the current pregnancy revealed a normal 46, XY
karyotype. In the 28th week of gestation, maternal hyperten-
sion was detected and fetal ultrasound outlined a severe
pulmonary stenosis, tricuspid regurgitation (TR), cardio-
megaly, polyhydramnios, and poor fetal movements. The
mother underwent an urgent cesarean section because
of acute fetal distress. The infant had a birth weight of
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1,094 g, APGAR score was 4/6/10 at 1, 5 and 10 min,
respectively, and the baby was intubated and ventilated.
Physical examination showed no dysmorphic features, a
grade 1 systolic murmur, a heart rate of 165 bpm and
poor peripheral pulses. The liver was palpable 0.5 cm
below the lower costal margin. The arterial blood pressure
was normal (48/23 mmHg). Echocardiography, performed
on the first day of life, revealed poor ventricular function
(ejection fraction 40%), severe left ventricular hypokinesia
and hypertrophy, brightness and hyperreflexia of the aortic
wall from the arch to the abdominal tract with a low
abdominal aorta pulsatility index. Inotropic support was
immediately started with dobutamine and dopamine. Labo-
ratory evaluation on the first day of life revealed elevated
inflammatory markers (leukocytes 26,2100/ul [5,000—
21,000/ul]); CrP 5.97 mg/dl [<0.5 mg/dl]; platelets
32,000/ul [250,000-450,000/ul]), acute kidney (creatinine
212.2 pmol/l [53-106 pmol/l]) and hepatic injury (aspar-
tate aminotransferase, AST 397 U/l [15-60 U/l]; alanine
aminotransferase, ALT 51 U/l [5-25 U/l]) with indirect
hyperbilirubinemia (252 pmol/l [< 103 pmol/l]) that re-
quired exchange transfusion. A chest X-ray showed multi-
ple periarticular calcifications of the left elbow (Fig. la).
Cerebral ultrasound revealed marked cerebral parenchymal

hyperechogenicity. Since the first hours of life the infant
was treated with intravenous antibiotics, immunoglobulins,
and cortisone for suspected sepsis. This was associated
with a general clinical improvement and an increase of
the cardiac ejection fraction, allowing for extubation on
the 6th day of life. Treatment with phenobarbital and
captopril was begun on the 10th day of life when the infant
developed arterial hypertension (mean arterial pressure be-
tween 70-80 mmHg) and tonic-clonic seizures. The elec-
troencephalogram (EEG) showed synchronous and
asynchronous bursts, delta brush, and long interburst inac-
tivity. During treatment the seizures resolved, while the
hypertension persisted. Further echocardiography showed
myocardial hyperechogenic foci on the apical portion of
the left ventricle, hyperechogenicity, and brightness of both
the pulmonary and the aortic valve (Fig. 2). Similar find-
ings were also detected in the pulmonary, celiac, and renal
arteries. Total body X-ray revealed more periarticular cal-
cifications (left radiocarpal and both tarsal joints) and cal-
cific spots in the left brachial and both iliac and femoral
arteries (Fig. 1b). Total-body computed tomography (CT)
confirmed widespread arterial calcifications and calcifica-
tions of the left lobe of the liver and the right kidney
(Fig. 1c). At the age of 4 weeks, GACI was suspected

Fig. 1 Radiographic manifestations of generalized arterial calcification of infancy. Panel A: X-ray scan of the patient’s left elbow. Note the
calcification of the elbow joint. Panel B: Abdominal X-ray of the patient at 20 days of life. Note the calcification of the abdominal aorta (A) and of
the bifurcation of the iliac arteries (B). Panel C: Chest CT of the patient at the age of 2 months. Note a ring-like aortic calcification (A) and spread
calcifications over the left lobe of the liver (B) and in the right kidney (C)

Fig. 2 Echocardiographic manifestations of generalized arterial calcification of infancy. Panel A: Echocardiogram at 1 month of life (upper-
sternal axis view). Note the calcification of the aortic arch, descending aorta (D) and of the supraaortic vessels: brachiocephalic trunk (A), left
carotid artery (B), left subclavian artery (C). Panel B: Echocardiogram at 1 month of life (parasternal short axis view). Note the hyperechogenicity
of the pulmonary (P) and aortic (A) anulus and of the coronary arteries (C)
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Fig. 3 Pedigree tree of the family showing known genotypes and clinical phenotypes. The affected allele is shaded black, whereas wild type

alleles are white, unknown affected is shaded gray

after having excluded other potential causes of hyperecho-
genicity of the great vessels and hypertension. Because of
congestive heart failure, which did not allow further fluid
overload and because of limited venous access, an oral
therapy with etidronate was started at the age of 1 month
at a dose of 18 mg/kg body weight per day. Within the 2nd
month of life, cerebral ultrasonography and Doppler studies
revealed multicystic encephalomalacia with reduced arteri-
al blood flow in the anterior and middle cerebral arteries
bilaterally. At the age of 5 months, the infant was dis-
charged on oral medication consisting of etidronate
(18 mg/kg/day), phenobarbital (2.2 mg/kg x 2/day), capto-
pril (0.3 mg/kg x 3/day), digoxine (0.016 mg/day), and
vitamin D (900 U/day). Fifteen days later, the patient was
readmitted for persistent vomiting and feeding refusal. On
physical examination, the infant was tachypneic, tachycar-
dic, and cyanotic. He started to have frequent episodes of
desaturation with bradycardia requiring intubation. Echo-
cardiography revealed a severely dilated cardiomyopathy
and reduced ventricular function (EF less than 20%). Few
hours later, he developed severe hypotension and died after
a failed resuscitation attempt. Permission for autopsy was
denied.

Genetic Analysis

With a set of 25 primer pairs, all 25 exons and their flanking
splice sites of the ENPPI gene were amplified from genomic
DNA by polymerase chain reaction (PCR). The PCR pro-
ducts were directly sequenced bidirectionally using an ABI
3730 DNA Analyzer and a BigDye Terminator v1.1 Cycle
Sequencing Kit according to the manufacturer’s protocol
(Applied Biosystems). All primer sequences are available
on request. Mutations were compared with the ENSEMBL
polymorphism database. We detected the novel mutation
c.653A>T (p.D218V) on exon 6 in ENPPI on both alleles
in the patient’s DNA. By analyzing the parental DNA, it was
demonstrated that both parents carried the same mutation on
one allele (Fig. 3).

Discussion

GACI is a rare autosomal recessive disorder due to systemic
deficiency of nucleotide pyrophosphatase/phosphodiesterase
1 (NPP1) activity caused by mutations in multiple exons of
ENPPI (MIM #173335), a gene located on chromosome
6q22—q23 (Rutsch et al. 2003). This gene encodes NPP1,
a class II (intracellular NH, terminus) transmembrane
glycoprotein ectoenzyme of 130 kDa with an extracellular
domain containing two somatomedin B-like regions, a con-
served calcium-binding EF hand, and a conserved phospho-
diesterase/pyrophosphatase catalytic site (Terkeltaub 2001).
The mutation c.653A>T (p.D218V) on exon 6 present on
both alleles in our patient leads to a change of a conserved
aspartate to a valine residue at position 218 in the catalytic
side of NPP1.

The NPP1 cell surface enzyme regulates soft tissue cal-
cification and joint cartilage mineralization by generating
extracellular inorganic pyrophosphate (PP;) (Rutsch et al.
2001). NPP1 is also involved both in the physiological
inhibition of hydroxyapatite crystal growth and in chondro-
genesis (Johnson et al. 2005). Deficiency of this enzyme
therefore results in deposition of calcium hydroxyapatite
crystals at the level of the lamina elastica interna of muscular
arteries. Myointimal proliferation is found to be associated
with calcified spots, but may also occur in areas lacking
calcification and vice versa. This suggests a separate patho-
logical process involved in the development of GACI
(Dlamini et al. 2009). The aorta, renal, mesenteric, and
carotid arteries are usually involved, while the cerebral
vessels are commonly spared by the calcification process
(Rutsch et al. 2008). Extravascular foci of periarticular
calcification are often present. The first cases of GACI des-
cribed were mostly recognized postmortem (Moran 1975).
However, along with improving imaging technology in re-
cent years, the diagnosis has frequently been established in
early life and antenatal diagnosis has already been documen-
ted. Fetal ultrasound may reveal dilated cardiac ventricles,
hydrops fetalis, and hyperechogenic large vessels (Levine
et al. 2001). The most common clinical presentation, how-
ever, occurs within the neonatal period. Respiratory distress
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is the presenting feature in more than 50% of cases, followed
by feeding intolerance, poor weight gain, tachypnea, tachy-
cardia, lethargy, pallor, and cyanosis (Glatz et al. 2006,
Rutsch et al. 2008). Patients may present with failure to
thrive, hypertension, myocardial infarctions, and con-
vulsions (Van der Sluis et al. 2006). Arterial biopsy is the
gold standard for diagnosis, but this rather invasive tech-
nique can be replaced by combining standard imaging
techniques (conventional radiographs, CT, and ultrasound).
Recently, MRI and MR angiography (MRA) have been suc-
cessfully used in the evaluation of patients with suspected
GACI avoiding radiation exposure and potential renal toxic-
ity associated with contrast enhanced CT examination (Pao
et al. 1998; Tran and Boechat 2006). Widespread arterial
calcifications can be related to numerous causes; thus,
renal, osseous, parathyroid, and metabolic disorders should
be ruled out before suspecting GACI (Patel et al. 2004).
The differential diagnosis includes metastatic calcification
secondary to advanced renal disease, arterial calcifications
associated with anomalies of the heart and great vessels,
hypervitaminosis D, primary or secondary hyperparathyroid-
ism, Williams syndrome, syphilis, osteogenesis imperfecta,
pseudoxanthoma elasticum, sepsis with myocarditis, endo-
carditis, coronary arteritis, rtheumatic fever, polyarteritis
nodosa, and also maternal conditions such as diabetes
mellitus, allergy with asthma, and bronchiectasis (Glatz
et al. 20006).

Few attempts to treat patients with GACI have been made
with corticosteroids, estrogens, thyroid extract, and prosta-
glandins (Ciana et al. 1997). The most promising therapeutic
compounds are bisphosphonates. Bisphosphonates are syn-
thetic analogs of inorganic pyrophosphate, which block the
conversion of calcium phosphate to hydroxyapatite and there-
fore may reduce ectopic calcification. So far, a standardized
treatment approach for this rare disease could not be estab-
lished. However, a recent multicenter genetic study and
observational analysis has grouped 55 subjects affected by
this disease. Seventeen patients have been treated with bis-
phosphonates, namely etidronate (10-20 mg/kg body weight
per day p.o), pamidronate (0.1 mg/kg per week up to 5 mg/kg
per day i.v.), clodronate or risedronate. Survival of these
subjects was 65%, while 69% of patients not treated with
bisphosphonates died during infancy (Rutsch et al. 2008).
Treatment with aminobisphosphonates such as pamidronate
disodium followed by oral risedronate was associated with a
complete resolution of the calcifications and a good outcome
(Ramjan et al. 2009). However, long-term survival has been
reported also in patients receiving no specific anti-mineralisa-
tion therapy, suggesting that spontaneous resolution of calci-
fication may also occur (Glatz et al. 2006). Etidronate, a non-
nitrogen-containing compound among the bisphosphonates,
has a stronger effect in inhibiting mineralization compared to
the newer aminobisphosphonates and showed no adverse

effect on growth (Van der Sluis et al. 2006). It is reasonable
that the reduction of vascular calcifications increases vas-
cular compliance and thereby reduces cardiac afterload.
However, high-dose etidronate injections have been shown
to induce vitamin D resistant rickets in rats (Atkin et al.
1988). Therefore, parameters of bone metabolism have to
be closely monitored under etidronate therapy.

It has been hypothesized that hypophosphatemia may
inhibit potential effects of defective NPP1-mediated PP;
generation, as PP; and inorganic phosphate seem to have
mutually antagonistic roles in tissue mineralization. In
this respect, an interesting link has recently been reported
(Lorenz-Depiereux et al. 2010, Levy-Litan et al. 2010)
between inactivating mutations of ENPPI and hypopho-
sphatemic rickets characterized by phosphaturia and elevat-
ed FGF23 levels. Moreover, previous studies on human
subjects with ENPPI mutations have found a variable and
incomplete reciprocal association between aberrant calcifi-
cation and hypophosphatemic rickets (Ciana et al. 20006,
Rutsch et al. 2008). Thus, inducing phosphaturia may have
a potential benefit for GACI patients. This, however, has not
become common practice. Nevertheless, bisphosphonates
promote resolution of calcifications, but have no influence
on the myointimal proliferation, which plays an important
role in vascular stenoses (Rutsch et al. 2008).

In this particular case, the extreme prematurity of the
infant, the severity and variability of clinical conditions
since birth and the lack of diagnostic certainty may have
delayed the diagnosis and thus the start of bisphosphonate
therapy. Furthermore, during 4 months of therapy, a resolu-
tion of calcifications has not been observed. It may well be
that the initiation of therapy might have been too late to
resolve preexisting calcifications. Resistance to bisphospho-
nates may also be due to the particular mutation p.D218V in
ENPP] affecting a conserved residue in the catalytic domain
of the protein. Our experience again stresses the fact that
GAUCI can present with a very rapid and fatal course. More
data should be thus collected to better define prognosis and
therapeutic possibilities.
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Lymphoblastoid Cell Lines for Diagnosis of Peroxisome

Biogenesis Disorders

Sabine Grgnborg, Ralph Kratzner, Hendrik Rosewich, and Jutta Gartner

Abstract Peroxisome biogenesis disorders (PBDs) are a
group of autosomal-recessive developmental and progres-
sive metabolic diseases leading to the Zellweger spectrum
(ZS) phenotype in most instances. Diagnosis of clinically
suspected cases can be difficult because of extensive genetic
heterogeneity and large spectrum of disease severity.
Furthermore, a second group of peroxisomal diseases caused
by deficiencies of single peroxisomal enzymes can show an
indistinguishable clinical phenotype. The diagnosis of these
peroxisomal disorders relies on the clinical presentation,
the biochemical parameters in plasma and erythrocyte
membranes, and genetic testing as the final step. Analysis
of patients’ cells is frequently required during the diagnostic
process, e.g., for complementation analysis to identify the
affected gene before sequencing. In the cases with unclear
clinical or biochemical presentation, patients’ cells are
analyzed to prove PBD or to demonstrate biochemical
abnormalities that might be elusive in plasma. Cell lines
from skin fibroblast that are usually generated for diagnostic
workup are not available in all instances, mainly because the
required skin biopsy is invasive and sometimes denied by
parents. An alternative cellular system has not been analyzed
sufficiently. In this study, we evaluated the alternative use
of lymphoblastoid cell lines (LCLs), derived from a periph-
eral blood sample, in the diagnostic process for PBD. LCLs
were suitable for immunofluorescence visualization of per-
oxisomal enzymes, complementation analysis, and the bio-
chemical analysis to differentiate between control and PBD
LCL. LCLs are therefore an easily obtainable alternative
cellular system for a detailed PBD diagnostic workup with
a reliability of diagnostic results equal to those of skin
fibroblasts.
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Introduction

Due to their clinical and pathogenetic heterogeneity, inher-
ited disorders of peroxisomal metabolism pose a diagnostic
challenge. Peroxisomal diseases can be subdivided into two
groups: PBD or group I peroxisomal diseases lead to a loss
of function of most or all peroxisomal metabolic activities.
Group II comprises diseases that are caused by deficiencies
of single peroxisomal proteins only. More recently, a com-
bined defect of peroxisomal and mitochondrial fission
caused by mutation of a fission factor (DLP1) common
to both organelles has added an inherited peroxisomal dis-
ease (Waterham et al. 2007). Different reports have empha-
sized mild and variant manifestations, especially of PBD,
that are likely to elude diagnostic screening or even consi-
deration as peroxisomal disease (Dursun et al. 2009; Raas-
Rothschild et al. 2002; Zeharia et al. 2007).

Clinically, PBD patients present with Zellweger syn-
drome spectrum (ZSS) or, in 20% of cases, with rhizomelic
chondrodysplasia punctata. Typical symptoms of ZSS include
facial dysmorphism with high forehead, broad nasal bridge,
external ear deformities, and large fontanelles, as well as
severe neurological impairments such as muscular hypoto-
nia, failure to thrive, seizures, and developmental deficien-
cies. Disease severity varies and life expectancy ranges from
under 1 year in patients with classical Zellweger syndrome
to survival into adulthood (Weller et al. 2003). Peroxisomal
single protein deficiencies as of D-bifunctional protein
(DBPD) or acyl-CoA oxidase show phenotypes resembling
ZSS or have a distinct clinical picture as X-linked adrenoleu-
kodystrophy (XALD), the most common peroxisomal disease
(Wanders and Waterham 2006).

A common approach to the diagnosis of peroxisomal dis-
orders is the measurement of peroxisomal metabolites, which
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accumulate or deplete in plasma or red blood cell membranes
in case of a peroxisomal disease. Very long chain fatty acids
(VLCFA) are measured as a screening tool for peroxisomal
diseases in general, but may be normal in spite of the presence
of peroxisomal disease (Ferdinandusse et al. 2006; Rosewich
et al. 2006). A more detailed biochemical analysis and mea-
surements in cultured patient cells, typically fibroblasts,
can avoid this pitfall. Bile acid intermediates, phytanic and
pristanic acid as well as plasmalogen measurements, help to
differentiate between the two groups of peroxisomal diseases
and direct suspicion to certain forms in the case of single
protein deficiencies. Visualization of peroxisomes and the
cellular distribution of peroxisomal matrix enzymes in
patients’ skin fibroblast cell lines is needed to establish the
diagnosis of PBD and is included in a recent diagnostic
flowchart for ZSS (Krause et al. 2009). It is also a prerequisite
to diagnose the peroxisomal disorder with altered peroxisom-
al morphology due to a fission factor deficiency (Waterham
et al. 2007) and possible further, related pathologies. The
genetic heterogeneity of PBD — at least 13 different human
genes are involved in peroxisome biogenesis and can cause
the disease if mutant — makes complementation analysis in
patient cell lines a rational tool to identify the underlying
genetic defect (Krause et al. 2009).

In one patient referred to our center with suspected perox-
isomal disease but inconclusive biochemical parameters in
plasma (Grgnborg et al. 2010), the patient’s parents declined
skin biopsy to establish a fibroblast cell line. With the par-
ents’ consent, we turned toward a lymphoblastoid cell line
(LCL) that could be derived from a peripheral blood sample
without any further burden to the patient. In one previous
report, LCL from a PBD patient and a control individual were
evaluated regarding cellular catalase distribution, VLCFA
levels, and plasmalogen synthesis (Santos et al. 1993). To
establish the usefulness of LCL for the diagnosis of peroxi-
somal disorders and PBD in particular, we studied immuno-
fluorescence staining of peroxisomal membrane and matrix
proteins, exemplified complementation analysis in PBD,
and analyzed the biochemical profile of VLCFA, phytanic
acid, and plasmalogens in LCL from three patients with
peroxisomal disease and 19 control individuals. A clear-cut
diagnosis could be confirmed for two patients with PBD
relying on the biochemical profile, immunofluorescence,
and complementation analysis in LCL.

Materials and Methods

Culture of LCLs

Lymphocytes from patients and controls were immortalized
by standard Epstein—Barr virus transformation techniques
using 5 ml of heparinized blood per patient (Neitzel 1986).
LCLs were cultured in RPMI1640 medium supplemented

with 25% FCS, 2 mM L-glutamine, 1% phythemagglutinin,
100 units/ml penicillin, and 100 pg/ml streptomycin at 37°C
and 5% CO, following standard protocols.

Immunofluorescence Staining of LCL

Immunofluorescence staining was performed as described
previously (Grgnborg et al. 2010). Primary antibodies were
rabbit anti-catalase (1:2,000), rabbit anti-PEX14 (1:1,000),
and mouse anti-myc antibody (1:500) (Oxis International
Inc., Foster City, CA, USA; Protein Tech Group, Chicago,
IL, USA; BD Bioscience, Franklin Lakes, NJ, USA).
Secondary antibodies were Alexa Fluor 488 goat anti-rabbit
IgG (1:300), Texas Red goat anti-rabbit IgG (1:200), and
Alexa Fluor 488 goat anti-mouse IgG (1:2,000) (Molecular
Probes, Carlsbad, CA, USA). Subsequently, cells were
washed and mounted with ProLong Gold Antifade Reagent
with DAPI (Invitrogen GmbH, Karlsruhe, Germany) and
analyzed under an Axio Imager M1 fluorescence microscope
(Carl Zeiss Microlmaging GmbH, Gottingen, Germany).

Complementation Analysis

Transfections of LCL were conducted by electropo-
ration using the Nucleofector Technology (Lonza, Basel,
Switzerland); 1x 10°® LCLs were transfected with 2 pg total
DNA per transfection, essentially following the manufacturers
protocol. As a marker for peroxisomal protein import, the
plasmid mycPECI for expression of peroxisomal A3,
A2-enoyl-CoA isomerase (Geisbrecht et al. 1999) was trans-
fected together with empty expression plasmid (pcDNA3.1;
Invitrogen, Carlsbad, USA) or a plasmid for the expression of
human PEX6 (pTY3) (Yahraus et al. 1996), respectively.
PECI is a peroxisomal matrix protein with the conserved
C-terminal peroxisomal import signal —SKL (—serine-lysine-
leucine). Twenty-four hours after transfection, cells were
processed for immunofluorescence as described above. The
localization of mycPECI in the cytosol or in peroxisomes was
determined by microscopy to prove complementation.

Biochemistry

For biochemical analysis, cells were pelleted, washed with
medium, and resuspended at a concentration of 1 x 107 cells
per 0.3 ml in NaCl 0.9%. For biochemical analysis, 100 pl of
cell suspension was used. Each analysis was performed in
replicate. Selected control and patients’ samples were mea-
sured in two to three independently collected samples with
two technical replicates each. For quantification of VLCFA
and phytanic acid, we used the method of Hunnemann and
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Hanefeld (1988). Briefly, VLCFA and phytanic acid were
derivatized with acetylchloride as methylesters and cali-
brated via GC/MS against internal deuterated standards.
Plasmalogens were determined accordingly, but 50 pl of cell
suspension were used and levels were quantified relatively
to C16:0 and C18:0 (Duran and Wanders 2008).

Patient and Control Cell Lines

Nineteen LCLs were used as control cell lines in total. Control
cell lines were derived from healthy individuals and from
patients with apparent nonmetabolic diseases. Patient LCLs
were derived from two patients with peroxisomal bio-
genesis disorders (PBD1 and PBD2) and one patient with
D-bifunctional protein deficiency (DBPD). The clinical phe-
notype and peroxisomal plasma biochemistry of the DBPD
patient are described in a recent case report (Grgnborg et al.
2010). This patient’s peroxisomal parameters in plasma were
only discretely conspicuous. PBD1 showed the symptoms of
classical Zellweger syndrome and died at the age of 7 months.
PBD2 has a milder phenotype and is currently 8 years old.
Blood biochemistry from these patients pointed unambigu-
ously toward a PBD with elevated VLCFA and reduced
plasmalogen levels in erythroyte lipids (C22:0: PBDI1
12.1, PBD2 14.4, normal 15-113 nmol/ml; C24:0: PBD1
27.5, PBD2 17.9, normal 12-94 nmol/ml; C26:0: PBD1 8.8,
PBD2 3.45, normal 0.2—-1.6 nmol/ml; C24:0/C22:0: PBD1
2.27, PBD2 1.25, normal 0.55-1.05; C26:0/C22:0: PBDI1
0.727, PBD2 0.24, normal 0.005-0.029; phytanic acid:
PBD1 1.7, PBD2 34.7, normal 0.3-9 nmol/ml; pristanic
acid: PBD1 0.6, PBD2 19.9, normal 0-2 nmol/ml; C16:0
plasmalogens x 100/C16 fatty acids: PBD1 0.3, PBD2 4.4,
normal 6.8—-11.9; C18:0 plasmalogens x 100/C18 fatty acids:
PBDI1 0.2, PBD2 7.9, normal 10.6-24.9). Both PBD patients
had previously been diagnosed on the molecular level by
sequencing of the PEXI gene [PBD2: p.G843D/R872X;
(Rosewich et al. 2005)] or by cDNA complementation analy-
sis in fibroblasts and sequencing of the PEX6 gene (PBD1:
p-Asp865_Phe890del, unpublished) and were used in this
study to examine the diagnostic possibilities in LCL.

Results

Immunofluorescence Staining of Peroxisomal
Markers

Immunofluorescence staining of peroxisomal structures can
visualize a protein import defect in patients with PBD and is
frequently required to confirm or exclude the diagnosis
(Krause et al. 2009). In the case of PBD, catalase or other

peroxisomal matrix enzymes are not detected in punctate
peroxisomal structures but evenly distributed in the cytosol.
Peroxisomal membrane proteins (PMPs) can be found cor-
rectly localized or completely absent. Cells with group II
peroxisomal disorders do not show mislocalization of per-
oxisomal proteins but might show fewer and enlarged per-
oxisomes (Huyghe et al. 2006). Peroxisomal morphology
can be judged and a peroxisomal fission defect can be
excluded. In LCL derived from a healthy control individual,
a patient with D-bifunctional protein deficiency and a patient
with PBD, immunofluorescence staining against PEX14,
a PMP, revealed a punctate staining pattern in all three cell
lines (Fig. 1, upper row). Staining against catalase, a peroxi-
somal matrix enzyme, clearly highlighted the patient with
PBD in which anti-catalase staining pattern is distributed
evenly throughout the cytosol in contrast to punctate staining
in control and DBPD LCL (Fig. 1, lower row). No clear
difference of peroxisome size and number could be detected
comparing control LCL with LCL from the two patients.

Complementation of Peroxisome Biogenesis in
a PBD Cell Line

Complementation analysis is suitable to determine which of
the 12 known PEX genes accounts for ZSS and should be
analyzed by direct sequencing (Krause et al. 2009). Figure 2
exemplifies complementation of peroxisomal protein import
in an LCL derived from a patient with PBD: Cell line PBD1
was transfected with an expression construct for mycPECI
(Geisbrecht et al. 1999), which is a peroxisomal matrix
enzyme and serves as reporter for intact peroxisome biogene-
sis. Cotransfection of mycPECI with empty cDNA expression
vector results in a cytosolic distribution of the protein within
the cell (a); while cotransfection with PEX6 cDNA expression
vector rescued the import defect, mycPECI is localized in
punctate structures colocalizing with PEX14 (b), indicating
complementation of the defective gene. Panels (c¢) and (d)
show LCL from a control individual (d) and a patient with
D-bifunctional protein deficiency (c) after transfection with
mycPECI expression construct. Immunofluorescence analysis
reveals colocalization of mycPECI and PEX14 as shown by
the yellow color in the merged picture (right column).

Measurement of Peroxisomal Metabolites in
LCL

Table 1 summarizes the concentrations of VLCFA (C22:0,
C24:0, C26:0, C26:0/C22:0, C24:0/C22:0), phytanic acid,
and plasmalogens in LCL of controls and patients with
peroxisomal disorders. In 19 or 16 control individuals
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control DBPD PBD1

oPEX14

aCatalase

Fig. 1 Immunofluorescence staining of peroxisomal markers. LCL from a control person (left), a patient with D-bifunctional protein deficiency
(DBPD, middle), and a patient with PBD (PBDI, right) were stained against the peroxisomal membrane protein PEX14 (top) and the peroxisomal
matrix protein catalase (botfom) individually, using indirect immunofluorescence staining. PEX14 staining results in a punctate, peroxisomal
staining pattern in all three cell lines, whereas catalase staining reveals a cytoplasmic distribution of the protein in the cell line with deficiency of
peroxisome biogenesis only

o . .

Fig. 2 Complementation of the peroxisome biogenesis defect. LCLs were transfected with a myc-tagged reporter construct for peroxisomal
matrix protein import, mycPECI (A3, A2-enoyl-CoA-isomerase) (a—d) in addition to a vector expressing human PEX6 cDNA (b) or empty vector
(a). Immunofluorescence staining visualizes the distribution of mycPECI in green (left column) and the peroxisomal membrane protein PEX14 in
red (middle column). The right column shows the merged pictures to determine colocalization of the markers resulting in yellow color. Cells from
a patient with PBD (PBD1) do not import mycPECI into peroxisomes resulting in a diffuse cytosolic distribution of the protein (a). After
cotransfection of PBD1 cells with a vector expressing human PEX6 cDNA, mycPECI is imported into peroxisomes resulting in a punctate staining
pattern of the protein and colocalization with PEX14 (b), confirming PEX6 as the mutated gene in this cell line. Panels (¢) and (d) show
colocalization of peroxisomal matrix protein mycPECI and membrane protein PEX14 in LCLs from a patient with D-bifunctional protein
deficiency and a control person
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Table 1 Peroxisomal metabolites in lymphoblastoid cell lines

A
C22 C24 C26 Phytanic acid C24/C22 C26/C22
Controls (n=19) 7.19 (2.0/4.23— 10.84 (3.63/5.1- 1.89 (0.94/0.51- 1.21 (0.37/0.75—-  1.49 (0.18/1.21- 0.26 (0.11/0.11-
11.18) 19.17) 3.94) 2.2) 1.85) 0.47)
DBPD 7.17 (0.39) 11.08 (0.41) 1.68 (0.09) 1.29 (0.21) 1.55 (0.03) 0.23 (0.01)
PBDI 6.63 (0.53) 13.12 (0.48) 7.94 (0.52) 1.61 (0.16) 1.98 (0.1) 1.21 (0.15)
PBD2 3.90 (0.25) 8.19 (1.11) 5.45 (1.01) 0.85 (0.06) 2.09 (0.16) 1.39 (0.18)
B
C16 plasmalogens C18 plasmalogens
Controls (n=16) 7.99 (2.23/4.15-11.35) 4.25 (1.1/2.25-5.6)
DBPD 6.38 (1.57) 3.0 (0.61)
PBD1 1.17 (0.12) 0.87 (0.15)
PBD2 1.88 (0.21) 1.13 (0.05)

Concentrations of C22:0, C24:0, and C26:0 fatty acids and phytanic acid in LCLs of controls (n=19) and three patients with DBPD and PBD (2x)
(A). Values (nmol/1.67 x 107 cells) of controls are given as means with the standard deviation and the range of values in parentheses. Values of
patients are given as means; the standard deviation is added in parentheses. Each control sample was measured in two to four replicates, selected
control samples and patient PBD2 were measured in two to three independent biological samples, two replicates each.

C16 and C18 plasmalogen content in LCLs of controls (n=16) and three patients with DBPD and PBD (2x), respectively (B). The values are
presented as described for A and are expressed as the ratio of C16 or 18 plasmalogens to C16 or 18 fatty acids, respectively, multiplied by 100. The
values for each control sample were determined in replicate; selected control samples and all patient samples were measured in two to three
independent biological samples, two replicates each.

C24/C22 and C26/C22 ratios clearly reveal the peroxisomal B-oxidation defect of VLCFAs in LCLs with peroxisome biogenesis disorders (PBD1 and
PBD2) but not in a patient with DBP deficiency. Remarkably, this patient had only discretely conspicuous peroxisomal parameters in plasma (see text;
Grgnborg et al. 2010). Whether patients with DBPD and clear plasma biochemical phenotype will show pathological C24/C22 and C26/C22 ratios has

yet to be shown. C16 and C18 plasmalogens are clearly reduced in patients with peroxisome biogenesis disorders (PBD1 and PBD2).

(for fatty acids or plasmalogens, respectively), these para-
meters were determined to define a normal range of values
for the analyses in our laboratory (Table 1A, B). These can
be contrasted to the results in LCL from one patient with
DBPD and two patients with PBD (PBD1, PBD2). C22:0
values from patients DBPD and PBD1 lie well in the range
of values for controls (4.23—-11.18 nmol/ml). PBD2 has a
slightly decreased value compared to controls (3.9 nmol/l).
All three patients’ cell lines have C24:0 values in the
range of controls (5.1-19.17 nmol/l). C26:0 values from
both patients with PBD (7.94 and 5.45 nmol/l, respectively)
are outside the normal range (0.51-3.94 nmol/ml). The same
is true for the values from C24/C22 and C26/C22 for PBD1
and PBD2. The deviation is more pronounced for C26/22
where the normal range of values is 0.11-0.47, while the
PBD patients’ values are 1.21 and 1.39, respectively. The
DBPD patient does not have values outside the range deter-
mined for control individuals for any of the VLCFA ana-
lyses. It is important to note that the DBPD patient also had a
mild clinical and plasma biochemical phenotype that led to
diagnostic difficulties (Grgnborg et al. 2010).

Phytanic acid measurement did not show abnormal
results in both PBD patients. As phytanic acid is not an
endogenous metabolite, its concentration in cells will de-
pend on the phytanic acid content of the growth media.
In fibroblasts systematically challenged with phytanic acid
in the growth media, cells from PBD patients could be

distinguished from control cells by indirectly measuring
phytanic acid metabolization (Skjeldal et al. 1986).

C16 and C18 plasmalogen values from both PBD patients
lie clearly outside the normal range, while the DBPD patient
shows no deviation from the normal values, as expected
(Table 1B).

Discussion

According to a recent diagnostic flowchart for the diagnosis
of PBD, the evaluation of cultured cells becomes necessary
when neither of the two most common mutations in the
most frequently affected gene for PBD, namely G843D
and ¢.2097-2098insT in PEXI, can be detected in the
first diagnostic step (Krause et al. 2009). This applies only
for those patients who present with typical biochemical
changes in plasma (i.e., elevated VLCFA and decreased
plasmalogens), otherwise immunofluorescence analysis in
a fibroblast cell culture is required before the diagnostic
flowchart is entered. Likewise, Steinberg et al. (2004)
include patients into their diagnostic process only if the
biochemical changes are clearly indicative of PBD, or
if catalase immunofluorescence staining proved PBD and
excluded a group II peroxisomal disease. Skin biopsy to
obtain fibroblast cell culture might, although generally well
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accepted, be declined by parents because of its invasiveness
or their beliefs as in one of our cases (Grgnborg et al. 2010).
In these cases and also in general, LCLs have the advantage
to be easily obtained by transformation of blood lympho-
cytes sparing the patient a skin biopsy. Moreover, LCLs are
immortal in contrast to primary fibroblast cell lines. A pos-
sible limitation is the required blood volume of 5 ml, espe-
cially in critically sick newborns and infants. LCL should
thus represent an excellent alternative to fibroblasts in the
diagnostic procedure for PBD that has so far not been stud-
ied in detail. We therefore evaluated the use of LCL in the
diagnostic procedure for PBD.

Immunofluorescence staining clearly distinguished PBD
patient LCL from LCL derived from a control individual and
a patient with DBPD (Fig. 1), showing that clear-cut identi-
fication of PBD cells required for the initialization of differ-
ent diagnostic procedures is possible in LCL with standard
immunofluorescence staining. Previously, immunostaining
of a peroxisomal matrix and membrane protein has been
shown in LCL from one PBD patient and control (Santos
et al. 1993). In addition to distinguishing between peroxi-
somal diseases of groups I and II, the quality and resolution
of the immunostaining here should allow to demonstrate
an altered peroxisomal morphology as present in patients
with defects of peroxisomes and mitochondria caused by
DLP] mutations (Waterham et al. 2007). As a screening
tool, immunofluorescence analysis of peroxisomes in LCLs
could be used to examine collections of LCL from patients
with unclear dysmorphic and/or neurodegenerative syn-
dromes with the potential to reveal further patients with
abnormal peroxisomal morphology. Successful complemen-
tation analysis in LCL, exemplified for PBD1 and the com-
plementation of the cellular phenotype with PEX6 cDNA
(Fig. 2), makes LCLs a well-suited alternative starting
material for the complete diagnostic program for PBD aim-
ing at the identification of the genetic defect.

Plasma peroxisomal parameters can be normal in spite
of the presence of peroxisomal disease, more frequently so
in group II than in group I disorders (Ferdinandusse et al.
2006; Rosewich et al. 2006; Soorani-Lunsing et al. 2005;
Wanders and Waterham 2006). Measurements of peroxi-
somal metabolites in cultivated cells, namely fibroblasts,
have in some of these cases helped to elucidate the diagno-
sis of peroxisomal disease. Biochemical analysis of LCL in
this report established that the profile of peroxisomal meta-
bolites of PBD LCL can be diagnostic. C26:0, C24:0/
C22:0, C26:0/C22:0, as well as C16 and C18 plasmalogens
offered a clear diagnostic discrimination between values of
controls and PBD patients 1 and 2 (Table 1). Whether LCL
analysis of patients with ambiguous plasma values could
lead to diagnosis has yet to be established. This was not the
case for the DBPD patient in this study in whom plasma
peroxisomal parameters had been discretely conspicuous

only after repeated measurements (Grgnborg et al. 2010).
All values determined in LCL from this patient were
within the normal range of values from control samples
(Table 1). Further group II patients have to be studied to
prove the reliability of peroxisomal metabolite measure-
ments in LCL also for these patients. Ferdinandusse and
colleagues describe DBPD patients with normal plasma
C26:0 levels and C26/C22 ratio; however, in these
cases elevated C26:0 levels were found in fibroblasts (Fer-
dinandusse et al. 2006).

Earlier studies of peroxisomal metabolites in cultivated
cells from PBD patients included various reports in fibroblasts
(Dacremont et al. 1995; Molzer 1993; Santos et al. 1993;
Schutgens et al. 1993) and one report in LCL (Santos et al.
1993). For XALD patients, additional cell types have
been analyzed, including blood leukocytes (Molzer 1993;
Schutgens et al. 1993; Unterberger et al. 2007) and LCL in
one report (Uto et al. 2008). Santos and colleagues observed
C26/C22 levels in a control LCL (0.31) that were well com-
parable to the mean value of our study (0.26) (Santos et al.
1993). Increase of C26/C22 in the PBD LCL in their study
(0.65) was less pronounced than for our patients (1.21/1.39),
although the authors noted a generally higher amount of
C26:0 accumulation in lymphoblast membranes than in fibro-
blasts. Indeed, C26/C22 values in control fibroblasts are
approximately tenfold lower than in LCL in our and Santos’
study (Santos et al. 1993) in some reports (Schutgens et al.
1993; Valianpour et al. 2003). Other analyses in fibroblasts
have C26/C22 levels in fibroblasts comparable to our findings
in LCL (Dacremont et al. 1995; Santos et al. 1993). Differ-
ences between these cell types might represent differences in
membrane composition and/or culture conditions. Neverthe-
less, the deviations between studies emphasize the impact of
different protocols for extraction and analysis of fatty acids.

In summary, study of LCL represents a reliable cellular
system for the diagnostic process that is mandatory to estab-
lish the diagnosis of PBD. All diagnostic steps (immunoflu-
orescence visualization of peroxisomes and peroxisomal
enzymes, biochemical analysis of peroxisomal parameters,
complementation analyses) that might be required to reach
a definite, genetic diagnosis in this heterogeneous disease
group can be performed in LCL and make these cells equiv-
alent to fibroblasts in the diagnostic process. Thus, LCLs are
a useful alternative to cultured skin fibroblasts, especially in
cases where these cells are not available.
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Synopsis

Lymphoblastoid cell lines are on par with skin fibroblast cell
lines for the diagnosis of peroxisome biogenesis disorders
requiring immunofluorescence staining of peroxisomal
matrix proteins, measurements of peroxisomal metabolites,
and complementation analysis.

Details of Contributions of Individual
Authors

Planning of the study: S.G., RK., J.G.
Conduct of the study: S.G., RK., HR.
Reporting of work: S.G., RK., J.G.

Name of Author Serving as Guarantor

S. Grgnborg

Competing Interest

All authors declare that the answers to all questions on the
JIMD competing interest form are No, and therefore they
have nothing to declare.

Details of Funding

This work has been supported by the Deutsche Forschungs-
gemeinschaft (Ga354/7-1) and the Bundesministerium fiir
Bildung und Forschung (BMBF) through the German Leu-
kodystrophy Network. The authors confirm independence
from the sponsors; the content of this chapter has not been
influenced by the sponsors.

Details of Ethics Approval

Ethics approval was not required for this study.

References

Dacremont G, Cocquyt G, Vincent G (1995) Measurement of very
long-chain fatty acids, phytanic and pristanic acid in plasma and
cultured fibroblasts by gas chromatography. J Inherit Metab Dis
18(Suppl 1):76-83

Duran M, Wanders RJA (2008) Plasmalogens and polyunsaturated fatty
acids. In: Blau N, Duran M, Gibson KM (eds) Laboratory guide to
the methods in biochemical genetics. Springer, Berlin, pp 207-220

Dursun A, Gucer S, Ebberink MS, Yigit S, Wanders RJ, Waterham HR
(2009) Zellweger syndrome with unusual findings: non-immune
hydrops fetalis, dermal erythropoiesis and hypoplastic toe nails.
J Inherit Metab Dis [Epub ahead of print]

Ferdinandusse S, Denis S, Mooyer PA et al (2006) Clinical and
biochemical spectrum of D-bifunctional protein deficiency. Ann
Neurol 59(1):92-104

Geisbrecht BV, Zhang D, Schulz H, Gould SJ (1999) Characterization
of PECI, a novel monofunctional Delta(3), Delta(2)-enoyl-CoA
isomerase of mammalian peroxisomes. J Biol Chem 274(31):
21797-21803

Grgnborg S, Kratzner R, Spiegler J et al (2010) Typical cMRI pattern
as diagnostic clue for D-bifunctional protein deficiency without
apparent biochemical abnormalities in plasma. Am J Med Genet
A 152A(11):2845-2849

Hunnemann DH, Hanefeld F (1988) Diagnose von peroxisomalen
Erkrankungen — Erfahrungen mit einer empfindlichen massenfrag-
mentographischen Bestimmung der sehr langkettigen Fettsdauren
und der Phytansdure im Plasma. Monatsschr Kinderheilkd 136:529

Huyghe S, Mannaerts GP, Baes M, Van Veldhoven PP (2006) Peroxi-
somal multifunctional protein-2: the enzyme, the patients and the
knockout mouse model. Biochim Biophys Acta 1761(9):973-994

Krause C, Rosewich H, Gartner J (2009) Rational diagnostic strategy
for Zellweger syndrome spectrum patients. Eur J Hum Genet 17(6):
741-748

Molzer B (1993) Diagnosis of peroxisomal disorders with neurological
involvement. Padiatr Padol 28(1):43-48

Neitzel H (1986) A routine method for the establishment of permanent
growing lymphoblastoid cell lines. Hum Genet 73(4):320-326

Raas-Rothschild A, Wanders RJ, Mooijer PA et al (2002) A PEX6-
defective peroxisomal biogenesis disorder with severe phenotype in
an infant, versus mild phenotype resembling Usher syndrome in the
affected parents. Am J Hum Genet 70(4):1062—-1068

Rosewich H, Ohlenbusch A, Gartner J (2005) Genetic and clinical
aspects of Zellweger spectrum patients with PEX1 mutations.
J Med Genet 42(9):e58

Rosewich H, Waterham HR, Wanders RJ et al (2006) Pitfall in meta-
bolic screening in a patient with fatal peroxisomal beta-oxidation
defect. Neuropediatrics 37(2):95-98

Santos MJ, Moser AB, Drwinga H, Moser HW, Lazarow PB (1993)
Analysis of peroxisomes in lymphoblasts: Zellweger syndrome
and a patient with a deletion in chromosome 7. Pediatr Res 33(5):
441-444

Schutgens RB, Bouman IW, Nijenhuis AA, Wanders RJ, Frumau ME
(1993) Profiles of very-long-chain fatty acids in plasma, fibroblasts,
and blood cells in Zellweger syndrome, X-linked adrenoleukody-
strophy, and rhizomelic chondrodysplasia punctata. Clin Chem
39(8):1632-1637

Skjeldal OH, Stokke O, Norseth J, Lie SO (1986) Phytanic acid oxidase
activity in cultured skin fibroblasts. Diagnostic usefulness and lim-
itations. Scand J Clin Lab Invest 46(3):283-287

Soorani-Lunsing RJ, van Spronsen FJ, Stolte-Dijkstra I et al (2005)
Normal very-long-chain fatty acids in peroxisomal D-bifunctional
protein deficiency: a diagnostic pitfall. J Inherit Metab Dis 28(6):
1172-1174



36

S. Grgnborg et al.

Steinberg S, Chen L, Wei L et al (2004) The PEX gene screen:
molecular diagnosis of peroxisome biogenesis disorders in the Zell-
weger syndrome spectrum. Mol Genet Metab 83(3):252-263

Unterberger U, Regelsberger G, Sundt R, Bernheimer H, Voigtlander T
(2007) Diagnosis of X-linked adrenoleukodystrophy in blood leu-
kocytes. Clin Biochem 40(13-14):1037-1044

Uto T, Contreras MA, Gilg AG, Singh I (2008) Oxidative imbalance in
nonstimulated X-adrenoleukodystrophy-derived lymphoblasts. Dev
Neurosci 30(6):410-418

Valianpour F, Selhorst JJ, van Lint LE, van Gennip AH, Wanders RJ,
Kemp S (2003) Analysis of very long-chain fatty acids using electro-
spray ionization mass spectrometry. Mol Genet Metab 79(3):189-196

Wanders RJ, Waterham HR (2006) Peroxisomal disorders: the single
peroxisomal enzyme deficiencies. Biochim Biophys Acta 1763(12):
1707-1720

Waterham HR, Koster J, van Roermund CW, Mooyer PA, Wanders RJ,
Leonard JV (2007) A lethal defect of mitochondrial and peroxisom-
al fission. N Engl J Med 356(17):1736-1741

Weller S, Gould SJ, Valle D (2003) Peroxisome biogenesis disorders.
Annu Rev Genomics Hum Genet 4:165-211

Yahraus T, Braverman N, Dodt G et al (1996) The peroxisome biogen-
esis disorder group 4 gene, PXAAAI, encodes a cytoplasmic
ATPase required for stability of the PTSI receptor. EMBO J 15
(12):2914-2923

Zeharia A, Ebberink MS, Wanders RJ et al (2007) A novel PEX12
mutation identified as the cause of a peroxisomal biogenesis disor-
der with mild clinical phenotype, mild biochemical abnormalities in
fibroblasts and a mosaic catalase immunofluorescence pattern, even
at 40 degrees C. J Hum Genet 52(7):599-606



JIMD Reports

DOI: 10.1007/8904_2011_13

© SSIEM and Springer-Verlag Berlin Heidelberg 2011
Received: 19 October 2010; Revised: 23 November 2010;
Accepted: 15 December 2010; Published online: 22 June 2011
Communicated by: Jean-Marie Saudubray

First Report of a Molecular Prenatal Diagnosis in a Tunisian
Family with Lysinuric Protein Intolerance

Nadia Esseghir, Chiraz Souissi Bouchlaka, Sondess Hadj Fredj, Amel Ben Chehida, Hatem Azzouz, Monique Fontaine,
Neji Tebib, Marie Francoise Ben Dridi, Gilbert Briand, Taieb Messaoud, Amel Ben Ammar Elgaaied, and Naziha Kaabachi

Abstract Lysinuric protein intolerance (LPI, MIM# 222700)
is an inherited aminoaciduria caused by defective transport of
cationic amino acids (CAAs; arginine, lysine, ornithine) at the
basolateral membrane of epithelial cells in the intestine and
kidney. We report the first prenatal diagnosis by direct muta-
tional analysis of LPI performed in a Tunisian family. An
amniotic fluid sample was carried out at 16 weeks of gestation
in a 32-year-old Tunisian woman who consulted for prenatal
diagnosis. The 1471 delTTCT mutation at homozygous state
was identified indicating that the fetus was affected by LPIL.
The identification of this specific mutation provides a tool,
which can be easily applied in Tunisia for molecular diagno-
sis, genetic counseling, and prenatal diagnosis of LPL

Keywords Direct mutational analysis - Lysinuric protein
intolerance - Prenatal diagnosis

Lysinuric protein intolerance (LPI, MIM# 222700) is a rare
autosomal recessive aminoaciduria caused by defective
cationic amino acid (CAA; arginine, lysine, ornithine) trans-
port at the basolateral membrane of epithelial cells in the
intestine and kidney. Major symptoms include vomiting,
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diarrhea, failure to thrive, hepatosplenomegaly, bone marrow
abnormalities, osteoporosis, episodes of coma, mental
retardation, lung involvement (mainly as alveolar proteino-
sis), altered immune response, and chronic renal disease
(Simell 2001). LPI has an autosomal recessive mode of
inheritance and was first described in Finnish patients in
1965 (Perheentupa and Visakorpi 1965), with high preva-
lence of 1/60,000. It also occurs in Southern Italy and Japan.
Sporadic cases have been described worldwide in 22 addi-
tional countries (Climbalistiene et al. 2007; Sperandeo et al.
2008). Five Tunisian patients (four families) were diagnosed
with LPI, four of which have been previously described
(Esseghir et al. 2006). LPI causes a severe clinical pheno-
type. Dietary regime and supplementation with citrulline
may not be sufficient to avoid lethal complications. Prenatal
diagnosis by linkage analysis of LPI is now available as
reported by (Sperandeo et al. 1999). However, prenatal
diagnosis by direct mutational analysis of LPI has not been
previously reported in the literature. We report the first
prenatal diagnosis by direct mutational analysis of LPI per-
formed in a Tunisian Family.

A 32-year old woman (gravid 2, para 2) consulted for a
prenatal diagnosis because her first child, an 11-year-old girl
from consanguineous parents, is affected by LPI. The diag-
nosis of index case was made at the second year of life, on
the occasion of Macrophage Activation Syndrome. Early
signs of protein intolerance (vomiting, diarrhea, and selec-
tive protein aversion), poor growth and a pathological frac-
ture at 18 months oriented the biochemical investigations
revealing hyperammonemia and cationic amino aciduria
with high urinary excretion of orotic acid, which confirmed
the diagnosis of LPI (Table 1). Mutational analysis permit-
ted the identification of the 1471 delTTCT mutation at
homozygous state by DHPLC assay (Transgenomic) and
was confirmed by direct sequencing (Applied Biosystem).
For the prenatal diagnosis of the third pregnancy, an amni-
otic fluid sample was taken at 16 weeks of gestation. The
1471 delTTCT mutation at homozygous state was identified,
indicating that the fetus was affected by LPI (Fig. 1).
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Table 1 Biochemical data of the affected LPI girl
Concentrations

73 pumol/L (10-60)

103.5 mmol/mol creatinine (0.35-3.5)

Parameters

Plasma amonemia
Urinary orotic acid

Amino acids Urine (umol/mmol Plasma
of creatinine) (pmol/L)
Ornithine 3.058 (0-80) 33 (29-105)
Lysine 2.517 (0-850) 41 (119-203)
Arginine 1.548 (0-70) 28 (28-101)
a
G GG GGC P TC A G’
170

GTGGGGC TN rga GNag TN

170

GTGGGGC TATTTG@TGGEGTCA

180 190

Fig. 1 The sequence electropherogram of the sense strand in exon 9:
an arrow indicates the position’s deletion. (a) The normal sequence
from a control. (b) The heterozygous sequence from a patient’s parent.
(¢) The homozygote delTTCT present in patient

The 1471 delTTCT mutation is one of 51 different
SLCA7A-specific mutations that have been identified in
142 patients with LPI (Font-Llitjos et al. 2009). Subsequent-
ly, the same mutation was identified at homozygous state in
five Tunisian patients with LPI (Esseghir et al. 2009). Previ-
ously, it had been found at homozygous state in two others
Tunisian siblings (Sperandeo et al. 2000).

In conclusion, the 1471 delTTCT mutation, which has
been identified in a total of seven Tunisian unrelated patients
with LPI, seems to be the common mutation for this disorder
in Tunisia. Considering these results, Tunisian patients sus-
pected of LPI can first be screened for this specific mutation,
allowing a cost-effective and rapid diagnosis of LPI in
Tunisia.
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Foot Process Effacement with Normal Urinalysis in Classic

Fabry Disease
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Masahisa Kobayashi, Toya Ohashi, Yoshihiko Ueda, and Mariko Y Momoi

Abstract Fabry disease is an X-linked glycosphin-
golipidosis caused by deficient synthesis of the enzyme
a-galactosidase A, which results in glycosphingolipidosis,
predominantly globotriaosylceramide, progressively accu-
mulating in systemic tissue. A dominant complication of
Fabry disease is nephropathy. The average age for the
development of clinical nephropathy is 27 years in male
patients, with up to half of all patients developing end-
stage renal failure by their 50s. A recent study revealed
podocytes play important roles in antiproteinuria. Podocyte
injury leads to foot process effacement and proteinuria. The
foot process effacement induces podocyte depletion from the
glomerular wall, glomerulosclerosis, and results in end-stage
renal failure. We report on a 13-year-old boy with classic
Fabry disease, who developed foot process effacement and
podocyte depletion even before proteinuria appeared. At
the time, his only symptom of Fabry disease was acropar-
esthesia. He was administered Agalsidase 3 (1 mg/kg/dose
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div) every other week and /4 months after treatment, his
renal function remained normal. This is the first report of a
patient with classic Fabry disease, with only acroparesthesia,
who had normal urinalysis but manifested foot process
effacement and podocyte depletion. Podocytes are highly
differentiated cells with a limited capacity for cell division
and replacement. The large individual variation and often
progressive nature of this disease raises concerns about the
appropriate timing for initiating enzyme replacement thera-
py (ERT). Recent data have shown a limited effect of ERT
on progressive organ damage. In our case, ERT was initiated
before proteinuria appeared, with good outcome.

Keywords Enzyme replacement therapy - Fabry disease -
Foot process effacement - Proteinuria - Renal pathology

Introduction

Fabry disease (MIM ID #301500) is an X-linked glycosphin-
golipidosis caused by deficient synthesis of the enzyme
a-galactosidase A (EC 3.2.1.22). Glycosphingolipids, pre-
dominantly globotriaosylceramide (GL-3), progressively
accumulate in systemic tissue (Eng et al. 2006). Nephropa-
thy is a dominant complication of Fabry disease, and the
average age for the development of clinical nephropathy is
27 years in male patients, with up to half of all patients
developing end-stage renal failure by their 50s (Branton
et al. 2002). GL-3 accumulation begins during fetal devel-
opment, and cellular inclusions of GL-3 have been detected
in fetal kidney podocytes (Desnick 2007). However, it
remains unclear when cellular inclusion of GL-3 triggers
foot process effacement from podocyte injury, causing
podocyte depletion from the glomerular wall and end-stage
renal failure (Wiggins 2007). We present a case of classic
Fabry disease with foot process effacement and podocyte
depletion, but with normal urinalysis results and acropar-
esthesia the only symptom of the disease.
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Case Report

A 13-year-old boy consulted at our hospital for fever- or
exercise-associated burning pain on the soles and palms that
had persisted for 3 years. His maternal grandfather, who had
not received a diagnosis of Fabry disease, died of multi-
organ failure when he was 45 years old. His mother and
maternal grandfather had acroparesthesia when they were
young. His father and maternal grandmother had not experi-
enced any signs or symptoms of Fabry disease.

Physical Examination and Laboratory Data

The patient’s height was 159.7 cm; body weight, 47.6 kg;
blood pressure, 106/66 mmHg; and body temperature,
36.8°C. He had no rash or angiokeratomas. It was deter-
mined that he had a point mutation of C382Y on exon 7 of
the a-galactosidase A gene. Examination of blood revealed
extremely low a-galactosidase A activity [0.1 nmol/mg pro-
tein/h; reference level, 50—110 nmol/mg protein/h, measured
using a fluorogenic substrate (Mayes et al. 1981)], ele-
vated GL-3 level [17.5 pg/mL; reference level, less than
7.0 ng/mL, measured by liquid chromatographyl/tandem
mass spectrometry (Roddy et al. 2005)], normal creatinine
level (0.46 mg/dL) and blood urea nitrogen level (11 mg/
dL), and no acidemia (pH 7.346; HCO37, 23 mEq/L).
Repeated urinalysis showed negative proteinuria [less than
4 mg/dL and 50-80 mg/day, measured by a pyrogallol red-
molybdate complex (Watanabe et al. 1986)], no hematuria
(Iess than 5 per high-power field), and no hyposthenuria
(specific gravity, 1.025-1.030 on the morning samples),
but a slightly elevated B,-microglobulin level (544.0 pg/L).
His glomerular filtration rate was 144 mLImin/1.73 m’. He
presented with no other signs or symptoms of Fabry disease
(e.g., hypohidrosis, gastrointestinal disturbances, thermal
sensation loss, or cornea verticillata by slit-light examina-
tion). Echocardiography demonstrated normal function and
structure. Cerebral involvement could not be detected by
magnetic resonance imaging.

Renal Pathologic Findings with Normal
Urinalysis

After receiving informed consent from the patient and his
parents and approval from the Ethics Committee of Jichi
Medical University, we performed a renal biopsy for renal
damage assessment. Twenty-six glomeruli were observed,
demonstrating diffuse global vacuolated podocytes by light

microscopy, and diffuse global whorled inclusions in podo-
cytes and focal segmental foot process effacement by elec-
tron microscopy (Fig. 1). The podocytes with whorled
inclusions had foot processes and foot process effacement
was detected where there were no podocytes. We observed
no vacuolated endothelial cells or mesangial cells. No
deposits were observed based on immunofluorescent stud-
ies (IgA, IgG, IgM, C3, C4, and Clq), and there was
no glomerular sclerosis. Tubular cells were also vacuolated
by light microscopy and included whorled inclusions
diffusely and globally. Although there was no tubulo-
interstitial fibrosis, the tunica media of the small arteries
were vacuolated.

Agalsidase B (1 mg/kg/dose div) was administered every
other week, which decreased the GL-3 level and provided
relief from the acroparesthesia. Fourteen months after treat-
ment, the patient maintained a normal GL-3 plasma level
(less than 7.0 ug/mL), normal renal function, normal urinal-
ysis, and was free of other signs and symptoms of Fabry
disease.

Discussion

Foot process effacement and podocyte depletion had al-
ready developed in our classic Fabry disease case, in a
patient who only presented with acroparesthesia, a first
symptom of Fabry disease (Desnick and Brady 2004).
This is the first report of a patient with classic Fabry
disease, with only acroparesthesia, who had normal urinal-
ysis but manifested foot process effacement from podocyte
injury. Previous studies reported several patients with
detectable proteinuria and renal damage such as foot pro-
cess effacement and glomerular sclerosis (Gubler et al.
1978; Tondel et al. 2008).

The findings of diffuse global whorled inclusions in
podocytes, focal segmental foot process effacement, podo-
cytes with both whorled inclusions and foot processes, and
foot process effacement without podocytes indicate that
depletion of podocytes with whorled inclusions was induced
by foot process effacement. Foot process effacement
depends on disruption of the actin cytoskeletal network,
which forms the slit membrane in the podocytes (Asanuma
et al. 2007). This disruption results in proteinuria (Kawachi
et al. 2009) and is thought to cause podocyte depletion
(Wiggins 2007). Podocytes are highly differentiated cells
with a limited capacity for cell division and replacement
(Wiggins 2009), and podocyte injury and loss from the
glomerulus result in end-stage renal failure by glomerular
sclerosis (Wiggins 2009). In our case, progression of podo-
cyte injury would have caused proteinuria, severe podocyte
depletion, and ultimately end-stage renal failure.
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Fig. 1 (a) Vacuolated podocytes
(original magnification x400;
periodic-methenamine silver
stain). (b) Diffuse global whorled
inclusions in podocytes and

focal segmental foot process
effacement (original
magnification x1,200). The
podocytes with whorled
inclusions had foot processes

and foot process effacement

was detected where there were
no podocytes. (¢) Whorled
inclusions (zebra body) in
podocytes with foot processes
(original magnification x6,000).
(d) Foot process effacement that
we observed where there were no
podocytes (original magnification
% 10,000). (e) and (f) Normal foot
process at the remission phase
of minimal change nephrotic
syndrome (original magnification
%x2,500 and x10,000) in a
13-year-old female

The large individual variation and often progressive na-
ture of this disease raise concerns about the appropriate
timing for initiation of enzyme replacement therapy (ERT).
Recent data have shown a limited effect of ERT on progres-
sive organ damage when treatment is initiated at a later stage
(Breunig et al. 2006). The findings in our case are informa-
tive for establishing the optimal ERT initiation time. Our
patient showed no proteinuria, but already had foot process
effacement resulting from podocyte injury and podocyte
depletion that would lead to glomerular sclerosis. Therefore,
in our case, ERT was appropriately initiated before protein-
uria appeared, with good outcome.

Conclusions

Foot process effacement resulting from podocyte injury and
podocyte depletion from the glomerular wall had already
manifested when acroparesthesia developed in this patient.

Although urinalysis was normal, it was a case of classic
Fabry disease. Therefore, normal urinalysis does not neces-
sarily indicate normal renal tissue. Accumulated data are
needed for a better understanding of when to initiate ERT.

Synopsis

Normal urinalysis does not always indicate normal kidney
tissue in Fabry disease.
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Growth Hormone Therapy Is Safe and Effective in Patients

with Lysinuric Protein Intolerance

Harri Niinikoski, Risto Lapatto, Matti Nuutinen, Laura Tanner, Olli Simell, and Kirsti Nanto6-Salonen

Abstract Background: Lysinuric protein intolerance (LPI) is
an autosomal recessive cationic amino acid transport defect
characterized by episodes of postprandial hyperammonemias
and spontaneous protein aversion. Subnormal growth is com-
mon in spite of appropriate nutritional therapy. Growth hor-
mone (GH) therapy promotes appetite, protein synthesis and
accretion, but its possible growth-promoting effects and safe-
ty in patients with LPI are poorly known.

Methods: Four LPI children aged 7-16 years were treated
with GH for a period of 3-4.5 years. Dietary intakes and
plasma amino acid levels were analyzed frequently in addi-
tion to routine monitoring of GH therapy.

Results: Insulin-like growth factor-1 concentration was
low and bone age was delayed in all LPI patients, but
GH provocative test was pathological in only one of the
patients. During the 3-4.5 years of GH therapy (dose
0.035-0.050 mg/kg/day), bone age did not catch up but
height standard deviation score (SDS) improved by 0.7-1.8
SDS. There were no episodes of hyperammonemias.

Conclusions: Our data support safety and growth-promot-
ing potential of long-term GH therapy in patients with LPI.

Keywords Children - Growth - Growth hormone - Lysinuric
protein intolerance - Nutrition
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Abbreviations

GH Growth hormone

IGF-1 Insulin-like growth factor-1
LPI Lysinuric protein intolerance

SLC7A7 Solute carrier family 7, member 7

Introduction

Lysinuric protein intolerance (LPI) is an autosomal recessive
cationic amino acid transport defect (Perheentupa and
Visakorpi 1965), which is caused by mutations in SLC7A7
(Torrents et al. 1999). LPI is exceptionally common in
Finland and almost half of the >100 reported patients are
of Finnish origin (Simell 2001). The amino acid transporter
y'LAT-1 regulates intestinal absorption and renal loss of
cationic amino acids (Simell 2001). Defect in the transporter
leads to low plasma concentrations of lysine, arginine, and
ornithine and the ensuing paucity of the urea cycle inter-
mediates may increase the risk of hyperammonemia.

Treatment of LPI aims at prevention of hyperammonemia
and optimization protein nutrition by protein restriction
and supplementation with oral L-citrulline and lysine-HCl
and, occasionally, with sodium benzoate or sodium phenyl-
butyrate (Simell 2001). Although current treatment regime
combined with nutritional therapy effectively prevents acute
episodes of hyperammonemia, the patients are at risk for
malnutrition due to severe protein aversion. Consequently,
subnormal growth is common in children with LPI.

Growth hormone (GH) promotes protein synthesis and
accretion while reducing protein breakdown (Copeland and
Nair 1994). It also stimulates food and protein intake
(Roberts et al. 1995; Veyrat-Durebex et al. 1999; Blissett
et al. 2000). GH action is mediated through insulin-like
growth factor-1 (IGF-1) and hepatic IGF-1 synthesis is com-
promised in malnutrition (Palacio et al. 2002). There is
a report on GH therapy in patients with organic acidemias
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with and without GH deficiency concluding that GH may be
of value in some metabolic diseases (Marsden et al. 1994).
We thus hypothesized that LPI patients might also benefit
from GH therapy, but use of GH in metabolic diseases may
also carry risks due to increased food consumption and
subsequent potential overload of amino acids or other nutri-
ents. To date, there is only one report of short-term GH
therapy in LPI in a 12-year-old severely stunted girl with
renal tubular disease as well (Esposito et al. 2006). To
strengthen the proof of concept, we have treated four LPI
children aged 7-16 years with recombinant GH for several
years. We now report here the effects of GH therapy on
growth and protein nutrition in these children.

Methods

Patient characteristics are presented in Table 1. All patients
are Finnish and homozygous for the Finnish LPI founder
mutation LPI gy, 1181-2A—T. Three of the patients had
renal disease with poor growth, which is by itself an

Table 1 Patient characteristics during GH therapy

Patient no. 1 2 3 4
Sex F F F M
Age (year) 10.7 124 158 16.5
Medications

Citrulline (mg/kg/day) 120 133 104 53
Lysine (mg/kg/day) 16 26 7 15

Leucine (mg/day) - - 1,000 -
Isoleucine (mg/day) - - 500 -
Sodium benzoate (mg/kg/day) 97 - 108 81
Sodium phenylbutyrate (mg/kg/day) 182 112 149 168
L-carnitine (g/day) 1 1 1 1
Calcium (mg/day) 500 1,500 500 1,000
Phosphate (mg/day) - 1,000 — -
Multivitamin (tabl/day) 1 1 1 1
Essential amino acid mixture (g/day) 15 — - 12
Glucose polymer/corn starch (g/day) 100 25 100 -
Na-phosphate solution (Joulie, - - 36 33
ml/day)
Citrate solution (Lightwood-I, - - 150 -
ml/day)
Na hydrogenocarbonate (g/day) - 25 - 9
Lovastatin (mg/day) - - 10 -
Other - - Leuprorelin —
Laboratory
Creatinine (umol/l) 34 79 131 95
Cystatine C (mg/1) 071 1.54 1.53 1.39
Creatinine clearance (ml/s/1.73 mz) — 046 0.65 —
HCO; - 20 20 18
Total cholesterol (mmol/l) 46 53 4.0 5.2
HDL cholesterol (mmol/l) 0.79 1.08 1.03 1.05
Triglycerides (mmol/l) 34 57 42 34

indication for GH therapy (Haffner et al. 2000). One patient
was started on GH empirically to improve her growth.
Heights (to the nearest 0.1 cm) and weights (to the nearest
0.1 kg) were measured using Harpenden stadiometer and
Soehnle S10 electronic scale, respectively. Yearly blood sam-
ples (for measurement of CBC, free T4, HbAc, IGF-1, NHy,
prealbumin, serum total and HDL-cholesterol and triglycer-
ides, creatinine, cystatin-C, as well as plasma amino acids)
were drawn after fasting, and the analyses were performed at
the Central Laboratory of the Turku University Hospital using
standardized methods. Insulin—arginine and clonidine provo-
cation tests were performed using standard protocols. Bone
age (Bayley—Pinneau) was estimated from the left hand and
wrist. Estimation of dietary intakes was based on food
records, which were checked for accuracy by a nutritionist.

Results

IGF-1 Values, GH Provocative Tests and Effect
of GH Therapy on Growth

IGF-1 values were low in all LPI patients before GH therapy
(Table 2) but increased as expected during treatment. GH
stimulation test was abnormal only in one of the patients and
bone age was significantly delayed in all patients. Daily GH
doses between 0.035 mg/kg and 0.050 mg/kg/day were used.
Two of the patients (patients 1 and 2, both female) were
prepubertal at the initiation of the GH therapy and remained
so for years on GH therapy. Patient 3 (female) had entered
puberty at the initiation of GH therapy, and she was treated
with GnRH-analog (leuprorelin 75 mg/kg every 4 weeks)
simultaneously with GH. Patient 4 (male) was just entering
puberty (G2P1) at the initiation of the GH therapy.

During the 3—4.5 years of GH therapy, height standard
deviation score (SDS) improved by 0.7-1.8 SDS (Fig. 1).
First-year growth velocity increased in all but one patient
(Patient 3), who was treated with GnRH-analog (see above).
Bone age did not catch up during GH therapy, but IGF-1
values increased as expected (Table 2).

Nutrition and Dietary Intakes

Protein intake, in gram per kilogram per day, showed no clear
differences during the GH therapy, although it increased when
expressed in grams/day (Table 2). Oral citrulline and lysine
doses showed a slight decreasing trend. Plasma arginine and
lysine as well as prealbumin concentrations remained rather
stable but plasma glutamine decreased markedly in three of
the patients during GH therapy. There were no episodes of
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Table 2 The effect of GH treatment in LPI patients

Patient no. 1 2 3 4
Sex F F F M
Age at introduction of GH therapy (year) 7.2 7.9 11.8 13.5
GH dose (mg/kg/day) 0.050 0.035 0.050 0.035
GH duration (year) 3.5 (ongoing) 4.5 (ongoing) 4 (ongoing) 3 (ongoing)
Antropometry - - - -
Birth weight (kg) 3.270 2.980 4.020 3.740
Birth length (cm) 50.5 48 52 52
Height (cm) at GH introduction 105.2 97.4 129.2 134.4
Height (SD) at GH introduction -34 —-5.5 -29 =2.7
Weight (kg) at GH introduction 15.8 14.4 26.9 29.7
Weight (%)* at GH introduction -8 -5 +1 +1
Growth velocity 1 year prior to GH (cm/year) 4.8 4.0 7.4 4.2
Growth velocity during 1st year on GH (cm/year) 10.0 7.8 6.6 9.6
Current height (cm) 126.1 126.7 151.2 159.7
Current height (SD) 2.1 -3.7 -2.1 -2.0
Laboratory - - - -
GH max (insulin-arginine-test, pg/l) 12.6 8.4 na 11.7
GH max (clonidine test, pg/l) na na na 6.5
IGF-1 before GH treatment (nmol/l) 8 <5 11 13
IGF-1 during GH treatment (nmol/l) 10 11.6 40 49
Plasma arginine® before GH (pumol/l) 25 34 37 23
Plasma arginine during GH (umol/l) 14 43 41 30
Plasma lysine® before GH (umol/l) 82 74 144 89
Plasma lysine during GH (umol/l) 65 120 141 71
Plasma glutaminedI before GH (umol/l) 2,181 1,682 1,331 963
Plasma glutamine during GH (umol/l) 1,353 1,071 952 1,287
Urinary orotate before GH (umol/mmol crea) 9.7 8.3 3.9 5.0
Urinary orotate during GH (umol/mmol crea) 4.2 6.9 33 4.0
Plasma prealbumin before GH (mg/1) 166 na 207 270
Plasma prealbumin during GH (mg/1) 185 na 191 180
Bone age® - - - -
Before GH —2 year —3 year —2.5 year —4.5 year
After 2-3 years on GH —2 year —2.5 year —2 year —2.5 year
Nutrition and amino acid doses - - - -
Protein intake before GH (g/kg/day) 1.1 1.3 1.2 14
Protein intake during GH (g/kg/day) 1.1 1.2 1.2 na
Citrulline dose before GH (mg/kg/day) 132 182 130 99
Citrulline dose during GH (mg/kg/day) 120 133 104 53
Lysine dose before GH (mg/kg/day) 20 29 9 17
Lysine dose before GH (mg/kg/day) 16 26 7 15

Percentual deviation from age and gender adjusted mean weight
PReference range 23-86 pmol/l (from Dickenson et al. 1965)
“Reference range 71-151 umol/l

dReference range 57-467 pmol/l

“Bone age — calendar age

hyperammonemia or other adverse events. GH treatment was
therefore well tolerated by all four LPI patients.

Discussion

Long-term recombinant GH therapy was effective and well
tolerated in four LPI children aged 7-16 years of age as
judged by improved growth and protein tolerance. The GH

therapy was also safe as it was continued for more than
3 years without any apparent adverse events. Two of the
female patients were prepubertal through many years on GH
therapy but one female was pubertal at the GH onset. One
male subject entered puberty at the start of GH treatment but,
as the growth acceleration takes place in Tanner stage 3—4 in
boys, his improved growth velocity was not due to pubertal
growth spurt. Taken together, GH therapy offers new possi-
bilities to improve growth in LPI. However, the effect of GH
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on adult height achievement could not be measured as the
patients have not yet reached adult height.

In LPI, spontaneous aversion to dietary protein develops
at an early age. The LPI patients are encouraged to incre-
ase dietary protein intake modestly during citrulline and
nitrogen-scavenging therapy, but aversion prevents many
patients from accepting more than minimal requirements
(Simell 2001). Children with LPI often show retarded growth
and poor muscular development. Inadequate nutrition due to
protein aversion may well contribute to the poor growth in
LPI (Simell 2001) and some of the pathological manifestations
of LPI may be related to deficiency of diamino acids (lysine,
arginine, ornithine) and other essential amino acids, but
the pathogenesis of the many problems associated with
this disease is still poorly understood (Rajantie et al. 1980;
Sidransky and Verney 1985; Simell 2001; Tanner et al.
2007). Compromised growth is not alleviated with citrulline
supplementation. It may therefore be more related to reduced
lysine availability than defective urea cycle function in LPI
(Awrich et al. 1975; Tanner et al. 2007).

Interestingly, a recent study reported severe intrauterine
growth restriction in LPI (Slc7a7-deficient) mice with mark-
edly downregulated IGF-1 expression in fetal liver. More-
over, only a minority of LPI pups survived indicating
clearly more severe phenotype in LPI mice than in humans
(Sperandeo et al. 2007). In humans with LPI, intrauterine
growth appears to be normal and growth failure is a postnatal
phenomenon. The infants thrive as long as they are breast-
fed (Simell et al. 1975), whereas in mice the growth is
retarded already in utero (Brder 2007). In keeping with
this, the LPI children in our study did not express intrauter-
ine growth restriction, since their birth lengths varied be-
tween 48 and 52 cm and weights between 2,980 and 4,020 g.
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Patients with LPI have decreased plasma levels of argi-
nine, ornithine, and lysine. Intravenous arginine inhibits so-
matostatin release, and it is commonly used as GH-releasing
stimulant in GH secretion tests. Oral arginine, when given
in large doses, stimulates GH secretion (Collier et al. 2005),
and oral arginine supplementation has been associated with
improved growth in two children with LPI (Goto et al. 1984).
Oral lysine ingestion acutely and markedly increases serum
GH concentrations as well (van Vught et al. 2008). We use
oral lysine supplementation in moderate doses to normalize
plasma lysine values and oral citrulline to boost urea cycle.
Oral arginine and large doses of oral lysine are not tolerated
well in LPI since they may cause diarrhea and other abdomi-
nal complaints. Still, growth of many LPI patients remains
compromised.

It is well known that GH promotes protein synthesis,
protein accretion, and lipolysis and reduces protein break-
down (Copeland and Nair 1994). GH also stimulates food
and protein intake (Roberts et al. 1995; Veyrat-Durebex
et al. 1999; Blissett et al. 2000). GH/IGF axis is influenced
by many factors, including malnutrition and renal disease, as
recently reviewed by Richmond and Rogol (2008). In those
situations, IGF-values are decreased whereas GH values are
increased due to GH resistance (Grottoli et al. 2003). Many
patients with inherited metabolic disease show impaired
growth, but only few have been successfully alleviated
with GH. It has, however, been used in patients with organic
acidemias with and without GH deficiency but the value of it
has remained unsure (Marsden et al. 1994). Prader—Willi
children show increased anabolism and lean body mass and
less fat mass gain if treated with GH (Eiholzer and Whitman
2004). Children with chronic renal failure show catch-up
growth when given GH treatment and majority of them
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achieve normal adult height (Haffner et al. 2000). Previously,
there is only one report of short-term GH therapy in a
12-year-old severely growth-retarded girl with LPI and
tubular disease (Esposito et al. 2006). She had GH deficiency
(peak GH secretion in a stimulation test was 6.4 pg/l)
and presented a significant acceleration of growth from
2 cm/year before therapy to 8 cm/year during the first year
on GH. Our four LPI patients showed analogous improve-
ment of growth. Possible side effects of GH include slipped
femoral epiphysis and benign cerebral hypertension; both of
these might be more probable in LPI patients, who are prone
to hyperammonemia-induced brain dysfunction and osteopo-
rosis. However, neither of these complications was observed
in our patients and the GH therapy was also otherwise well
tolerated. In fact, decreased plasma glutamine concentrations
may indicate a reduced risk of clinical hyperammonemia.

The weakness of this study is the low number of subjects
and any decisive conclusions cannot be drawn. Moreover,
two of the patients (one boy and one girl) were pubertal at
the start of GH therapy. However, in boys the growth accel-
eration typically does not take place before Tanner stage 3,
and the girl received also GnRH-therapy to delay the
advance in bone age development.

In conclusion, patients with LPI show retarded growth,
but GH therapy alleviated growth failure in 4 LPI children
without measurable adverse effects on protein metabolism.
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Take Home Message

Poor growth in children with lysinuric protein intolerance
can be improved by growth hormone.
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Outcomes of Phenylketonuria with Relevance to Follow-Up

F.J. van Spronsen and A. Bélanger-Quintana

Abstract Currently, there is no international consensus on
how patients with phenylketonuria (PKU) (or milder forms
of hyperphenylalaninaemia) should be followed in clinical
practice. Guidelines concerning the frequency and type of
assessments that should be made according to age usually
focus on blood phenylalanine concentrations. A need exists
for improved guidelines on how to do the follow-up of
individuals with PKU/milder forms of hyperphenylalani-
naemia. An interdisciplinary approach for monitoring
patients is required, involving relevant clinical investiga-
tions and regular contact with a clinician and dietician/
nutritionist as well as contact with social health worker,
psychologist and neurologist, at least at request. This
chapter presents a scheme for follow-up. However, by no
means this scheme aims to present the one for all time
follow-up programme. The scheme for follow-up may
rather serve as a start for further discussion in larger groups
of professionals in collaboration with patients and their
parents. A number of questions remain unanswered, and
further research is still needed to fine-tune the management
of PKU at different ages.
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Introduction

Phenylketonuria (PKU; OMIM 261600) is an inherited
autosomal recessive error in amino acid metabolism caused
by a deficiency in the enzyme phenylalanine hydroxylase
(PAH). Consequently, patients are unable to convert the
essential amino acid phenylalanine (Phe) to tyrosine, with
the result that plasma and tissue concentrations of Phe
are elevated, negatively impacting on cognitive develop-
ment and function (Scriver and Kaufman 2001). Untreated
patients with the most severe form of PAH deficiency,
usually termed ‘classic’ PKU, have Phe concentrations
>1,200 pmol/L; less severe forms may be termed as ‘mild
PKU”’ (Phe 600-1,200 pmol/L) or ‘mild hyperphenylalani-
naemia’ (MHP; Phe <600 pmol/L) (Blau et al. 2009).
However, this classification is not that useful if untreated
patients have not reached their maximal Phe concentration
at the start of treatment due to early diagnosis with neo-
natal screening. In this case, the use of other strategies
such as genotyping or the determination of dietary Phe
tolerance is necessary (Guldberg et al. 1998; van Spronsen
et al. 2009a).

Screening for high concentrations of Phe in newborns by
heel puncture is crucial for identifying PKU patients, so that
treatment can be implemented early to prevent severe mental
retardation and allow optimal cognitive development. Pre-
vention of mental retardation has been the primary aim of
PKU treatment for a long time (van Spronsen and Burgard
2008), but even among patients with well-controlled Phe
concentrations, intellectual outcome is not completely nor-
mal (Feillet et al. 2010). Neurocognitive deficits may include
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Table 1 Targets of blood phenylalanine concentrations and frequencies for control for different age groups®

Issue/age in years 0-1 14 4-10 10-12 12-16 >16
Frequency blood phenylalanine/monthb 4 (1-6) 3(14) 1.5 (1-3) 1(1-2) 1(0.5-2) 1(0.33-2)
Frequency blood amino acid 2 (04) 1(0-4) 0 (0-2) 1(0-1) 1(0-1) 1(0-2)
measurements/year”
Frequency clinical evaluation/year® 9 (2-12) 4 (1-6) 3(14) 2 (1-4) 1(1-3) 1(1-2)
Range of target phenylalanine (pmol/L)® 120-360 120-360 120400 120-360 120-600 120-700
(<400) (<400) (<480) (<900) (<900) (<900)

*Adapted from van Spronsen et al. (2009b)

"Most frequent observed number of blood phenylalanine/amino acid concentration measurement; the complete reported range is given within

brackets

“Most frequent number of clinical evaluations; the complete reported ranges are given within brackets
9Most frequent reported target of phenylalanine concentrations; the complete reported ranges are given within brackets

deficits in executive function tasks such as organization,
inhibitory control and planning, which may be responsible
for poor levels of academic achievement (Huijbregts et al.
2002; Feldmann et al. 2005; Gassio et al. 2005).

A strong relationship has been established between the
control of blood Phe concentrations during infancy and
childhood and intelligence quotient (IQ) (Scriver and Kauf-
man 2001). Therefore, good control of Phe concentrations
has been the main objective of treatment, but recommended
maximum Phe blood concentrations by age group vary con-
siderably in all age groups in Europe, as do frequencies of
monitoring (Table 1).

Only some countries have internationally available
reported national guidelines. These guidelines focus on
monitoring target Phe concentrations, frequency of blood
sampling and clinical evaluations but usually provide inade-
quate information for the most appropriate follow-up of
patients with PKU at different ages (van Spronsen and Bur-
gard 2008). These guidelines, for example, seldom offer
advice regarding nutritional issues or type and timing of
appropriate neurocognitive tests.

When designing any kind of clinical algorithm for the
follow-up of a patient with PKU, it is therefore important
to be sure of the objective. Where in the past ‘normal
cognitive function’ was the primary aim, at present ‘a life
as normal as possible’ is the main target for many clinicians
(van Spronsen and Burgard 2008), aiming not only at nor-
mal neuropsychological test outcomes, but also at normal
qualities of life. When aiming at a day-to-day life as normal
as possible, target outcomes need to be re-identified. This
chapter presents a scheme for follow-up with issues that
need attention and consideration for simple or more exten-
sive monitoring (Table 2). This scheme may serve as a
start for further discussion to achieve guidelines rather
than aiming to present the one for all time follow-up
programme. Guidelines need to be developed by larger
groups of physicians, psychologists, nutritionists, bioche-
mists and other professionals in cooperation with patients
and their parents.

Designing a PKU Follow-Up Programme:
Points to Consider

Individually Tailored Treatment

The principal question whether all patients need the same
strictness of treatment is unanswered. There is even a clear
variation among different countries in the Phe concentra-
tions that determine the beginning of treatment in patients
with a positive neonatal screening result (Blau et al. 2010;
Feillet et al. 2010). Old reports already claimed that some
untreated patients did not develop severe mental retardation
(Pitt and Danks 1991). The work of different research groups
using magnetic resonance spectroscopy (MRS) have brought
this discussion alive again by detecting different brain Phe
levels in patients with the same blood Phe concentrations
(Weglage et al. 2001; Pietz et al. 2002).

In other diseases such as leukaemia, the type of presenta-
tion, biochemical and molecular parameters help to distin-
guish patients who need a different degree of treatment
(Faderl et al. 2010). One would expect that if treatment
strategies can be based on molecular data in leukaemia, it
should be possible in monogenetic diseases such as PKU
with a simple monogenic trait. Studies with DNA have
claimed to distinguish patients with more and less severe
degrees of PAH deficiency, but at the same time are not
always conclusive (Kayaalp et al. 1997). However, it was
already in 1999 that Scriver et al. presented ideas why there
is not such a simple trait in PKU (Scriver and Waters 1999),
elaborating these concepts further in one of his later papers
(Scriver 2007). So far, in PKU we have been unable to
identify markers that would enable different treatment strate-
gies. Clearly, complex studies in large populations are needed
before we can answer to a sufficient degree the question as to
which patients need treatment and with which strictness
and which do not. Until this question is safely answered,
all patients should be offered the same treatment strategy in
relation to the therapeutic target Phe concentrations.
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Table 2 Issues of monitoring in standard and expert follow-up in PKU patients

Standard PKU follow-up

Expert PKU follow-up: differences to standard
follow-up

Clinical and nutritional follow-up including visit
to paediatrician/physician metabolic disease
and dietician metabolic diseases with
measures of growth and development

0-12 months: monthly (after parents are
accustomed to PKU and its treatment)

1-4 years: every 3 months

4-18 years: every 6 months

Adults: every 6—12 months

Pregnancy: monthly
0-12 months: weekly
1-2 years: twice monthly

Phenylalanine concentration monitoring

>2 years: monthly
Pregnancy: weekly
Individual adaptation of care

Nutritional investigations
thrombocytes

Calcium, phosphate, alkalic phosphatase,

ALT

Neurological follow-up

Yearly: Haemoglobin, leucocytes,

Regular clinical evaluations, special attention
for tremor, brisk reflexes

0-24 months: weekly

2—4 years: twice monthly

>4 years: once to twice monthly

Pregnancy: twice weekly

Analysis of DNA and tolerance of
phenylalanine with possible consequences
for strictness of treatment

Investigation of possibility of other treatment
strategies for individual including
tetrahydrobiopterin

Yearly: Blood: holotranscobalamine,
methylmalonic acid, homocysteine, total
amino acids, pre-albumin, transferrine

Urine: calcium, protein, phosphate, creatinine

Every 5 years:

Blood: carnitine, fatty acid profile, zinc,
selenium

Bone densiometry each 5-10 years starting at
15-20 years of age. Higher frequency
when indicated. When abnormal, consider
further investigations including markers of
bone turnover

MRI with DTI if necessary (MRS is research
rather than clinical follow-up)

Specific neurological tests by paediatric/adult
neurologist when indicated by the results
of paediatrician/physician metabolic

disease
Neurocognitive function

Regular school reports with special attention
for attention, hyperactivity

Response speed test
BRIEF if possible

Determination IQ once between 6 and 8 years

of age
Psychosocial issues and quality of life

Tests need to be developed

BRIEF Behaviour Rating Inventory of Executive Function, DT/ diffusion tensor imaging

Normal Neurological Outcomes

A strong relationship has been established between the control
of blood Phe concentrations during infancy and childhood
and IQ. Waisbren et al. (2007) conducted a meta-analysis of
40 studies, which pointed out that in early treated PKU
patients, an incremental rise in Phe of 100 pmol/L was predic-
tive of a decline in IQ between 1.3 and 3.1 points at Phe con-
centrations >423 pmol/L during critical periods from O to
12 years of age. However, the relation between IQ and blood
Phe concentrations may be more complex. For example, in
a study of 46 patients, Anastasoaie et al. (2008) found that
1Q tended to relate to the fluctuation of the Phe concentration
rather than to the Phe concentrations being above a specific

threshold. A recent meta-analysis by Albrecht et al. (2009)
demonstrated the negative effects of concurrent Phe
concentrations on reaction times among children at levels
>250 pmol/L, and >600 pmol/L in adolescents. No clear
cut-off value could be estimated for adults, as there is little
data relating Phe concentrations and brain function in this
age group.

Although well-controlled patients reach a normal IQ, it
may be lower than their siblings or classmates. Above this,
patients with normal IQ still might have milder neurocogni-
tive deficits such as slow executive function, difficulties
in organization and planning, etc. (Huijbregts et al. 2002;
Feldmann et al. 2005; Gassio et al. 2005). Most present
guidelines do not consider the routine investigation of these
functions of which deficits may be minor but at the same
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time may be responsible for day-to-day difficulties in the
patients and in the end may unnecessarily lead to poor levels
of academic achievement in some of the patients.

Notwithstanding the relationship between blood Phe con-
centrations and outcome, it is to be resolved whether blood
Phe concentrations can fully explain the total pathogenesis
of brain pathophysiology in PKU (van Spronsen et al.
2009c¢). Hoeksma et al. (2009) evaluated the cerebral protein
synthesis rate in relation to plasma Phe concentration in
adult patients with PKU, using positron emission tomo-
graphy after the administration of intravenous I-[1-''C]-
tyrosine. A significant negative relationship (R*=0.40,
p < 0.01) between plasma Phe concentration and cerebral
protein synthesis rate was observed in 16 patients with PKU.
Individuals with Phe concentrations >600-800 pmol/L
experienced a greater decrease in cerebral protein synthesis
at these higher plasma Phe concentrations, compared with
lower Phe concentrations.

Psychosocial Outcomes

An additional target of significance among patients with
PKU includes psychosocial outcome, of which too few stud-
ies have been conducted to date. Patients with PKU may
suffer severe psychological problems, such as depression,
agoraphobia and low self-esteem (Hendrikx et al. 1994; Ris
et al. 1994; Sullivan and Chang 1999; Waisbren et al. 1994;
Waisbren and Levy 1991; Weglage et al. 1992; Weglage
et al. 1994), and improved dietary control may assist with
improving these psychological outcomes.

Pietz et al. (1997) assessed psychiatric disorders in
patients with PKU and tested whether biochemical control,
intellectual functioning, white matter abnormalities visible
on magnetic resonance imaging (MRI) and/or style of par-
enting was related to psychopathology. Findings indicated
that a higher percentage of patients with PKU internalize
their feelings (25.7% of patients with PKU versus 8.3% of
the control group), which are later expressed as psychiatric
problems of anxiety, depression and low self-esteem (Pietz
et al. 1997). In a retrospective study conducted by Weglage
et al. (1992), 34 early treated normally intelligent adoles-
cents with PKU and their parents were tested using several
psychometric personality inventories and self-developed
questionnaires to assess their psychosocial situation, dis-
ease- and diet-specific knowledge. Compared to the control
population, patients had a more negative evaluation of their
scholastic ability, were less motivated, had a lower tolerance
of frustration and gave more negative self-descriptions.
They also tended to be less extroverted and had a higher
level of dependency on their families.

Nutritional Outcomes

A further main target is to ensure that there are no nutritional
deficiencies that may give rise to possible physiological or
neurological concerns. These nutritional deficiencies cannot
be monitored by simply measuring Phe concentrations.
Some guidelines advice concerning a prescriptive total
amount of protein, as well as vitamin B, monitoring (Med-
ical Research Council for Phenylketonuria 1993; Abadie
et al. 2005). Research papers have studied the possibility
and clinical importance of deficiencies of amino acids other
than Phe, bone turnover markers (such as deoxypyridinoline,
osteocalcin, bone alkaline phosphatase, C-terminal procolla-
gen peptide type I, osteoprotegerin), calcium, carnitine, co-
enzyme Q, folates, iron, long-chain polyunsaturated fatty
acids, selenium, vitamin A, B, and B;,, C and E, and zinc
(Ambroszkiewicz et al. 2004; Millet et al. 2005; Feillet and
Agostini 2010). Effects on bone density, growth and oxida-
tive stress — with possible consequences for intellectual
development and neuropsychological function — have been
suggested although clear evidence is lacking (Sirtori et al.
2005; Feillet and Agostini 2010).

Until now, there have been no studies that specify in
which situations patients are more prone to specific nutri-
tional deficiencies. Is it related to age or growth velocity?
Is it related to how strict their diet is, or rather, is it
more frequent in patients who relax their diet but still do
not have a quantitatively and/or qualitatively normal protein
intake? It also remains to be investigated to what degree
subclinical nutritional deficits may impair optimal neuropsy-
chological and psychosocial function. It is still unclear,
therefore, at what age patients would benefit the most from
arranging specific tests to detect nutritional deficits.

It is our opinion that there are probably three moments
in life in which nutritional deficiencies of the patient
are more prone to appear and therefore patients should
be especially monitored: young infants, adolescents and
elderly. Young infants have a rapid growth and develop-
ment. In this age group, nutritional care may focus at
deficiencies of essential amino acids and long-chain poly-
unsaturated fatty acids. Adolescents and adults, on the
other hand, may abandon their restrictive diet, think they
have normalized their natural protein intake and believe
they do not need their amino acid supplements anymore.
Such patients tend to be nutritionally deficient, as their
intake of natural protein is both of low quantity and quali-
ty. In this age, group tests are needed to detect specific
nutritional deficits such as vitamin Bj,, (measuring
methylmalonic acid and homocysteine rather than vitamin
B, itself) (Vugteveen et al. 2010) which may result in a
less optimal physical condition and neurological dysfunc-
tion. With regard to elderly, there simply is not enough
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experience, but deficiencies may have a remarkable resem-
blance compared to young infants.

Pregnancy is another delicate situation in which dietary
restrictions might need to be intensified for the sake of the
foetus. Notwithstanding the fact that outcome is very good
when Phe restriction is started clearly before conception and
continued throughout pregnancy, there are nutritional issues.
First of all, it sometimes proves difficult to prevent Phe
concentrations from being too low in the second half of
pregnancy when there is a high need of Phe due to growth
velocity of both child and placenta. Tyrosine is an ongoing
subject for debate. Should tyrosine be supplemented during
pregnancy and how should the amount of supplementation
be determined? There is a need of long-chain polyunsaturat-
ed fatty acids. Carnitine concentrations can be very low, but
whether supplementation is needed is unclear. With regard
to vitamins, there is the risk of vitamin A toxicity rather than
deficiency.

Quality of Life Outcomes

As with the lack of PKU studies assessing psychosocial
outcomes, there is also a dearth in the number of studies
that assess quality of life (QoL) in patients with PKU. Two
of the ones that have done so, however, display conflicting
outcomes. Bosch et al. (2007) conducted a study to assess
the course of life, socio-demographic outcomes and health-
related QoL in 32 young adult patients (aged 18-30 years)
with PKU who remained on treatment. Findings from the
completed Course of Life questionnaire (Grootenhuis et al.
2003), the RAND-36 Health Survey and the cognitive scale
of the TNO-AZL Adult Quality of Life questionnaire
(Fekkes et al. 2000) were comparable to controls except
for the higher percentage of patients requiring special edu-
cation in primary school; this was, however, comparable
with that of the patients’ peers. The precise meaning of this
finding for treatment strategies remains unanswered. In con-
clusion, Bosch et al. (2007) surmised that while PKU is a
chronic disease with the burden of strict dietary control,
early and continuously treated patients with PKU can enjoy
a normal health-related QoL.

By contrast, Simon et al. (2008) showed that 47% of 67
young adult patients with PKU in Germany lived with their
parents (compared with 25% in the general population), and
more than 75% of male patients were not involved in a
steady relationship. In addition, 9% of female and 18% of
male patients had children, compared with approximately
50% of subjects in the general population in the same age
group. Therefore, the data of Simon et al. (2008) substantiate
the findings of another German study of Weglage et al.
(1992) concerning decreased autonomy, and by that show

that in PKU psychosocial issues still need to be addressed to
achieve normal QoL outcome.

New studies will have to reveal whether the differences in
data of Bosch et al. (2007) compared to Simon et al. (2008)
and Weglage et al. (1992) are due to differences in study
design and/or study groups.

To date, there is no study correlating psychosocial and
QoL issues with levels of blood Phe, and the stringency of
Phe dietary restriction to achieve these Phe concentrations.
Furthermore, little data on the influence of family issues and
style of parenting on QoL are available. We also have no
data about the relation between neuropsychological and
psychosocial outcomes at low(er) and high(er) Phe concen-
trations (during various periods of life), and the effort it
takes for patients to achieve these concentrations. Therefore,
we cannot be sure of the relationship of cause and effect.
It might very well be that, on the one hand, stringent dietary
restrictions resulting in well-controlled Phe concentrations
allow the best possible neurocognitive outcomes in the tests
applied, but that, on the other hand, such a stringent dietary
restriction may imply a restriction of social life and psycho-
social well-being that results in the incapability of patients to
completely use their biological potentials of neurocognitive
skills in day-to-day life. At this moment, it is unclear wheth-
er a lower than optimal control of Phe concentrations, the
stringent dietary restrictions or a combination of both nega-
tively influence self-esteem in PKU patients (Hendrikx et al.
1994; Weglage et al. 1992), and consequently result in less
autonomy (Weglage et al. 1992; Simon et al. 2008).

Crone et al. (2005) reported that too a strict handling of
the dietary limitations is not necessarily associated with
lower Phe concentrations. Therefore, teaching coping stra-
tegies to our patients and their families may be of more
importance than considered previously, not only at the mo-
ment of diagnosis but also at all other age groups, such as
adolescence and adulthood.

Designing a PKU Follow-Up Programme:
What Elements Should It Contain?

Table 2 contains the elements that we believe need attention
in the follow-up of PKU patients. A PKU centre is the likely
venue for this follow-up. These centres should always have a
metabolic paediatrician/adult physician, a dietician or nutri-
tionist, and a clinical biochemist. Other staff who ideally
should be included in this interdisciplinary team is a social
health worker, a psychologist, a neurologist and a
specialized nurse. One study showed that centralized expert
teams provide better care than smaller centres (Camfield
et al. 2004). However, the question remains as to what
specifications distinguish PKU expert centres from teams
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who provide more standard care to their patients, who should
decide on this issue and on what basis. At present, the
suggested ‘expert’ follow-up does not include specific neu-
ropsychological test batteries, MRS, positron emission to-
mography and extensive questionnaires on the QoL, as these
are considered to be research rather than expert care.

Phe concentrations are still a key element in the monitor-
ing of PKU patients, but other biochemical parameters
should be considered to be able to assess their importance
in the future, such as the fluctuation of these concentrations
and the ratio of Phe to tyrosine and the other amino acids.
Patients of all ages and phenotypes (on strict diet or not)
deserve nutritional monitoring to avoid nutritional deficien-
cies. The strictness of their diet, age and personal situation
should be taken into account to determine specific para-
meters.

Patients should be routinely followed to assess neurolog-
ical outcome. A clinical neurological examination can be
done by any experienced paediatrician/adult physician. Re-
ferral to a neurologist is advised in cases in which abnorm-
alities are found. Additional neurological imaging (e.g.
cerebral MRI) is encouraged in such cases. It should be
remembered, however, that the relation between an abnor-
mal MRI and clinical outcome is not that strong. Although a
better control should try to be obtained, abnormalities on a
MRI should not be used to impress the patient and by this
means try to improve the adherence to treatment. When
using MRI, the use of more advanced techniques such as
diffusion tensor imaging is advocated. At this moment, the
use of MRS and positron emission tomography studies is for
research rather than day-to-day follow-up.

1Q testing is considered appropriate for research and rou-
tine purposes at least until the age of 7. We encourage the use
of neuropsychological tests (especially in patients over 7 years
of age) to assess neuropsychological deficits such as executive
function deficits. It is preferable to use standardized batteries
of tests to achieve a greater degree of certainty. In this light, it
is of importance to note that simple speed tests may be of
practical value (Albrecht et al. 2009), whereas rather more
complex neuropsychological batteries are needed for re-
search. The Behaviour Rating Inventory of Executive Func-
tion (BRIEF) for paediatric ages and BRIEF-A for adults, a
questionnaire, can be used but availability is especially in
English and Spanish language (Waisbren and White 2010).

Measuring psychosocial outcome has become of more
importance. A simple standardized questionnaire that could
be used in a clinical setting would be of great help to
understand the needs of the patients in different moments
of their lives. It would be of added value when the QoL of
patients and their families could be assessed with a simple
standardized questionnaire as well. The report of Waisbren
and White (2010) is the first one to present some ideas about
such tests including the Behaviour Assessment System for

Children (BASC-II), the Beck Anxiety Inventory 2nd edition
for adults (BAI-II) and the Beck Depression Inventory 2nd
edition (BDI-II) for adults. However, the usefulness of the
BASC-II, the BAI-II and the BDI-II has to be proven in PKU
patients, and therefore, research is necessary before these
tests can be considered daily clinical practice for either
standard or specialized care.

Conclusion

Notwithstanding the large library of knowledge in PKU,
there is still no clear picture of how a follow-up programme
can be successfully delivered. Once an individual has been
diagnosed with PKU and is undergoing treatment, he or she
deserves adequate follow-up during his or her entire life-
span, with differences as personal circumstances change at
different ages. Each follow-up programme should be in the
best interest of the patients with regards to their disease
severity, age and other relevant factors, such as the desire
to become pregnant.

This chapter tries to present a start for a follow-up
programme. By no means, however, this chapter is aimed
to present the one for all time follow-up programme. By
giving some specific ideas on the programme, it may serve
as a start for further discussion. Metabolic physicians, nutri-
tionists, psychologists, biochemists, social health workers
and specialized nurses are needed to achieve guidelines, in
collaboration with parents and patients.
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Three Adult Siblings with Mucopolysaccharidosis Type Il
(Hunter Syndrome): A Report on Clinical Heterogeneity
and 12 Months of Therapy with Idursulfase

Michel C. Tchan, Kerry T. Devine, and David O. Sillence

Abstract Mucopolysaccharidosis type II (MPS II -
Hunter syndrome) is a rare X-linked recessive disease of
lysosomal glycosaminoglycan metabolism leading to a
systemic storage disorder. We report three adult brothers
(aged 46-52 years) with attenuated Hunter syndrome after
12 months of enzyme replacement therapy with idursulfase.
Before enzyme replacement therapy, each had serious com-
plications of their disease: in addition to all requiring urgent
cervical spinal canal decompressions in middle age, one
required emergency aortic and mitral valve surgery, another
had stage IV airways disease, and the third had acute glau-
coma resulting in unilateral blindness. One brother discon-
tinued therapy after 12 months. The other two brothers
reported subjective improvements in energy and exercise
tolerance.

Keywords Enzyme replacement therapy - Hunter syn-
drome - Mucopolysaccharidosis type 11

Introduction

Mucopolysaccharidosis type II (OMIM #309900) is an
X-linked recessive disorder due to deficiency of iduronate-
2-sulfatase (IDS, EC 3.1.6.13) which is responsible for the
cleavage of O-linked sulfates from dermatan sulfate and
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heparan sulfate. The incidence is approximately 1.3 per
100,000 live male births (Poorthuis et al. 1999; Baehner
et al. 2005), although affected females with skewed
X-inactivation have been described (Manara et al. 2010).
Hunter syndrome demonstrates a spectrum of disease with
severe patients defined by cognitive impairment and pro-
gression of somatic disease with death from cardiac, respira-
tory, or neurological events in the second decade of life.
Patients with the attenuated form do not have cognitive
involvement and survive to adulthood, but have variable
and often severe somatic involvement including cardiac
valvular disease, airway compromise, spinal canal stenosis,
short stature, joint restriction, dysostosis multiplex, hepato-
megaly, and carpal tunnel syndrome (Wraith et al. 2008a, b).

Enzyme replacement therapy with idursulfase for MPS 11
was made available in Australia in 2008 for patients
with the nonneurological form of the disease under the
Federal Department of Health Life Saving Drugs Program.
Idursulfase (Elaprase — Shire Human Genetic Therapies) is
a recombinant human protein produced in HT1080 human
fibroblast cultured cells that is posttranslationally modified
to form active enzyme (Muenzer et al. 2006, 2007). Clinical
trials demonstrated reduction in urinary glycosaminoglycan
(GAG) excretion, an increase in the 6-min walk test
(6MWT) distance, improvement in forced vital capacity
(FVC), and normalization of organomegaly (Muenzer et al.
2006, 2007).

Adult siblings with MPS II have not, to our knowledge,
been described in the literature. All these three men had
symptoms in early childhood but were not diagnosed until
young adulthood. The causative family mutation in /DS was
determined in 2002 and reported as p.S152G. Two of the
brothers have their own children, and one of them has a
grandson who was determined to be unaffected by prenatal
diagnosis (Fig. 1). Before treatment with idursulfase, at
0.5 mg/kg/week, they all had significant skeletal and con-
nective tissue disease and had required cervical laminect-
omy for severe symptomatic cervical spinal canal stenosis as
well as carpal tunnel releases. Idursulfase was commenced
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Fig. 1 Family pedigree showing
GM (1IL.1), PM (111.3), and DM
(111.4)

in early 2009; however, they all lived at significant distances
from our hospital, and thus therapy was instituted at our
center initially, but transferred to a local hospital after
4-6 weeks. Many of the monitoring investigations were
performed at local institutions, and as a consequence, liver
and spleen volumes were not calculated. Treatment compli-
ance was 100% at 12 months.

We report here the clinical phenotype of each patient as
well as responses to enzyme replacement therapy (Fig. 4 and
Table 1).

Patients

DM (111.4)

DM is a 46-year-old man diagnosed at the age of 20 by the
finding of elevated urinary glycospaminoglycans (18 g/mol
creatinine), and low enzyme activity levels in plasma (0.05,
normal = 4.8 pmol/min/mg protein) and blood leukocytes
(1.1, normal = 11.8 pmol/min/mg protein) after he presented
with long-standing restriction of joint range of motion. His
adult height was 162 cm and he had subtle facial features
consistent with a storage disorder (Fig. 3a). DM had joint
restriction from childhood; he recalled having difficulty in
crossing his legs to sit on the floor in kindergarten and being
unable to put his hands on his head. Although he played
representative sport during school (including soccer, cricket,
and rugby league), he was never a fast runner and always had
problems throwing a ball.

DM had acute angle closure glaucoma of the right eye at
the age of 20 with intraocular pressure documented at over
80 mmHg. On his most recent ophthalmology review, he had
an opaque right cornea and an atrophic optic nerve, with
no vision in that eye. His left eye intraocular pressure was

maintained at around 14 mmHg with pilocarpine and later
latanoprost. He had iridectomy operations performed on
both eyes. His left pupil was permanently constricted,
presumably from long-standing glaucoma therapy and/or
scarring from laser iridectomy, although the effect of GAG
storage in the iris sphincter and dilator pupillae muscles may
have been contributory. His left eye corrected to 6/7.5 but
had severely constricted visual fields. He had no residual
night vision and was considered legally blind. Pigmentary
retinopathy has not been documented; however, fundoscopy
and ERG were not possible due to his right corneal scarring
and left miosis.

He presented with parasthesias on neck extension at the
age of 30, and MRI demonstrated central spinal canal steno-
sis in the upper cervical region with abnormal signal inten-
sity at the C2/3 level. The predominant abnormality was
described as a greater than 2 mm thickening of a membrane
surrounding the dural sac. He underwent surgical decom-
pression at 39 years of age. He underwent left carpal tunnel
release at the age of 41 and still has electrophysiological
evidence of mild bilateral carpal tunnel syndrome without
diminished hand function. DM did not have a history of
cardiac symptoms, although echocardiography at the age
of 44 showed mild mitral regurgitation and mild aortic
sclerosis. The left ventricular and systolic functions were
normal and there was mild left ventricular diastolic dysfunc-
tion. Respiratory function tests showed a mild obstructive
picture [FVC 3.72L (99%), FEV, 2.3L (74%)], and he had
normal exercise tolerance without shortness of breath. DM
had mild bilateral high frequency sensorineural hearing loss
but did not wear hearing aids.

His other past medical history included Hashimoto’s thy-
roiditis diagnosed at the age of 34, Poland anomaly of the
right pectoralis major, a right inguinal hernia repair, and a
tonsillectomy. He had a diagnosis of acne rosacea for which
he was treated with minocycline. Minocycline caused a



Three Adult Siblings with Mucopolysaccharidosis Type Il

59

Fig. 2 (a) DM (aged 6 months, second from left), PM (aged 22 months, first on left), GM (aged 6 years, third from left), and unaffected brother
(aged 4 years, far right). GM’s hand contractures were clearly present at that age. (b) DM (age 3.5, second from left), GM (age 9 years, third from
left), PM (age 5 years, far right) and unaffected brother (age 7 years, far left). Hand contractures are evident in all three affected brothers.
(c¢) Unaffected brother (age 20, far left), PM (age 18, second from left), DM (age 16, third from left) and GM (age 22, far right).

striking blue discoloration of his nails and ears — a known
complication of this medication (Eisen and Hakim 1998) —
and was ceased without resolution of the discoloration.

DM commenced infusion with idursulfase 30 mg weekly
at the age of 44. His baseline measurements and changes
during the first 12 months of therapy are documented in
Fig. 4 and Table 1. There were no infusion reactions or
adverse events. DM reported feeling generally fitter and

that his joints felt looser, although there were no objective
significant changes in his joint range of motion. Liver and
spleen volumes were unchanged according to the reports
of abdominal CT scans, although organ volumes were not
formally quantitated. 6MWT was increased at 12 months
compared to baseline (802 m c.f. 564 m). Repeat echocardi-
ography and respiratory function testing after 12 months of
idursulfase did not reveal significant changes.
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Fig. 3 (a) Facial features of DM at the age of 46. (b) Facial features of
PM at the age of 48. (¢) Facial features of GM at the age of 52

GM (I1l.1)

GM is a 52-year-old man diagnosed with Hunter syndrome
at the age of 26 following the diagnosis being made in his
sibling. His adult height was 160 cm and he also had subtle
facial features consistent with his storage disorder (Fig. 3c).
GM recalled being unable to cross his arms or legs at the
commencement of primary school due to joint restriction.

Cardiac valvular disease predated his diagnosis of MPS II
with asymptomatic mitral and aortic valve regurgitation
detected as a teenager. Cardiac monitoring was sporadic
over the following years, and he presented at the age of
50 in extremis with cardiogenic shock and acute pulmonary
edema secondary to severe aortic valve stenosis and mitral
regurgitation. He underwent aortic valve replacement with
a porcine aortic valve and mitral valve annuloplasty. His
postoperative course was complicated by pneumonia, pan-
creatitis, cardiac tamponade, and Pseudomonas sepsis;
however, he eventually made a full recovery.

A cervical spine MRI performed at the age of 35 demon-
strated dural and extradural thickening from the upper clivus

to the C3/4 intervertebral disk level with cord compression
and increased signal at the C2 level. Cervical laminectomy
was performed at the age of 46 following progression of his
chronic neck pain to gait disturbance and bilateral upper
limb weakness. Left and right carpal tunnel surgeries were
performed at the ages 43 and 47. Baseline respiratory func-
tion testing before enzyme replacement therapy at the
age of 51 demonstrated mild obstructive and restrictive
airways disease [FVC 2.83L (77% predicted), FEV; 2.10L
(70% predicted)]. He had bilateral hearing loss and had worn
hearing aids from the age of 43. His other past medical
history included tonsillectomy, bilateral inguinal hernia
repairs, umbilical hernia, Hashimoto’s thyroiditis, and
depression.

GM commenced infusion with idursulfase 36 mg weekly
at the age of 51. His baseline measurements and changes
during the first 12 months of therapy are documented in
Fig. 4 and Table 1. There were no infusion reactions or
adverse events. He reported an increase in energy levels
and exercise tolerance. PM had a significant weight gain of
around 10 kg over the first 12 months of therapy. Examina-
tion excluded fluid overload from cardiac failure as the
cause; abdominal adiposity was felt to be the predominant
cause of weight gain. Ophthalmoplegia with restriction
of medial and upward gaze bilaterally was noted after
12 months of therapy. Liver and spleen volumes were un-
changed according to the reports of abdominal CT scans,
although organ volumes were not formally quantitated.
O6MWT was 401 m at baseline, 520 m at 6 months, and
425 m after 12 months. Repeat echocardiography at 9 months
documented severe dilated cardiomyopathy with good
valvular function.

PM (111.3)

PM is a 48-year-old man diagnosed clinically, but not
biochemically or molecularly, at the age of 22 following
the diagnosis being made in his siblings. The diagnosis
was confirmed many years later when his daughters were
shown to carry the family mutation. His adult height was
173 cm and he also had subtle facial features consistent with
his storage disorder, although these were somewhat masked
by a cushingoid appearance from chronic steroid usage
(Fig. 3b). PM recalled joint restriction, and a prominent
abdomen being present from early childhood. He was
never able to pursue physical activity as well as his peers
during adolescence and presented with obstructive airways
disease at the age of 23.

PM had progressive airways disease and when seen at the
age of 46 he had an FVC 2.27L (51%) and an FEV, 0.72L
(20%) corresponding to stage IV COPD (GOLD 2009).
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Fig. 4 PM (square), GM (circle), and DM (triangle). (a) Urinary GAG excretion; upper limit of normal=8.3 mg/mM creatinine. (b) 6MWT.
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He had previously been assessed for combined heart—lung
transplantation at the age of 33 but was not considered fit for
operation. PM was steroid dependant by the age of 45 and
was currently maintained on prednisone 10 mg daily. He had
a number of hospitalizations for exacerbations of airways
disease, and his exercise tolerance was limited to a few
hundred meters on flat ground or ten stairs. He required
two rest periods to complete dressing himself each morning.
Obstructive sleep apnea was diagnosed at the age of 48 and
managed with nocturnal CPAP. High-resolution chest CT
demonstrated widespread subtle heterogeneous parenchy-
mal densities with scattered bronchial thickening but no
bronchial dilatation. Bands of linear fibrosis were seen in
the lower lobes and there was air-trapping present, support-
ive of the diagnosis of small airways disease. There was no
evidence of the paraseptal emphysematous changes we have
seen in our adult patients with MPS I (unpublished results).
He was a nonsmoker and o-antitrypsin deficiency had been
excluded.

PM had complete vertical ophthalmoplegia and severe
concentric restriction of visual fields. He did not have

increased intraocular pressure. New retinal pigmentation
was noted at his ophthalmology review 12 months after
commencing idursulfase. ERG was not performed. Cervical
laminectomy was performed at the age of 43 after he pre-
sented with pain, parasthesias, and limb weakness on neck
extension. MRI at that time demonstrated spinal canal ste-
nosis from C2 to C4 with diffusely increased cord signal
secondary to thickening of the dural and extradural tissues.
Surgery did not improve these symptoms, although there
was no subsequent progression of his pain, parasthesias, or
weakness. Bilateral carpal tunnel surgery was performed
at the age of 22. PM had significant hearing loss and was
deaf in the left ear and wore a hearing aid in the right
ear. Echocardiography demonstrated aortic valve stenosis
(valve area 1.2 cm?) with normal systolic function and
mild diastolic dysfunction.

PM commenced weekly 36 mg idursulfase at the age
of 46. His baseline measurements and changes during the
first 12 months of therapy are documented in Fig. 4 and
Table 1. There were no infusion reactions or adverse events.
He traveled an hour each way to his treatment center each
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Table 1 Joint range of motion measurements made at baseline and 12 months. Each joint was measured bilaterally and the two results averaged
(except for flexion and extension of the neck). Results are presented as the mean degrees =+ standard error of the mean. The p values were calculated
using a two-tailed Student’s ¢-test. There was no significant change in joint range of motion following 12 months of idursulfase

Baseline 12 months Change  p Value
GM PM DM Mean SE GM PM DM Mean SE

Ankle

Dorsiflexion 2.5 —12.5 0.0 -33 +4.6 4.5 —17.5 5.5 -2.5 +7.5 0.8 0.8125

Plantarflexion 49.5 52.5 43.5 48.5 +2.6 46.0 40.0 45.5 43.8 +1.9 4.7 0.3846

Inversion 4.0 5.5 5.0 4.8 +0.4 8.0 0.0 19.0 9.0 +5.5 4.2 0.5363

Eversion 11.0 24.5 19.5 18.3 +3.9 12.5 0.0 24.5 12.3 +7.1 6.0 0.5851
Knee

Flexion 122.5 127.5 138.5 129.5 +4.7 122.0 125.0 127.0 124.7 +1.5 4.8 0.2893

Extension —11.0 2.5 —-3.5 —-4.0 +39 —-10.5 0.0 —-4.0 —4.8 +3.1 0.8 0.4444
Hip

Flexion 86.5 100.0 101.0 95.8 +4.7 96.0 110.0 96.0 100.7 +4.7 4.8 0.4294

Extension -9.5 0.0 —-2.0 -3.8 +29 —-11.0 1.0 —12.0 -7.3 +4.2 3.5 0.4034

Abduction 24.5 20.0 20.5 21.7 +1.4 31.0 20.0 37.5 29.5 +5.1 7.8 0.2545

Adduction 13.0 12.5 21.0 15.5 +2.8 22.0 17.5 19.5 19.7 +1.3 4.2 0.3064

Internal rotation 0.5 -2.0 11.0 32 +4.0 0.0 2.5 8.0 3.5 +2.4 0.3 0.8937

External rotation 30.5 35.0 22.0 29.2 +3.8 35.0 27.5 15.0 25.8 +5.8 3.3 0.4846
Wrist

Flexion 48.0 54.0 76.0 59.3 +8.5 67.5 52.5 46.5 55.5 +6.2 3.8 0.8124

Extension 42.0 51.0 41.0 44.7 +3.2 51.0 40.0 44.0 45.0 +3.2 0.3 0.9603
Ulnar deviation 39.5 36.5 32.5 36.2 +2.0 37.5 27.0 36.5 33.7 +3.3 2.5 0.5876
Radial deviation 11.5 1.5 10.5 7.8 +3.2 12.5 7.0 18.5 12.7 +3.3 4.8 0.1422
Elbow

Flexion 140.0 137.0 145.0 140.7 +2.3 140.0 134.0 147.5 140.5 +3.9 0.2 0.9261

Extension —150 —-350 —240 247 +5.8 —17.5 —-26.0 —26.5 —23.3 +2.9 1.3 0.7612
Shoulder

Flexion 120.0 116.0 110.0 115.3 +2.9 115.0 105.0 135.0 118.3 +8.8 3.0 0.8129

Extension 58.0 50.0 65.0 57.7 +4.3 435 40.0 61.0 48.2 +6.5 9.5 0.0890

Abduction 92.5 69.5 124.0 953 +£15.8 85.0 98.0 125.0 102.7  +11.8 7.3 0.5692

Internal rotation 26.0 15.5 23.5 21.7 +3.2 55.0 20.0 21.0 320 £11.5 10.3 0.3923

External rotation 19.0 54.0 72.5 48.5  £15.7 0.0 72.5 70.0 475 4238 1.0 0.9350
Neck

Flexion 39.0 40.0 45.0 41.3 +1.9 45.0 40.0 35.0 40.0 +2.9 1.3 0.8020

Extension 23.0 26.0 54.0 343 +9.9 35.0 30.0 70.0 450 £12.6 10.7 0.0942

Rotation 41.0 60.0 39.0 46.7 +6.7 37.5 50.0 61.5 49.7 +6.9 3.0 0.7911

Lateral flexion 20.0 26.0 18.5 21.5 +2.3 16.5 20.0 23.5 20.0 +2.0 1.5 0.6964

week and felt exhausted following each infusion, such that
he would sleep the rest of the day and be unable to perform
general tasks around the home the next day. He felt that
treatment had not increased his exercise tolerance and that it
had a significantly detrimental effect on his quality of life.
He ceased treatment following his 12-month review.

Discussion

These three brothers demonstrate the attenuated spectrum
of disease associated with MPS II and the variability that
may be present. Each has had similar manifestations with
regard to the organ systems affected, but there has been
striking variability in the severity of each disease symp-
tom. A response to enzyme replacement therapy was not

demonstrable on objective measurements, although for GM
and DM there were subjective improvements in energy and
exercise tolerance. For PM, the burden of weekly therapy
was more than any perceived benefit.

All three have had serious skeletal and connective tissue
manifestations of disease including joint restriction, cervical
spine stenosis, and carpal tunnel syndrome. These have all
been described as common in published series of attenuated
MPS 1II patients (Young and Harper 1982; Kulkarni et al.
1987; Parsons et al. 1996; Wraith et al. 2008a, b). In contrast
to descriptions in the literature in which hip dysplasia is
a common complaint, it was not present clinically in
these patients, although radiographs were not performed to
exclude subclinical involvement.

All three brothers had ocular manifestations. DM pre-
sented before diagnosis with an episode of acute angle
closure glaucoma that rendered him blind in his right eye.
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Despite good subsequent control of intraocular pressure,
he had constricted visual fields and night blindness in the
contralateral eye. Both PM and GM had partial ophthalmo-
plegia, and PM also had retinal pigmentation and severely
restricted visual fields. Other ocular changes in MPS II, not
seen in these brothers, include exophthalmos and disk
swelling with optic atrophy (Ashworth et al. 2006a, b).

We believe this is the first description of ophthalmoplegia
in MPS 1I, although a single patient with MPS I has been
described with mechanical limitation of superior oblique
tendon movement (Bradbury et al. 1989). In that case, it
was thought to be due to tendon shortening, and this could
also be the mechanism in our patients, although deposition
of storage material producing a mass effect in and on the
extraocular muscles is also possible.

Ocular hypertension and glaucoma have been documen-
ted in the mucopolysaccharidoses and are due to deposition
of storage material in the anterior chamber structures and
obstruction of outflow through the trabecular network
(McDonnell et al. 1985; Ashworth et al. 2006a, b). Chronic
closed angle, acute closed angle, and open angle glaucoma
have all been documented, although there is only one previ-
ously described case of acute closed angle glaucoma in
MPS 1II (Kaiden 1982). A review of 50 patients with MPS
documented raised intraocular pressure in nine (seven of
whom had MPS VI), although none had acute glaucoma as
our patient did (Ashworth et al. 2006a, b).

Pigmentary retinopathy is well documented in the MPS
disorders, particularly in MPS III (Ashworth et al. 2006a, b),
and in advanced cases causes night blindness and loss
of peripheral vision. Five of ten patients in the JET study
had retinal degeneration (Okuyama et al. 2009). Although
retinal pigmentation had not been documented in PM before
the completion of 12 months therapy with idursulfase, the
history of restricted visual fields argues that he had pigmen-
tary retinopathy of a long-standing nature. DM also had
restricted visual fields and night blindness in the left eye,
both suggestive of a pigmentary retinopathy although this
has not been demonstrated.

Cardiac valvular disease is a nearly ubiquitous feature in
older patients (Young and Harper 1982); even in the younger
cohort of the Hunter Outcome Survey, it was present in 57%
of patients and manifested at a median age of 6.1 years
(Wraith et al. 2008a, b). The variability in severity of this
manifestation between these brothers was striking, with GM
manifesting an almost fatal degree of aortic stenosis and DM
having minimal disease.

PM had severe obstructive airways disease with newly
diagnosed obstructive sleep apnea. This is in contrast to the
commonly described airways disease of MPS II which is an
upper airways crowding secondary to soft tissue enlarge-
ment, followed by a restrictive pattern due to thoracic skele-
tal involvement (Wraith et al. 2008a, b). PM’s lung disease

was very severe, and it should be noted that both DM and
GM also had mild airways disease.

It is interesting that both GM and DM had Hashimoto’s
thyroiditis; however, we do not feel that this is likely to
represent an association with MPS II, as autoimmune thyroid
disease is a common disorder with familial clustering and a
complex genetic background, with recent studies implicat-
ing numerous susceptibility loci (Tomer 2010).

There was a lack of objectively measurable clinical re-
sponse to idursulfase in these brothers, although there were
clear biochemical responses with normalization of urinary
GAG’s in the first 6 months. Comparisons between the
response to idursulfase in these siblings and those of the
clinical trial patients are difficult to make, particularly be-
cause of the significant age difference. The oldest phase I/1I/
IIT trial patient was 31 years old, and around half were
prepubertal at the time of baseline investigations (Muenzer
et al. 2006; 2007). A more meaningful comparison can be
made with the patients in the JET study; an investigation of
ten Japanese adults with MPS II following 12 months thera-
py with idursulfase in whom the mean age was 31 and the
oldest patient was 53 (Okuyama et al. 2009). Patients in the
JET study significantly improved their liver and spleen
volumes, normalized urinary GAG’s, and improved 6MWT
and FVC although these last two measurements were not
increased to statistically significant levels. Similarly, these
brothers normalized their urinary GAG excretion but did not
have significant changes in respiratory or cardiac function.
The variability in results of the 6MWT demonstrates that
patient effort plays a significant role in the reliability and
reproducibility of this test, and that as a measure of clinical
efficacy its usefulness is limited in individual patients. It is
likely that the age of the patients and the correspondingly
long-standing nature of their disease made it difficult to
reverse measurable symptoms over this initial 12-month
period of therapy.

Conclusion

MPS II in these adult siblings has caused significant morbid-
ity, albeit in different ways for each patient: GM had near
fatal cardiac valvular dysfunction, PM has severe chronic
obstructive airways disease, and DM is legally blind. These
siblings demonstrate the multisystem nature of this disorder
and its variable effects even within members of the same
family.

GM and DM felt they had increased energy and exercise
tolerance following 12 months of treatment with idursulfase.
In contrast, PM did not feel improved on therapy and felt that
the weekly burden of traveling a long distance to receive
therapy and the associated fatigue resulted in a decrease in
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his quality of life. There were no infusion reactions or
adverse events, and over 12 months of therapy the clinical
status of the patients remained stable.

In adults with long-standing accumulation of GAG’s
and a resulting significant burden of disease, it is likely
that objectively measurable improvements in clinical out-
comes will be slow to achieve; however, achieving clinical
stability in these patients is a lifesaving outcome. The im-
portance of early diagnosis, which could have been made at
a young age in this family, should be emphasized as enzyme
replacement therapy is more likely to be effective in pre-
venting, rather than reversing, the serious sequelae of this
multisystem disease.
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Two Argentinean Siblings with CDG-Ix: A Novel Type of Congenital

Disorder of Glycosylation?
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Abstract Congenital disorders of glycosylation (CDG) are
genetic diseases caused by abnormal protein and lipid
glycosylation. In this chapter, we report the clinical, bio-
chemical, and molecular findings in two siblings with an
unidentified CDG (CDG-Ix). They are the first and the
third child of healthy consanguineous Argentinean parents.
Patient 1 is now a 11-year-old girl, and patient 2 died at the
age of 4 months. Their clinical picture involved liver dys-
function in the neonatal period, psychomotor retardation,
microcephaly, seizures, axial hypotonia, feeding difficulties,
and hepatomegaly. Patient 1 also developed strabismus
and cataract. They showed a type 1 pattern of serum sialo-
transferrin. Enzymatic analysis for phosphomannomutase
and phosphomannose isomerase in leukocytes and fibro-
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blasts excluded PMM2-CDG and MPI-CDG. Lipid-linked
oligosaccharide (LLO) analysis showed a normal profile.
Therefore, this result could point to a deficiency in
the dolichol metabolism. In this context, ALG8-CDG,
DPAGTI-CDG, and SRD5A3-CDG were analyzed and no
defects were identified. In conclusion, we could not identify
the genetic deficiency in these patients yet. Further studies
are underway to identify the basic defect in them, taking
into account the new CDG types that have been recently
described.

Keywords Congenital disorders of glycosylation
Isoelectrofocusing - N- and O-glycosylation

Abbreviation

CDG  Congenital disorder of glycosylation
COG  Oligomeric golgi complex

HPLC High-performance liquid chromatography
IEF Isoelectrofocusing

MS Mass spectrometry

Tf Transferrin

Introduction

Congenital disorders of glycosylation (CDG) are genetic
defects in the synthesis and transfer of the glycan moiety
of glycoproteins and glycolipids. About ~1% of the human
genome is estimated to be involved in glycosylation pro-
cesses (Jacken 2003; Morava et al. 2008). Disorders of
N-glycosylation are divided into CDG type I or II, according
to the intracellular localization of the molecular defect
(McKenzie et al. 2007; Morava et al. 2008; Lefeber et al.
2009; Jaeken et al. 2009). CDG-I is caused by defects in
enzymes governing the synthesis and transfer of the oligo-
saccharide in the ER. On the other hand, defects leading to
CDG-II belong to different classes: enzymes responsible for

65



66

M.B.B. Millon et al.

the modifications of the N-glycan chain in the Golgi appara-
tus, sugar transporters, and proteins with a role in intracellu-
lar trafficking, like the COG complex. A new nomenclature
system indicates the specific disorder with the use of the
gene name or the protein name to include all protein glyco-
sylation disorders and to extend it to the lipid glycosylation
defects (Jacken et al. 2008). The diseases are labeled
CDGe-Ix as long as the basic defect remains unknown.

Since the initial description of CDG in 1980 (Jacken et al.
1980), serum transferrin IEF with immunodetection has
been widely used as a screening test. Any defect in the
synthesis or processing of these glycans results in the alter-
ation of sialotransferrin isoforms, which is detectable by
IEF according to their different charges (Jacken 2003). The
analysis on HPLC allows for the separation of transferrin
glycoforms based not only on the net charge of the molecule,
but also on structural differences of the glycans. Both
methodologies can be used for assignment of cases to
either type I or type II (Sturiale et al. 2008; Quintana et al.
2009).

Application of matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF MS) allows
the high-throughput identification of proteins by the accurate
mass measurement of peptides derived from total proteome
digestion (Reinders et al. 2004; Guerrera and Kleiner 2005).
MALDI-TOF applications in CDG aim to investigate glyco-
sylation changes of proteins, providing structural informa-
tion on the targeted protein. In addition, MS characterization
of defective glycan structures is an essential step to
solve defects in patients with CDG-x (Sturiale et al. 2005;
Babovic-Vuksanovic and O’Brien 2007). The clinical spec-
trum of N-glycosylation defects is variable, ranging from
severe multisystem disorders to dysfunction of specific
organs. The clinical, metabolic, and molecular aspects of
CDG patients have been described extensively in recent
reviews (Marklova and Albahri 2007; de Lonlay et al.
2008; Barone et al. 2009). Other reports (Marklova and
Albahri 2007; Morava et al. 2008) tried to find similarities
in the clinical presentations of patients and to detect specific
symptoms suggestive of a distinct CDG I type. Clinical
features such as inverted nipples and abnormal fat distri-
bution may be found in PMM2-CDG (CDG Ia) (OMIM
212065) patients, the most frequent type. Other clinical
features such as retrognathia, low-set ears, and club foot
are common findings in congenital central nervous system
anomalies. In one of the studies, an overview of the unusual
clinical symptoms in CDG-Ix (OMIM 212067) showed that
two main subgroups could be distinguished based on the
severity of the disease: one with a pure neurological presen-
tation and the other with a neurological-multivisceral form
(Morava et al. 2008). Nevertheless, other unique findings in
CDGe-Ix include arthrogryposis, macrocephaly, polyneuro-
pathy, and cystic kidneys.

We want to report the clinical features, the biochemical
studies, and the molecular analysis of two siblings charac-
terized as CDG-Ix, who have been identified in the context
of the first program for these pathologies in Argentina.

Case Report

We present two sisters born as the first and the third child of
healthy consanguineous Argentinean parents. One of the
children is now 11 years old (patient 1) and the other (patient
2) had an early death at the age of 4 months. The clinical
features of both patients, who share some common features
of CDG, are illustrated in Fig. la, b. The clinical findings
include axial hypotonia, psychomotor retardation, dysmor-
phic features, feeding problems, hepatomegaly, coagulopa-
thy, and recurrent infections (Table 1). Patient 2 was born
with a severe phenotype consisting of liver involvement
(hepatomegaly, hypoalbuminemia, protein-losing enteropa-
thy, recurrent vomiting, and diarrhea), seizures, progressive
developmental delay, and coagulation abnormalities with
recurrent infections. Unfortunately, detailed examination of
the brain was not possible due to the early death (Table 1).
In patient 1, ophthalmological abnormalities were observed
including strabismus and nuclear-cortical cataracts (Fig. 1a).
She presented liver dysfunction in the neonatal period, and
has had psychomotor retardation, microcephaly, intractable
seizures, feeding difficulties, and malnutrition.

Materials and Methods

Blood samples from both patients were obtained after
informed parental consent. EDTA blood samples were
taken from patient 1 and the parents to extract genomic
DNA from leukocytes with a commercially available kit
(Wizard Genomic Purification Kit, Promega, Madison,
WI). For cell culture, skin biopsy was obtained from
patient 1, and the fibroblasts were cultivated in minimal
essential medium (MEM). Approval of Human Research
was obtained from the institutional review boards of
CIEIS-Health Investigation Ethic Committee. Children’s
Hospital, Cérdoba, Argentina.

SDS-PAGE and Western Blot

Plasma sample from P1 was incubated for 30 min at room
temperature with a solution of NaCl 0.9% and 10 mM ferric
citrate in a ratio of 15:70:15 to saturate the transferrin
with iron. The saturated sample was diluted 1:20 in sample
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Fig. 1 Clinical features of two Patient 1
CDG-Ix sibling patients. Patient 1
(a and b) at 8 years old. She
showed psychomotor retardation,
feeding problems, hepatomegaly
and ophthalmological
abnormalities (strabismus and
cataract). Patient 2 (c and d): she
had dysmorphic features and a
severe phenotype consisting of
liver involvement (hepatomegaly,
hypoalbuminemia, ascitis,
protein-losing enteropathy,
recurrent vomiting, and diarrhea),
microcephaly, intractable
seizures, axial hypotonia, feeding
difficulties, and malnutrition. She
had recurrent infections and an
early death at 4 months

Patient2

Table 1 Overview of the clinical symptoms observed in two siblings
CDG-Ix

Clinical symptoms

Patient 1 (11 years old) Patient 2 early

death (at 4
months)
Psychomotor retardation +++ +++
Cerebellar atrophy - nd
Seizures +++ (refractory) +
Stroke like episodes — —
Extrapyramidal symptoms + —
Cataract + (nuclear-cortical, +
and bilateral)

Strabismus + —
Optic atrophy — —
Liver involvement + +++
Failure to thrive ++ +
Diarrhea/vomiting — ++
Hypoalbuminemia — ++
Cardiomyopathy — —
Cystic kidney disease — nd
Hypotonia Axial Axial
Muscle weakness, CK levels + CK: normal ++ CK: nd
Coagulation anomalies: + PT: 52 seg +

prothrombin (PT) and (NV:11.5-13.5 seg)

Kaolin paﬁial KPPT: 49.6 seg (VN:

thromboplastin time 25-34 seg)

(KPTT)
Thrombocytopenia — +
Respiratory failure - -
Recurrent infections + (urinary and ++

respiratory)

++ very severe, + symptom present, — symptom absent, nd not

determined

treatment buffer containing 250 pl Tris—HCl 1.25 mol/L
(pH: 6.8), 400 pl SDS 25%, 250 pl 2-mercaptoethanol,
500 ul glycerol 99%, 250 pl 0.2% bromophenol blue, and
3,350 pl of bidistilled water (final volume 5 ml; pH 6.8) and
separated on 10% SDS-PAGE and transferred to a PVDF
membrane by western blotting using standard procedures
(Artuch et al. 2003). The blocked membrane was incubated
with polyclonal antibodies for anti-transferrin and anti-
haptoglobin glycoproteins (Dako, Germany) using an anti-
rabbit peroxidase-goat conjugated as secondary antibody
(Bio Rad). The visualization of the protein bands was per-
formed using a colorimetric detection (DAB, Sigma).

IEF of Serum Transferrin (Tf-IEF)

Plasma sample from P1 (20 pl) was incubated for 30 min
at room temperature with a solution of NaCl 0.9% (20 pl),
10 mM ferric citrate (2 pl), and 0.5 mM sodium hydrogen
carbonate (2 pl) to saturate the transferrin with iron. After
centrifugation (2,000 x g, 10 min), the supernatant was fur-
ther diluted (1:5) with water.

Proteins of P2 were extracted by incubating blood spots
samples for 1 h at room temperature with a solution of NaCl
0.9% (95 pl) and 10 mM ferric citrate (20 pl) and centrifu-
gated at 3,500 x g for 10 min.
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The iron-saturated serum proteins were diluted five times
with water and applied to a hydrated immobiline gel (PAG
plate pH 4-6.5; GE Healthcare) and separated in a Multi-
phore II system (GE Healthcare). Transferrin isoforms were
detected after immunofixation with rabbit anti-human trans-
ferrin antibody (Dako, Germany) and Coomassie blue stain-
ing (Jaecken et al. 1984; Stibler and Jaeken 1990). The
relative amounts of the transferrin isoforms were determined
and quantified using the Image J 1.42q Software (Wayne
Rasband National Institutes of Health, USA).

Enzymatic Analysis

Phosphomannomutase (PMM) (EC 5.4.2.8) and phospho-
mannose isomerase (MPI) (EC 5.3.1.8) activities were
measured in leukocytes and fibroblast. The PMM and MPI
activities were performed according to a procedure devel-
oped by van Schaftingen and Jaeken (1995).

High-Performance Liquid
Chromatography of Transferrin

High-performance liquid chromatography of transferrin
(Tf-HPLC) analysis was based on the method described by
Helander et al. (2003).The HPLC system consisted of an
Agilent 1100 Series liquid chromatography. Separation of
the transferrin glycoforms was performed on a SOURCE
15Q PE 4.6/100 anion-exchange chromatography column
(GE Healthcare) at 25°C by linear salt gradient elution at a
flow rate of 1.0 ml/min. Quantification of the transferrin
glycoforms relied on the selective absorbance of the iron—
transferrin complex at 470 nm. The relative amount of each
transferrin isoform was expressed as a percentage of the area
under the curve (%AUC) (Helander et al. 2003; Quintana
et al. 2009).

Intact transferrin (immunopurified as described in
Sturiale et al. 2008) and its relative N-glycan pool, released
by peptide-N-glycosidase F [PNGase F (EC 3.5.1.52)] treat-
ment, were both analyzed by MALDI MS on a Voyager STR
instrument (Applied Biosystems, Framingham, MA) using
sinapinic acid as matrix for native protein analysis, and 2/, 4,
6'-trihydroxyacetophenone (THAP) for glycan profiling
(Sturiale et al. 2008).

Lipid-Linked Oligosaccharide Analysis

Lipid-linked oligosaccharide (LLO) analysis was measured
in fibroblasts after metabolic labeling. They were size-

fractionated and analyzed by HPLC. Oligosaccharides
linked to dolichol were released, extracted, and analyzed
by HPLC essentially as described by Denecke et al. (2005).

Molecular Studies

Genomic DNA was obtained from whole blood or fibroblasts
using a commercially available kit (Qiagen, Hilden,
Germany). Genomic DNA was amplified using the primers
for the PMM?2, MPI, ALG8, DPAGTI, and SRD5A3 genes
and analyzed by direct sequencing in an AB3130 system
(Applied Biosystems) (Matthijs et al. 1997, 1998; Schollen
et al. 2000, 2004; Wu et al. 2003; Cantagrel et al. 2010).

Results
Biochemical Studies

Metabolic screening (amino acids, urinary organic acids,
ammonia, lactate, blood pH, and very long-chain fatty
acids) was normal. We found an increased serum activity
of some lysosomal enzymes. Patient 1 has high levels
of arylsulphatase A (EC 3.1.6.8) (53.87 nmol/h/ml) (NV:
9-30 nmol/h/ml), and patient 2 showed very high levels of
B-hexosaminidase (EC 3.2.1.52) (1686,8nmol/h/ml) (VN:
140-600 nmol/h/ml); however, they had normal levels of
B-glucuronidase (EC 3.2.1.31).

During a temporary and transient hepatic problem
(altered urine organic acids and plasma amino acids consis-
tent with mild liver dysfunction), we found slightly
increased levels of serum galactose, with normal enzymatic
activities of galactose-1-phosphate-uridyltransferase [GALT
(EC 2.7.7.12)] and galactokinase (EC 2.7.1.6), excluding
classic galactosemia and galactokinase deficiency in
patient 1. This increase was not observed in subsequent
determinations of galactose levels in dry blood samples.
Moreover, gas chromatographic analysis of galactitol and
galactose in urine was normal.

Transferrin Analysis

Western blot of two serum glycoproteins (transferrin and
haptoglobin) showed an altered profile similar to the CDG
Type I pattern (Fig. 2b). Furthermore, Tf-IEF also showed
a type I transferrin pattern in both patients (Fig. 2a),
with increased asialo- and disialotransferrin isoforms and
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Fig. 2 (a) Transferrin IEF pattern of two CDG-Ix patients: P/ serum of patient 1, P2 dried blood spot samples of patient 2, CDG Ia control of a
PMM2-CDG patient, and NC a healthy control. The arrows on the right indicate tetrasialo, disialo, and asialotransferrin, carrying two, one, or no
oligosaccharide chains. The comparison of transferrin isoform values (%) from patient 1 with healthy control showed an increase in the cathodic
fractions (asialo- and disialo-) and a decrease in tetrasialo- of the patient respect to the healthy control. (b) SDS-PAGE profile of serum proteins
from patient 1 in comparison with a healthy control (NC) and a CDG type I patient. The arrows indicate the increased bands corresponding to
abnormal sialotransferrins. (¢) High-performance liquid chromatography (HPLC) profile of serum transferrin of patient 1 (at the rop) and of a
healthy control (NC at the bottom) shows the presence of underglycosylated isoforms in the patient. The arrows indicate the increased isoforms
corresponding to asialo- and disialotrasferrin. (d) MALDI-TOF mass spectrum of serum transferrin from P1 (on the right) and from a healthy
control (on the /eft). Patient 1 showed abnormal isoforms corresponding to mono-glycosylated and a-glycosylated species

decreased tetrasialotransferrin (14% asialo-, 17% disialo-,
and 25% tetrasialotransferrin; reference values: n/d, 3.8%
and 46% for asialo-, disialo-, and tetrasialotransferrin, »:
24). IEF of serum Tf after neuraminidase treatment showed
only one band excluding a Tf protein variant. The abnormal
Tf-1EF pattern was confirmed by HPLC and MALDI-TOF
MS in patient 1. She presented a clear increase in asialo- and
disialotransferrin peaks: 1.43% and 3.89%, respectively [ref-
erence values: disialotransferrin: 0.28% and not detected for
asialotransferrin in normal controls (n) n: 24 (Fig. 2c)].
Tf analysis by MALDI MS showed an abnormal gly-
cosylation profile due to the presence of additional mono-
glycosylated (~77.4 kDa) and a-glycosylated (~75.2 kDa)
isoforms (Fig. 2d).

PMM2-CDG and MPI-CDG (CDG-Ib, OMIM 602579)
were excluded by enzymatic analysis of leukocytes and
cultured skin fibroblasts and by direct sequence analysis of
PMM?2 and MPI genes.

Subsequent LLO analysis of fibroblasts of patient 1 showed
no abnormal accumulation of any intermediate precursor.

DNA from patient 1 has further been analyzed to identify
mutations by direct gene sequencing in the context of ALGS-
CDG, DPAGTI-CDG, and SRD5A3-CDG (HGNC: 23161,

2995, and 25812, respectively). No defect in those genes
could be identified in this patient.

Discussion

Since glycosylation of proteins occurs in all cell types,
symptoms of a glycosylation deficiency are seen in multiple
organs. Previous reports indicated that the diagnosis of CDG
should be considered in each patient with hypotonia, dys-
morphic features, and developmental delay accompanied by
cataract (Morava et al. 2008). Our patients display multisys-
tem symptoms; however, they also showed some character-
istics that are not commonly seen in these pathologies.
Interestingly, during a transient hepatic problem, patient 1
presented altered urine organic acids and plasma amino
acids due to a mild liver dysfunction and a slightly increased
serum galactose that became normal, with normal enzymes
activities. The abnormalities in the lysosomal enzymes of
these patients are compatible with the protein glycosylation
defects that they have, which have been described in CDG
patients.
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In different reviews, CDG-I patients show ophthalmolog-
ical problems. Common findings are bilateral cataract, glau-
coma, and optic nerve atrophy. Infantile cataract might
occur in various inborn errors of metabolism including
galactosemia, peroxisomal disorders, and mitochondrial dis-
orders. Cataract has been described in PMM2-CDG adult
patients, but in children it is a rare clinical finding only
described in a few ALG 8-CDG (CDG-Ih), ALG2-CDG
(CDG-1i), and in CDG-Ix patients (Thiel et al. 2003; Eklund
et al. 2005; Morava et al. 2008); nevertheless, cataract is an
important symptom in SRD5A3-CDG (Cantagrel et al. 2010
and Kahrizi et al. 2011).

In our patients, cataracts were present very early in life; the
ophthalmological examination revealed that they had affected
both eyes with opacities in the central portion of the lens as
well as in the lens cortex (nuclear-cortical cataracts).

At present, patient 1 presents a severe phenotype and
receives anti-epileptic medication, weekly physiotherapy,
and assisted therapy, as well. She has made slight progress
in her motor development, muscle tone, and social interac-
tion, and continues to have involuntary movements of the
head and the upper limbs. She has visual fixation and
although she seems to recognize familiar faces, her commu-
nication is limited to undifferentiated vocalization.

As we can see from the literature that the severity of the
disease has no correlation with a CDG I subtype, it seems
that the disease course may be influenced by different factors
that improve or worsen the patient’s general condition
(Morava et al. 2008). The clinical features of our patients
were similar including axial hypotonia, psychomotor retar-
dation, dysmorphic features, feeding problems, hepatomeg-
aly, coagulopathy, and recurrent infections. Nevertheless,
patient 2 was born with a severe liver involvement and
recurrent neonatal infections that lead to an unfortunate
early death; however, patient 1 developed a progressive
neurological involvement after her first years of life.

Our patients present a similar phenotype to ALG1-CDG
but not as severe as them, P1 is now 11 years old and her
state is progressing. Compared with other CDG types,
the phenotype in ALG1-CDG is very severe, with rapid
development of microcephaly, seizures refractory to treat-
ment, progressive stupor, and death in early infancy (Kranz
et al. 2004). The hypoglycosylation of liver-derived serum
glycoproteins is more profound than in other types of CDG-1.
The IEF transferrin pattern in ALG1-CDG patients shows
the major transferrin isoform almost missing, but P1 shows a
profile that has either one or both carbohydrate side chains
missing in about half of the transferrin population.

LLO analysis of fibroblasts did not identify abnormal
accumulation of any dolichol-linked oligosaccharide pre-
cursors associated with some of the known forms of
CDG, ruling out ALG6-CDG, ALG3-CDG, DPM1-CDG,
MPDU1-CDG, ALGI12-CDG, and ALG2-CDG. In this

context, we screened ALGS and DPAGT]! genes with a role
in the assembly of the LLO in ER since a deficiency in those
genes would also lead to normal LLO, in contrast to the other
deficiencies described for the enzymes along this pathway.
Finally, a normal LLO profile has recently been observed in
patients with a defect in the polypropenol reductase, neces-
sary for the synthesis of dolichol, due to mutations in the
SRD5A3 gene (Cantagrel et al. 2010). SRD5A3-CDG has
also been excluded in our patients.

The results observed in our patients suggest studying the
defects in dolichol synthesis up to the formation of Dol-PP-
GlcNAc in addition to the recently described dolichol defects
named DHDDS-CDG (dehydrodolichol diphosphate synthase
deficiency) and DK1-CDG (dolichol kinase deficiency).

In conclusion, we could not identify the genetic deficien-
cy in these patients yet. Further tests will be necessary to
pinpoint the defect to identify the CDG type.
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Successful Screening for Gaucher Disease in a High-Prevalence
Population in Tabuleiro do Norte (Northeastern Brazil):

A Cross-Sectional Study
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Abstract Background: Gaucher disease (GD) is a heredi-
tary lysosomal storage disorder characterized by the accu-
mulation of glucosylceramide, mainly in the cells of the
reticuloendothelial system, due to a deficiency of the en-
zyme acid B-glucosidase (GBA). Diagnosis is usually based
on measurement of GBA activity in peripheral leukocytes.
The purpose of this study was to evaluate the ability of
screening for GBA and chitotriosidase activity using dried
blood spots on filter paper (DBS-FP) to identify individuals
at high risk for GD in high-risk populations such as that of
Tabuleiro do Norte, a small town in Northeastern Brazil.
Methods: Between 1 June 2007 and 31 May 2008, 740
consented residents and descendants of traditional families
from Tabuleiro do Norte were submitted to screening with
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DBS-FP. Subjects with GBA activity < 2.19 nmol/h/mL
were referred to the analysis of GBA and chitotriosidase
activity in peripheral leukocytes and in plasma, respectively.
Subjects at highest risk for GD (GBA activity in peripheral
leukocytes < 5.6 nmol/h/mg protein) were referred to mo-
lecular analysis to confirm diagnosis.

Results: Screening with DBS-FP identified 135 subjects
(18.2%) with GBA activity < 2.19 nmol/h/mL, 131 of whom
remained in the study. In ten of these (7.6%), GBA activity
in leukocytes was 2.6-5.5 nmol/h/mg protein. Subsequent
molecular analysis confirmed six cases of heterozygosity
and four normals for GD.

Conclusion: DBS-FP assay was shown to be an effective
initial GD-screening strategy for high-prevalence popula-
tions in developing regions. Diagnosis could not be estab-
lished from GBA activity in leukocytes alone, but required
confirmation with molecular analysis.

Keywords Acid B-glucosidase - Diagnosis - Dried blood
spots - Gaucher disease - Screening

Introduction

Gaucher disease (GD), the most common hereditary lyso-
somal storage disorder in humans (Beutler and Grabowski
2001), is caused by a deficiency of the enzyme acid
B-glucosidase (GBA) (EC 3.2.1.45) (Brady et al. 1966)
which leads to the accumulation of glucosylceramide, mainly
in the cells of the reticuloendothelial system (Amaral et al.
2000; Charrow et al. 2000; Beutler and Grabowski 2001).
More than 200 mutations have already been identified
in the GBA gene (Abrahamov et al. 1995), justifying the
heterogeneity of GD phenotypes. The three main clinical
presentations are: type I — non-neuropathic form, accounting
for 94% of cases; type II — acute neuropathic form (<1%
of cases); and type III — subacute neuropathic form (5% of
cases) (Charrow et al. 2000; Grabowski 2004).
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The most common clinical manifestations of GD include
anemia, thrombocytopenia, hepatosplenomegaly, and skele-
tal complications (pain crisis, bone injury, cortical and
medullar bone infarction, medullar expansion, osteopenia,
osteonecrosis, and pathological fractures) (Kaplan et al.
2006; Kishnani et al. 2009). Unfortunately, due to the low
incidence and the variability of clinical manifestations of
GD, many patients are misdiagnosed or remain undiagnosed
(Mistry and Germain 2007).

GD is pan-ethnic. The incidence in the USA is estimated
to be 1:40,000, with a higher prevalence among Ashkenazi
Jews (1:400 to 1:800) (Grabowski 2004). In February 2009,
5,356 cases had been identified throughout the world, 531 of
which in Brazil (ICGG Gaucher Registry 2009). Twenty of
the Brazilian cases come from the State of Ceara (population:
~8.2 million), and, of these, as many as seven come from
a small town (Tabuleiro do Norte) of only approximately
28,000 inhabitants. The high estimated prevalence of GD in
Tabuleiro do Norte (1:4,000), probably the highest in Brazil,
is believed to be due to a low migration rate and high level of
inbreeding over many generations and possibly to the exis-
tence of Jewish heredity in some of the local families (Vieira
2000). Further analyses of the mutations of patients in Tabu-
leiro do Norte will help confirm this hypothesis.

The diagnosis of GD is mainly based on morphological
findings (detection of Gaucher cells in tissues), enzyme ac-
tivity, and molecular analysis (Beutler and Grabowski 2001).
The definitive diagnosis requires the determination of GBA
activity in peripheral leukocytes (Beutler and Saven 1990;
Charrow et al. 1998) or in cultured fibroblasts from skin
biopsies (Charrow et al. 1998; Beutler and Grabowski 2001).

High-risk populations may be screened with GBA and
chitotriosidase activity assays using dried blood spots on
filter paper (DBS-FP), followed by confirmatory tests in sus-
pected cases (Chamoles et al. 2002; Civallero et al. 2006).
DBS-FP is simple and time-saving, and samples are easy to
transport. When combined with GBA activity assay in pe-
ripheral leukocytes, DBS-FP is a reliable and cost-effective
strategy for public health-sponsored screening of lysosomal
storage diseases in newborns and/or high-risk populations (Li
et al. 2004; Meikle et al. 2004; Evans et al. 2005; Gelb et al.
2006). Moreover, the existence of effective treatment provi-
ding good control of the disease and considerable improve-
ment in quality of life (Damiano et al. 1998; Masek et al.
1999; Giraldo et al. 2005; Weinreb et al. 2007) makes screening
of high-risk populations imperative to diagnose new cases
and initiate treatment when indicated (Civallero et al. 2006).

Some GD mutations are more strongly associated with
disease severity and prognosis than others. Consequently,
molecular diagnosis of GD is a very important aid in genetic
counseling and population-screening programs for GD in
high-risk groups. Molecular analysis makes it possible to
identify homozygous and heterozygous subjects and subsi-

dizes efforts to prevent the emergence of new cases in the
population (Mistry et al. 1992; Abrahamov et al. 1995).

The purpose of this study was to evaluate the ability
of screening for GBA activity with DBS-FP to identify
individuals at high risk for GD in high-risk populations
such as that of Tabuleiro do Norte, a small town in North-
eastern Brazil.

Methods
Study Design and Population

The study was conducted in three stages: (1) evaluation of
GBA and chitotriosidase activity in blood spots on filter
paper; (2) evaluation of GBA and chitotriosidase activity
in leukocytes and plasma, respectively; and (3) molecular
analysis of samples from subjects highly suspected of GD.

This cross-sectional study included 740 residents and des-
cendants of traditional families from Tabuleiro do Norte. The
sample size was calculated with the formula for infinite popu-
lations. The level of statistical significance and sampling error
was set at 5% and 3.6%, respectively. Due to lack of prior data,
the total sample size was calculated from the 50% proportion.

The inclusion criteria for the study were: (1) being a
resident and descendant of traditional families from Tabuleiro
do Norte; (2) participation in health education sessions for
GD; and (3) signing an informed consent form. Parents, sib-
lings, and children of the seven patients who had a previously
confirmed diagnosis of GD were excluded from the study.
The study protocol was approved by the research ethics com-
mittee of Hospital Geral César Cals (Fortaleza, Brazil).

The population of Tabuleiro do Norte was informed of
the study by the local media (newspapers and radio shows)
and through educational lectures on GD. Thus, the recruit-
ment of volunteers was nonrandom.

Laboratory Tests

Evaluation of GBA and Chitotriosidase Activity
in Blood Spots on Filter Paper

All enzyme assays were performed at the Laboratory of
Inborn Errors of Metabolism (Hospital das Clinicas, Porto
Alegre, RS, Brazil). A 2-mL peripheral blood sample was
collected from the forearm of each volunteer and placed in
a heparin-coated test tube. Samples were homogenized,
aspirated, separated into four parts, and dripped onto filter
paper (903 Protein Saver Card, Whatman Inc., USA).
Venipuncture was preferred over fingerstick to obtain
a sample large enough for analysis. The filter paper was
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air-dried for 4 h, packed individually in a sealed plastic bag,
and shipped at room temperature to the referral laboratory
for measurement of GBA and chitotriosidase activity.
Individual 3-mm disks containing approximately 3.6 pL
of whole blood were incubated at 37°C with appropriate
artificial substrates (4-methylumbelliferyl-B-p-glucoside
and 4-methylumbelliferyl-N,N' ,N”-triacetyl-f-chitotrioside)
and dilution buffers. Samples were centrifuged and then
submitted to fluorometric analysis (nanomoles of substrate
hydrolyzed per hour per milliliter of blood) (Civallero
et al. 2006).

Evaluation of GBA and Chitotriosidase Activity
in Leukocytes and Plasma

New 10-mL blood samples were collected from subjects
with GBA activity below 2.19 nmol/h/mL and stored in
heparin-coated tubes. The samples were used to measure
GBA activity in leukocytes (Peters et al. 1976) and chitotrio-
sidase activity in plasma (Hollak et al. 1994). Leukocytes and
plasma were separated immediately after collection, frozen,
and shipped in dry ice to a referral laboratory 4,000 km away.
The shipment was delivered within 48 h of collection.

The parameters for GBA activity in leukocytes used in
the present study to classify the subjects in five groups
(Table 1) were established by the referral laboratory based
on enzyme analysis of samples from subjects previously
diagnosed by molecular biology as homozygous, heterozy-
gous, and normals for GD.

Molecular Analysis of Mutations

Samples from the subjects most suspected of GD (GBA in
leukocytes < 5.6 nmol/h/mg protein) were screened for the
major Brazilian mutations (N370S, L444P, G377S, and
55del) at the Department of Genetics and Evolutionary
Biology of the Institute of Bio-Sciences (University of Sdo
Paulo, SP, Brazil). DNA was extracted from oral mucosa by
the method of Richards et al. (1993). The mutations N370S,
L444P, G377S, and 55del were analyzed with restriction
fragment length polymorphism. After endonuclease diges-

Table 1 Classification adopted by the referral laboratory based on
GBA activity in peripheral leukocytes

Classification GBA activity in leukocytes

(nmol/h/mg protein)

Probable GD <40

Borderline between probable GD and 4.1-5.5
probable heterozygous

Probable heterozygous 5.6-9.9

Borderline between probable 10.0-16.4
heterozygous and probable normal

Normal > 16.5

tion, fragments were submitted to 12% polyacrylamide
gel electrophoresis (N370S and G377S) or 2% agarose gel
electrophoresis (L444P and 55del) (Rozenberg et al. 2006).

When diagnosis was in doubt, samples from subjects with
probable GD (GBA activity <4.0 nmol/h/mg protein) were
shipped to the Molecular Development Laboratory of the
Department of Pediatrics, University of Washington, USA,
for sequence analysis of the entire coding region of the
glucocerebrosidase gene (1q21) using dried blood on FTA
filter paper. The use of FTA filter paper facilitates access of
samples to diagnostic centers and thus provides an effective
means of performing population-based mutational analysis
of Gaucher disease internationally (Devost and Choy 2000).
Sequencing will identify approximately 95% of mutations.
It will often not identify deletions or rearrangements inter-
fering with primer-binding sites.

Statistical Analysis

The collected data were submitted to descriptive analysis
(frequency distribution and central tendency), followed by
comparative analysis with the Mann—Whitney test and the
chi-square test for categorical variables. Variables included
gender, age, GBA activity in DBS-FP and in leukocytes, and
chitotriosidase activity in DBS-FP and in plasma. The level
of statistical significance was set at 5% (p < 0.05).

Subjects were initially distributed in two groups based on
GBA activity in DBS-FP: (a) subjects at risk for GD and (b)
normals (Fig. 1). The two groups were compared with regard
to gender, age, and chitotriosidase activity. Samples from
subjects at risk were subsequently submitted to analysis of
GBA activity in leukocytes and classified in five categories
according to criteria adopted by the referral laboratory
(Table 1). Finally, these categories were compared with
regard to chitotriosidase activity.

Results

From 1 June 2007 to 31 May 2008, 740 volunteers aged 31.4
+19.2 years (range: 1-85), 496 (67.0%) of whom were
female, were enrolled in the study. None of the participants
had symptoms compatible with GD or were first-degree
relatives of the seven residents of Tabuleiro do Norte
known to have GD.

The mean GBA and chitotriosidase activity measured in
the DBS-FP assay was 3.4+1.53 nmol/h/mL (range: 0.4—
12.0) and 30.8 +-25.8 nmol/h/mL (range: 0.0-242.0), respec-
tively. GBA levels were below the adopted cutoff value for
risk of GD (2.19 nmol/h/mL) in 135 (18.2%) participants.
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Fig. 1 Study design of screening

. . . 1st stage
for Gaucher disease in Tabuleiro Analysis of GBA GBA 22.19 nmol/h/mL I—-.[ Normal l SUSIRES
do Norte (Ceara, Brazil) and chitotriosidase Enzyme

activity in dried activity
| blood on fiter paper GBA <2.19 nmol/h/mL G':’utfr""“" '°’! analysis:
GBA in DBS-FP
Measurement of GBA activity in leukocytes Normal 2nd stage
and chitotriosidase activity in plasma ) GBA = 16.5 nmol/h/mg
I Enzyme
¥ [ 2 activity
o Borderline: i Borderline: probable ) analysis:
Probable GD heterozygous/ GBAin
Gaucher Disease Jprobable heterozygous leukocytes;
GBA<4.0 heterozygous GBA:5.60.9 probable normal chitotrlosidase
GBA: 4.1-5.5 GBA: 10.0-16.4 in plasma
\_ nmol/h/mg nmol/h/mg nmol/h/mg
3rd stage
Molecular screening for mutations | !fdiagnosis | sequence analysis (1921)
(N3705, L444P, G377, S5del) isindoubt | Glucocerebrosidase gene m

Table 2 Comparison of gender, age, and chitotriosidase levels in
DBS-FP between subjects at risk for GD and normals, according to
the adopted cutoff value (<2.19 nmol/h/mL)

Table 3 Frequency distribution of GBA activity in peripheral leuko-
cytes of 131 subjects with suspected GD, according to the classification
adopted by the referral laboratory

Variable At risk for GD (GBA Normal (GBA> Classification N (%) CI 95% Chitotriosidase
<2.19 nmol/h/mL), 2.19 nmol/h/mL), (nmol/h/mL £+
n=135 n=605 p value SD)

Female gender 87 (64.4%) 409 (67.6%) >0.05*  Probable GD 4 (3.1%) 0.8-7.6% 82.75+13.5

Age (years) 32.0£19.2 314+£19.3 >0.05>  Borderline between 6 (4.6%) 1.7-9.7% 61.47+72.53

Chitotriosidase 25.4+21.9 32.0+£26.4 0.0014° probable GD and

(nmol/h/ probable heterozygous
mL) Probable heterozygous 63 (48.1%) 39.3-57.0% 43.37+36.0
Chi-square test Borderline between 55 (42.0%) 33.4-50.9% 57.89+69.54
"Mann-Whitney test probable heterozygous
and probable normal
Normal 3(23%) 0.5-6.5% 42.334+41.54

Subjects below and above cutoff did not differ significantly
with respect to gender or age, but chitotriosidase activity in
DBS-FP was significantly lower among the former (Table 2).
Four of the 135 subjects at risk for GD did not wish to
participate in the second part of the study. New blood sam-
ples were collected from the remaining 131 subjects to
determine GBA activity in peripheral leukocytes and chito-
triosidase activity in plasma. Four subjects (3.1%) with
GBA levels in the range 2.6—4.0 nmol/h/mg protein were
classified as “probable GD,” 6 (4.6%) were “borderline
between probable GD and probable heterozygous,” 63
(48.1%) were classified as “probable heterozygous,” and
55 (42.0%) were “borderline between probable heterozy-
gous and probable normal.” Only three (2.3%) displayed
normal GBA activity levels (Table 3). Subjects with proba-
ble GD did not differ significantly from subjects in the four
other GBA ranges with regard to gender and age (p > 0.05)
but displayed higher plasma chitotriosidase levels (82.75+
13.5 nmol/h/mL vs. 50.49 £ 54.80 nmol/h/mL, p = 0.023).

The GBA and chitotriosidase activity assays were repeated
for the ten subjects in the two lowest ranges of GBA
activity, confirming the initial results. The same subjects
were submitted to additional evaluations, including clinical
examinations, laboratory tests (complete peripheral blood
count and aminotransferase dosage), X-ray scanning of
pelvis, femurs, lumbar spine and chest, abdominal ultra-
sonography, magnetic resonance imaging of femurs, and
bone densitometry of the lumbar spine. To further confirm
the diagnosis, samples of oral mucosa were submitted to
molecular screening for the four major Brazilian GD muta-
tions (N370S, L444P, G377S, and 55del). Four subjects
presented none of the mutations, but six subjects were
found to be heterozygous (G377S/-). Complete individual
genetic counseling was given upon study completion.

The four subjects with GBA activity in leukocytes below
4.1 nmol/h/mg protein (two heterozygous male siblings,
mutation G377S/-, 12 and 17 years of age with GBA activity
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of 4.0 and 2.6 nmol/h/mg protein, respectively, and two
unrelated females aged 39 and 44 years with GBA activity
of 4.0 nmol/h/mg protein) were asymptomatic and presented
no significant clinical changes in laboratory or imaging tests.
Thus, to test for mutations other than N370S, L444P, G377S,
and 55del, dried blood samples on FTA filter paper were
collected and submitted to sequence analysis of the entire
coding region of the glucocerebrosidase gene (1q21). The
DNA analysis confirmed the diagnosis of two heterozygous
subjects (p.G377S/wt) and two normals (wt/wt).

Discussion

The results of our study show that GBA activity assay in
DBS-FP is an efficient screening strategy for the identifica-
tion of subjects at risk of GD in high-prevalence populations.
It also draws attention to the risk of false-positive diagnosis
of GD in asymptomatic subjects when the measurement of
GBA activity in leukocytes is used as the sole criterion.
Molecular analysis was indispensable in this study to clarify
doubts and confirm diagnosis. Only one mutation (G377S)
was detected among the ten subjects at highest risk for GD.
The fact that G377S is the third-most common mutation in
subjects with GD in Portugal and Spain (Amaral et al. 1996)
and rare in Ashkenazi Jews suggests that the mutation ob-
served in Tabuleiro do Norte may be due to Portuguese
ancestry. Further studies are necessary to clarify this issue.

The initial GBA activity assay in DBS-FP identified 135
of 740 subjects to be at risk for GD. The adopted cutoff value
(<2.19 nm/h/mL) was above the value recommended by
Civallero et al. (2006) (1.78 nmol/h/mL) to reduce the num-
ber of false-negative results and ensure the identification of
all potential GD patients and carriers.

Four of the 135 patients selected in the initial screening
withdrew from the study. Of the remaining 131 subjects,
4 were classified as “probable GD” (0.54%; CI 95%; 0.2—
1.5%) and 124 as “possible heterozygous” (16.8%; CI 95%;
14.2-19.7%). The level of GBA activity was normal for the
remaining 608 subjects (605 in DBS-FP, 3 in leukocytes)
(82.6%; CI 95%; 79.6-85.2%). Thus, to identify one case of
probable GD, 185 apparently healthy subjects had to be
screened, and to identify one case of probable heterozygosity,
only six subjects needed to be examined. In a high-risk popu-
lation such as that of Tabuleiro do Norte, correct identification
of affected individuals and carriers, including molecular
screening for mutations, is essential to clarify doubts about
diagnosis and provide adequate genetic counseling and, con-
sequently, to reduce the incidence and prevalence of GD.

The fact that chitotriosidase activity in plasma was sig-
nificantly higher in subjects with GBA activity in leukocytes
below 4.1 nmol/h/mg protein than in subjects classified as
“probable heterozygous” or “normal” (p < 0.05) matches

the results published by other researchers (Hollak et al.
1994; Aerts et al. 2003; Cabrera-Salazar et al. 2004;
Schoonhoven et al. 2007). Surprisingly, chitotriosidase
activity in DBS-FP was lower for subjects with GBA activity
<2.19 nmol/h/mL in DBS-FP than for normal subjects
(p < 0.05), suggesting that, at least in this study, chitotrio-
sidase activity was not a useful marker of GD. The discre-
pancy between the measures of chitotriosidase activity in
DBS-FP and in plasma is difficult to explain, but the results
of one or both of the chitotriosidase assays may have been
affected by unfavorable sample shipping conditions.

The recruitment process was the most important limita-
tion of this study. Since the selection of participants was
nonrandom and because relatives of previously diagnosed
patients were likely to be particularly interested in the study,
the prevalence of homozygotes and heterozygotes in the
study population may not have been representative of the
general population. Unfortunately, it was not possible to
completely avoid recruitment bias in the study.

Screening with enzyme assays instead of molecular analy-
sis may at first sight appear a limitation. However, molecular
analysis was not an option for initial screening due to lack of
previous knowledge of the genetic profile of the population
and due to questions of cost-effectiveness and infrastructure
(the study was conducted in a socioeconomically challenged
region). Despite its apparent limitations, we believe that
triage with DBS-FP may even be used to improve the cost-
effectiveness of screening with molecular analysis.

To our knowledge, this study represents the largest popu-
lation screening for GD in Brazil using DBS-FP. Initial
screening with DBS-FP, followed by a confirmatory GBA
activity assay in peripheral leukocytes and molecular analy-
sis, was shown to be an effective GD-screening strategy for
high-prevalence populations in developing regions. Further
studies are needed to determine the cost-effectiveness of
different methods, alone and in combination, used to screen
for GD in other high-prevalence populations.

Acknowledgments The authors would like to thank the team at
Genzyme do Brasil, sponsor of the study. Also many thanks to
Dr. Elisa Sobreira for scientific support, Prof. Antonio Toledo Jr. for
assistance with the manuscript, and Dr. Erlane Marques Ribeiro for
help with the study design. We are also in debt to Jodo Marcio da Silva,
head of the Municipal Department of Health, and to the staff of the
Family Health Program in Tabuleiro do Norte for their cooperation.
Last but not least, we are appreciative of the valuable support recei-
ved from ACDG (Associacdo Cearense de Profissionais atuantes em
Doengas Genéticas, Pacientes, Familiares e Voluntarios).

Synopsis

Enzyme assay with DBS-FP was shown to be an effective
initial GD-screening strategy for high-prevalence popula-
tions in developing regions when followed by measurement
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of GBA activity in leukocytes, but molecular analysis was
necessary to confirm diagnosis (homozygous, heterozygous,
and normals for GD).
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Two Cases of Pulmonary Hypertension Associated with Type Ill

Glycogen Storage Disease

Teresa M. Lee, Erika S. Berman-Rosenzweig, Alfred E. Slonim, and Wendy K. Chung

Abstract Glycogen storage diseases (GSDs) comprise a
large, heterogeneous group of disorders characterized by
abnormal glycogen deposition. Multiple cases in the litera-
ture have demonstrated an association between GSD type |
and pulmonary arterial hypertension (PAH). We now also
report on two patients with GSD type III and PAH, a novel
association. The first patient was a 16-year-old girl of Nicar-
aguan descent with a history of hepatomegaly and growth
retardation. Molecular testing identified a homozygous
17delAG mutation in AGL consistent with GSD type IIIb.
At the age of 16, she was found to have PAH and was started
on medical therapy. Two years later, she developed acute
chest pain and died shortly thereafter. The second patient is a
13-year-old girl of Colombian descent homozygous for the
¢.3911dupA mutation consistent with GSD IITa. An echocar-
diogram at age 2 showed left ventricular hypertrophy, which
resolved following the institution of a high protein, moderate
carbohydrate diet during the day and continuous gastric-tube
feeding overnight. At the age of 12, she was found to have
pulmonary hypertension. She was started on sildenafil, and
her clinical status has shown marked improvement including
normalization of her elevated transaminases. PAH may be a
rare association in patients with GSD IIla and IIIb and
should be evaluated with screening echocardiograms for
cardiac hypertrophy or if they present with symptoms of
right-sided heart failure such as shortness of breath, chest
pain, cyanosis, fatigue, dizziness, syncope, or edema. Early
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diagnosis of PAH is important as increasingly effective
treatments are now available.
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AGL Amylo-1,6-glucosidase

GSD  Glycogen storage disease

PAH Pulmonary arterial hypertension
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Introduction

Glycogen storage diseases (GSDs) comprise a large, hetero-
geneous group of disorders characterized by abnormal
glycogen deposition. GSD type III (OMIM 232400), char-
acterized by deficiency of glycogen debrancher enzyme or
amylo-1,6-glucosidase (AGL; EC 3.2.1.33), is further sub-
divided into groups including IIla with hepatic and muscle
involvement and IIIb an isolated hepatic form (Shin 2006).

Pulmonary arterial hypertension (PAH) is a rare disorder,
with an estimated incidence of two to three per million per
year (Gaine and Rubin 1998; Humbert et al. 2006), charac-
terized by sustained increase in mean pulmonary artery
pressure (above 25 mmHg at rest), a normal pulmonary
capillary wedge pressure, and increased pulmonary vascular
resistance. Before the advent of modern therapies, life
expectancy for adults with idiopathic PAH was less than
3 years from diagnosis and less than 10 months for children
(D’Alonzo et al. 1991). PAH may be heritable (HPAH),
idiopathic (IPAH), associated with either drug or toxin
exposures (fenfluramine derivatives) or other medical con-
ditions including connective tissue diseases, HIV infection,
congenital heart disease, sickle cell disease, and portal
hypertension.
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Multiple cases have been described in the literature that
demonstrate an association between GSD type I and severe
pulmonary hypertension (Humbert et al. 2002b). To date,
there have been no reported cases of GSD type III with PAH,
although GSD III shares many clinical features with GSD 1.

We present two patients, one with GSD Illa and the other
with GSD IIIb, and pulmonary hypertension.

Case Reports

The first patient was a 16-year-old girl of Nicaraguan
descent who first presented to our pulmonary hypertension
center with a 2-year history of progressive dyspnea on exer-
tion with occasional cyanosis. At 8 months of age, she was
noted to have hepatomegaly, but a liver biopsy performed at
that time was reportedly normal. From the age of 11 months,
there was evidence of growth retardation with both height
and weight below the third percentile, but no further evalua-
tion was undertaken.

On presentation at 16 years, a 2D echocardiogram was
performed which demonstrated a dilated right ventricle with
moderate right ventricular hypertrophy and slightly reduced
right ventricular function. Her estimated right ventricular
systolic pressure was 78 mmHg. The pulmonary regurgita-
tion gradient was 36 mmHg. There was posterior bowing of
the interatrial and interventricular septum consistent with at
least systemic pulmonary arterial pressure. There was right
to left shunting through a small interatrial communication.

Cardiac catheterization was performed and demon-
strated elevated mean pulmonary artery pressure (mean of
44 mmHg) with a normal mean pulmonary capillary wedge
pressure (Table 1). Her cardiac index was low with extremely
elevated pulmonary vascular resistance index at 24 u*m?.
There was no significant acute response to the administration

Table 1 Cardiac catheterization data from patients 1 and 2 with nor-
mal reference values show elevated mean pulmonary artery pressure,
normal mean capillary wedge pressure, and increased pulmonary vas-
cular resistance consistent with the diagnosis of pulmonary hyperten-
sion in both patients. All data represent initial testing done on room air

Patient 1  Patient2 Normal values
Systemic blood pressure 110/68 83/50 109-114/64-68
(mmHg)
Mean right atrial pressure 14 8 2-6
(mmHg)
Pulmonary artery pressure 88/22 69/37 15-25/8-12
(mmHg)
Mean pulmonary artery 44 51 <20
pressure (mmHg)
Mean capillary wedge 6 14 <15
pressure (mmHg)
Cardiac index (L/min/m?) 1.6 2.9 3-5
Pulmonary vascular 24 9 3

resistance index (u*mz)

of 100% oxygen via face mask, inhaled nitric oxide at
80 ppm, or intravenous epoprostenol at a maximum dose
of 10 ng/kg/min. She was evaluated for causes of PAH and
initially had elevated TSH and T4 that normalized on several
serial repeat measurements.

Liver biopsy was repeated at the age of 16 when she
presented with pulmonary hypertension and marked hepato-
megaly, which appeared out of proportion to her pulmonary
hypertension. Liver biopsy showed marked glycogen storage
affecting the hepatocytes with perisinusoidal and portal
fibrosis and developing nodularity consistent with GSD.
Further analysis of the liver showed elevated glycogen con-
tent with short outer branches and absence of debrancher
activity consistent with type III GSD. Molecular testing
showed that she had a homozygous 17delAG mutation in
AGL consistent with GSD type IIIb. She was treated with
albuterol, digoxin, furosemide, spironolactone, and continu-
ous intravenous epoprostenol with some stabilization in her
clinical symptoms.

At the age of 18, she presented to our emergency depart-
ment with acute chest pain. She was tachycardic (heart rate
164 bpm) and tachypneic (respiratory rate 40 breaths/min),
with a systemic arterial oxygen saturation level of 80%.
One month before this presentation, her thyroid function
tests were markedly abnormal with positive antithyroid
peroxidase antibodies. Subsequent radioactive iodine scan-
ning confirmed the diagnosis of Graves’ disease. She was
treated with propylthiouracil. She was admitted to the pedi-
atric intensive care unit where she was found to be severely
hypoglycemic with a glucose level of 6 mg/dL (normal 50—
110 mg/dL) and to be hyperkalemic (8.6 mM/L; normal 3.6—
5 mM/L). She was stabilized and put on BiPAP of 10/5
with inhaled nitric oxide at 20 ppm. Less than 10 h later,
she complained of severe chest pain and became asystolic.
Despite resuscitation attempts, she died.

The second patient is a 13-year-old girl of Colombian
descent who was first noted to have poor weight gain and a
large abdomen as an infant. A liver biopsy was performed
at 14 months, which demonstrated glycogen accumulation,
and she was diagnosed with GSD type III. Genetic testing
of the AGL gene showed that she is homozygous for the
¢.3911dupA mutation consistent with GSD Illa. An echocar-
diogram at age 2 showed left ventricular dilation (left ven-
tricular end-diastolic dimension 3.28 cm, z = 2.90) with some
hypertrophy in the presence of a large subaortic ventricular
septal defect (VSD) with a large systemic to pulmonary
shunt. She underwent repair of the VSD at 2 years of age,
with a small residual restrictive VSD. Cardiac biopsy per-
formed at the time of VSD repair showed subendocardial
vacuolization of myocytes due to abnormal cytoplasmic
glycogen deposits. Following the institution of therapy con-
sisting of a high protein, moderate carbohydrate diet during
the day, and continuous gastric-tube feeding overnight
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(Slonim et al. 1982), the cardiac hypertrophy resolved and
her clinical status progressively improved. Continuous nor-
moglycemia was maintained and normal developmental
milestones were achieved, with normal height, weight, and
pubertal development. At the age of 12, she complained of
shortness of breath and had an echocardiogram demonstrat-
ing tricuspid regurgitation jet. She then underwent cardiac
catheterization and was found to have pulmonary hyper-
tension. Resting pulmonary artery pressure was more than
two-thirds of the systemic arterial pressure with an elevated
mean right atrial pressure. Mean pulmonary capillary wedge
pressure was normal. There was a mild response to the
administration of 100% oxygen with the pulmonary artery
pressure decreasing by 10 mmHg. In addition, when nitric
oxide was administered at 80 ppm, her mean pulmonary
arterial pressure fell from 52 to 35 mmHg. At rest, her
pulmonary vascular resistance index was high at 9 u*m?
which decreased to 5 u*m? with acute vasodilator testing.
Superior vena cava saturation was 83% with no step up to the
pulmonary artery which was 75%, with a Qp:Qs of 1.6
indicating no significant left to right shunt through the
small residual VSD. Therefore, her pulmonary hypertension
could not be attributed to the residual VSD. She was started
on sildenafil 20 mg p.o. three times daily for PAH, and her
clinical status has shown marked improvement. In addition,
she had a history of elevated transaminase levels in the
range of AST 1,042 U/L and ALT 813 U/L (normal 12-38,
and 7-41 U/L, respectively) with no other evidence of syn-
thetic liver dysfunction. Following treatment with sildenafil,
the transaminase levels decreased to 149 U/L (AST) and
147 U/L (ALT) within 3 months and have normalized,
37 U/L (AST) and 34 U/L (ALT), after 3 years of sildenafil
therapy. Interestingly, there was no overt clinical evidence of
right heart failure or right ventricular systolic dysfunction by
noninvasive testing before medical treatment with sildenafil
to explain the decline in transaminases following treatment.

Discussion

While GSD type I has been repeatedly associated with
pulmonary hypertension, there are no reports in the literature
of PAH associated with type III GSD. The underlying con-
nection between PAH in GSD I and GSD III remains to be
elucidated and should be independently confirmed. The fact
that we observed PAH with both GSD type Illa and IIIb
suggests that cardiac involvement is not required for PAH
since cardiomyopathy may occur in type Illa, but is not
observed in type IIIb GSD.

In one study, patients with type Ia GSD were found to
have elevated serotonin levels as did individuals with PAH
when compared to age-matched controls (Humbert et al.

2002a). Moreover, one individual with both type Ia GSD
and PAH had dramatically elevated plasma serotonin con-
centrations. Since not all patients with GSD I or GSD III
go on to develop PAH, there must be additional factors
required.

We hypothesize that there could be a diffusible substance
produced by or not cleared by the diseased liver that causes
pulmonary vasoconstriction. This is one mechanism
hypothesized in cases of portopulmonary hypertension in
which portosystemic collaterals allow humoral substances,
normally metabolized by the liver, access to the pulmonary
circulation (Panos and Baker 1996). Alternatively, there
could be an intrinsic problem in the underlying pulmonary
vasculature due to glycogen accumulation. As in porto-
pulmonary hypertension, lung pathology from patients with
type I GSD seems to consistently demonstrate pathological
changes that are indistinguishable from those seen in classic
idiopathic PAH (Humbert et al. 2002b; Pizzo 1980).

In conclusion, while PAH may be a rare association, the
diagnosis should be considered in patients with GSD III if
they present with cardiorespiratory symptoms such as short-
ness of breath, chest pain, cyanosis, fatigue, dizziness, syn-
cope, or edema. Moreover, cardiac involvement in GSD is
well established, and screening echocardiograms are recom-
mended to examine at wall thickness, ventricular mass, in
addition to systolic and diastolic function in GSD III patients
(Kishnani et al. 2010). At the time of screening echocardio-
gram, we suggest examination for signs of elevated pulmo-
nary arterial pressure such as right atrial or right ventricular
enlargement, systolic flattening or posterior bowing of the
interventricular septum, and measurement of the tricuspid
regurgitation jet. Therapeutic drugs including prostacyclin,
endothelin-receptor antagonists, and phosphodiesterase inhi-
bitors, like sildenafil, have shown promising results in
patients, including children and infants, with PAH (Suesao-
walak et al. 2010). Recognizing elevated pulmonary arterial
pressure early can be especially important, as increasingly
effective treatments are now available for PAH.

Synopsis

Pulmonary hypertension association with glycogen storage
disease Illa and IIIb.

References to Electronic Database

Glycogen storage disease type III: OMIM 232400. Amylo-
1,6-glucosidase: EC 3.2.1.33. HUGO-approved gene sym-
bol: AGL.
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Favorable Long-Term Outcome Following Severe Neonatal
Hyperammonemic Coma in a Patient with Argininosuccinate

Synthetase Deficiency

Isabelle De Bie, Emmanuelle Lemyre, and Marie Lambert

Abstract This chapter reports on the sequelae-free 8-year
follow-up with normal growth, intellectual development,
and schooling of a boy with argininosuccinate synthetase
deficiency (citrullinemia type I) who was rescued from
severe neonatal hyperammonemic coma at 8 days of life
(peak ammonia level of 1,058 pmol/L). Important clinical
management aspects were: rapidity of response to emergen-
cy therapeutic measures that included specific drug regimen,
protein restriction, optimal caloric intake and hemodialysis,
short coma duration (14 h), possible neuroprotective effect
of mild systemic hypothermia during the acute episode,
long-term metabolic control with strict compliance to stan-
dard of care therapeutic and dietary regimens, active preven-
tion of subsequent hyperammonemic episodes, and early
neurodevelopmental evaluations and interventions. We con-
clude that good long-term neurological outcome following
rescue from neonatal hyperammonemic coma is rarely
reported but attainable. Prospective registries and inter-
ventional studies regrouping clinical data from urea cycle
disorders patients will assist clinicians in instituting the
appropriate therapeutic measures to provide the best pros-
pect of positive long-term outcome for these children.
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Abbreviations
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Introduction

Urea cycle defects (UCD) are inherited metabolic disorders
leading to abnormal ammonia accumulation. The typical
clinical picture associated with severe defects is that of
a newborn infant, who, after an uneventful pregnancy
and immediate neonatal course, becomes rapidly poorly
responsive and evolves toward catastrophic neurological
deterioration with seizures, coma, and death. UCD may
also present later in life, either as a severe acute episode
or as a more chronic course of developmental delay, failure
to thrive, and a combination of neurological and digestive
manifestations. Treatment options include protein restric-
tion to limit exogenous sources of nitrogen, ammonia
clearance through nitrogen-scavenging medications, sup-
plementation with urea cycle intermediates (L-arginine
or L-citrulline), and dialysis during acute events. Liver
transplantation presents a curative option to achieve long-
term metabolic remission (Leonard and McKiernan 2004,
Meyburg and Hoffmann 2010).

Access to these treatments has significantly improved
the survival of infants with UCD, but the neurological prog-
nosis for survivors of acute hyperammonemic episodes
remains uncertain. Children who survive the initial hyper-
ammonemic crisis are at significant risk of disabling neuro-
logical sequelae (Msall et al. 1984; Saudubray et al. 1999;
Bachmann 2003a; Gropman and Batshaw 2004; Nassogne
et al. 2005; Krivitzky et al. 2009; Seminara et al. 2010).
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We report on an infant with argininosuccinate synthetase
(ASS) deficiency who, despite a catastrophic neonatal pre-
sentation of hyperammonemic coma, currently presents
adequate cognitive and neurological development over an
8-year follow-up period.

Case Report

This male infant was referred from a distant Northern com-
munity hospital at 8 days of life for seizures and coma.

He is the second child of a healthy non-consanguineous
French—Canadian couple. Pregnancy was uneventful. Spon-
taneous vaginal delivery occurred at term. Birth weight was
3.3 kg (25-50th centile), height 52.5 cm (75th centile), and
head circumference 34 cm (10-25th centile). APGAR scores
were 9, 8, and 8 at 1, 5, and 10 min, respectively. He was a
quiet baby who fed well on formula until day 6 of life when,
over a 7-h period, he became lethargic and stopped feeding.
He was brought to the local emergency department where
investigations were undertaken. He was pale and poorly
responsive, but the rest of his physical examination was
otherwise unremarkable. Vital signs were notable for hypo-
thermia with a rectal body temperature of 34.2°C (N, 34.4—
37.8°C). Initial laboratory findings were: blood glucose,
2.4 mmol/L (N, >2.2 mmol/L and <7.8 mmol/L); capillary
pH, 7.54 (N, 7.37-7.43); pCO,, 26 torr (N, 2641 torr);
bicarbonate, 21.8 mmol/L (N, 16-24 mmol/L). The follow-
ing were normal: complete blood count, plasma electrolytes
levels, calculated anion gap (10), urinalysis (no ketosis),
cerebrospinal fluid glucose and protein levels. A complete
septic workup was undertaken, and intravenous hydration
with antibiotic therapy initiated pending culture results. Nine
hours after admission, focal seizures were noted, which
increased in frequency over the next 6 h. The infant was
treated with phenobarbital and diazepam and transferred to a
secondary care center. At the time of transfer, his vital signs
were: pulse 136, respiratory rate 54, blood pressure 102 over
77 mmHg, and rectal body temperature within the lower
normal limit at 35.4°C.

Upon arrival at the second hospital, he presented a sus-
tained tonic—clonic seizure and progressively became bra-
dypneic. He was intubated and received additional doses
of phenobarbital and phenytoin. Laboratory investigations
were repeated with the inclusion of a blood ammonia
level, which revealed hyperammonemia at 505 pmol/L
(N, <110 pmol/L). Other liver function tests were normal.
As neither ammonia scavenging medications nor hemodi-
alysis were available at this distant hospital, transfer was
immediately arranged to a tertiary care center in a metropol-
itan area (5-h plane flight). Preparations for immediate drug

treatment and hemodialysis upon arrival at the tertiary care
center were made during the time of aerial transport.

The infant was admitted to the intensive care unit with
a Glasgow score of 3, severe hypotonia and generalized
seizures. Vitals signs recorded on admission were: heart
rate 60, blood pressure 82 over 53 mmHg, and rectal
body temperature of 33.9°C. Initial ammonia level was
1,058 pmol/L. Drug treatment was promptly initiated with
intravenous administration over 90 min of a loading dose of
250 mg/kg of each of sodium benzoate, sodium phenylace-
tate and L-arginine, followed by maintenance continuous
infusion of 250 mg/kg/day of each of the previous with the
addition of 100 mg/kg/day of L-carnitine. A caloric intake of
130 kcal/kg/day was reached with both intravenous 10%
dextrose and 20% intralipid (1 g/kg/day) infusions.

Hemodialysis was instigated 2 h after admission. Ammo-
nia level had by then decreased to 993 pmol/L. Body tem-
perature at the time of initiation of dialysis was recorded at
34.0°C and progressive warming with, first, a heating blan-
ket, then a heated bed, was initiated. Within 6 h of combined
hemodialysis and drug treatment, blood ammonia level
had dropped to 103 pmol/L. Glasgow score increased to 6,
while body temperature had reached 36.6°C at the end of
hemodialysis. Over the next 6 h, Glasgow score progressively
improved and seizures stopped. Enteral feeding with
protein-free formula (Mead Johnson 80056 Protein Free
diet powder) was initiated 12 h after admission to reach an
initial enteral caloric intake of 100 kcal/kg/day. Natural
proteins were subsequently reintroduced 24 h after admission,
at an initial dose of 0.3 g/kg/day.

Blood amino acids chromatography performed upon
arrival was notable for elevated glutamine levels at
1,957 pmol/L (N, 474-736 pumol/L), citrulline at
3,949 pmol/L (N, 14-32 umol/L), with low ornithine levels
of 19 umol/L (N, 25-103 pmol/L), and arginine at 15 pmol/L
(N, 43-120 pmol/L) (Lepage et al. 1997). Urine orotic acid
was measured at 36.53 umol/mmol of creatinine
(N, <3.85 umol/mmol of creatinine). This biochemical profile
was compatible with a diagnosis of citrullinemia type I
[MIM 215700, ASS deficiency (EC 6.3.4.5)]. Subsequent
sequencing analysis of the ASS1 gene (MIM 603470)
revealed an homozygous c.1168G>A (p.G390R) missense
mutation (NM_000050.4).

Following full clinical recuperation, the infant was dis-
charged 10 days after admission. His blood ammonia was
then 39 umol/L. At discharge, protein intake was restricted
at 1.1 g/kg/day, while total caloric intake was maintained
at 140 kcal/kg/day. Pharmaceutical treatment at discharge
was: sodium benzoate 290 mg/kg/day and L-arginine
250 mg/kg/day both divided four times daily.

He was evaluated monthly for metabolic control and gen-
eral health until his first birthday. Follow-up appointments
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were subsequently gradually spaced, as metabolic control
and clinical status were persistently adequate. Pharmaceuti-
cal treatment with sodium benzoate and L-arginine was
pursued at 250 mg/kg/day each, while protein intake has
remained at about 1.0 g/kg/day. Caloric intake was main-
tained at about 140 kcal/kg/day until 15 months of age, after
which it was progressively lowered to reach age-appropriate
needs by 2 years of age. He never suffered another hyper-
ammonemic episode and is in general good health. Strict
compliance to therapeutic and dietary regimen was observed.

His growth and global development are progressing
steadily (weight at the 25th centile, height at the 10th centile,
head circumference at the 25th centile). Blood ammonia
values have consistently remained below 70 pmol/L. Over
this 8-year follow-up period, citrulline levels have remained
at a median of 1,500 pmol/L.

Seizures never recurred and subsequent electroencephalo-
grams were normal. Formal neurological assessments were
performed every 2 months during the first year of life, then
annually. Slight lower limb hypertonia and abnormal ocular
fixation were noted at 2 months of age. Occupational therapy
and physiotherapy treatments were promptly initiated. Brain
magnetic resonance imaging was performed at 9 months of
age and was reported within normal limits, without brain
atrophy or other signs of previous brain edema. The only
notable finding was an extremely subtle T2-weighted hyper-
signal in the white matter of the subinsular cortex. Cortical
imaging changes in the insular region have been reported as
specific findings in hyperammonemia (Takanashi et al.
2003; Bindu et al. 2009; U-King-Im et al. 2011). Subsequent
detailed neuro-ophthalmologic evaluation led to a diagnosis
of isolated congenital motor nystagmus, unrelated to a previ-
ous neurological insult. Following neurological evaluations
did not uncover significant developmental delay over time.
No other cerebral imaging was performed.

A complete neuropsychiatric evaluation was undertaken
at the age of 4, before school entry. The following intelli-
gence and developmental stage scales were used: WPPSI-
III, Leiter-R, and Griffiths. Global intelligence scores
(WPPSI-III) and nonverbal intelligence scores (Leiter-R)
were both within average. Griffiths developmental stages
scores were of 4 years and 5 months for a chronological
age of 4 years and 1 month (high average score) for all
developmental aspects evaluated (gross motor skills, person-
al and social, performance) except for language (average,
with some vocabulary and fluency difficulties) and for fine
motor skills, which were assessed as borderline low to low
average. Regular follow-ups in occupational therapy and
speech and language therapy were maintained to this day.
At 8 years of age, he functions well within a regular school-
ing system, participates in several out-of-school activities,
and is described as an active, curious, and engaging boy.

Discussion

ASS deficiency (MIM 215700) is one of the most prevalent
UCD worldwide (Uchino et al. 1998; Summar et al. 2008;
Lardvere et al. 2009; Ibarra-Gonzalez et al. 2010). Complete
enzymatic deficiency results in classic or type I citrullinemia
(CTLN1), which is typically associated with citrulline ele-
vations above 1,500 pmol/L. Most citrullinemia type I
patients who suffered their first hyperammonemic episode
as neonates are recounted to have died or to face long-term
developmental or neurological disabilities (Maestri et al.
1995; Tokatli et al. 1998; Uchino et al. 1998; Bachmann
2003a; Tuchman et al. 2008; Krivitzky et al. 2009; Seminara
et al. 2010). Only two cases of ASS-deficient patients
are reported with good outcome 2 years following rescue
from neonatal hyperammonemic coma (Walter et al. 1992;
Vilaseca et al. 2001).

Suggested factors of poor long-term prognosis for survi-
vors of hyperammonemic coma are elevated initial or peak
hyperammonemia level and duration and depth of coma
(Msall et al. 1984; Bachmann 2003a; Gropman and Batshaw
2004; Tuchman et al. 2008). Msall and colleagues in particu-
lar described a significant negative correlation between dura-
tion of neonatal hyperammonemic coma (but not with peak
ammonia value) and subsequent IQ scores at 12 months. As
well, age at onset of symptoms, residual enzymatic activity,
compliance to dietary and drug regimen, and subsequent
hyperammonemic episodes can each alter long-term out-
come (Maestri et al. 1991; Saudubray et al. 1999; Nassogne
et al. 2005; Tuchman et al. 2008; Seminara et al. 2010).

Peak ammonia levels for the two neonates described by
Vilaseca et al. (2001) and Walter et al. (1992) were of
780 pmol/L and 2,500 pmol/L, respectively, but neither
level nor duration of coma, dietary, or long-term manage-
ment measures were precisely stated in those two reports.
Although ammonia level at initial presentation is not avail-
able, the following is an estimate of our patient’s clinical
evolution timeline. By the time the child arrived at our
center, it had been 31 h since onset of symptoms (lethargy,
poor feeding) and 24 h since biochemical signs associated
with hyperammonemia were documented (respiratory alka-
losis). Clinical coma duration upon arrival at our center was
estimated at about 7 h (from onset of tonic—clonic seizures
associated with bradypnea). Thus, total duration of hyper-
ammonemia (from onset of symptoms to clinical resolution
of both symptoms and hyperammonemia) was estimated at
nearly 39 h, while total duration of hyperammonemic coma
was estimated at about 14 h. Peak ammonia value was
documented at 1,058 pmol/L approximately 8 h after onset
of coma. Therefore, our patient fits Msall and colleagues’
model, where good outcome is correlated with short coma
duration (below 24 h) but not with peak ammonia level.
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Survival from hyperammonemic coma has dramatically
improved with access to current treatment protocols (Enns
et al. 2007). However, intellectual function data from a
recent cohort study are sobering: for children aged 3—
16 years who presented with neonatal-onset hyperammone-
mia, half had functional IQ values in the range of intellectual
disability, with two-third of those in the moderate to pro-
found disability range, ASS-deficient patients being the most
severely affected (Seminara et al. 2010). Moreover, longer
follow-ups tend to demonstrate progressive declines in 1Q,
motor skills deficits, or attention deficits in citrullinemia
type I patients rescued from neonatal hyperammonemic
coma, even in those who do not suffer subsequent hyperam-
monemic episodes (Maestri et al. 1995; Krivitzky et al.
2009; Seminara et al. 2010). Although liver transplantation
is curative of the metabolic derangement and removes the
necessity of strict dietary regimen observance and pharma-
ceutical treatment for UCD patients, neurologic outcome of
these transplanted UCD patients is usually closely correlated
to their pretransplantation neurologic status (Whitington et al.
1998; Saudubray et al. 1999; Nassogne et al. 2005; Stevenson
et al. 2010). Moreover, hepatic transplantation is a complex
surgical procedure with significant risks of peri- and postop-
erative complications, mortality, and organ rejection. Life-
long immunosuppressive therapy is required to maintain
engraftment. Living donor grafts from asymptomatic family
members is possible, but unrelated donors are few.

Hyperammonemia-induced brain toxicity is thought to
occur through several mechanisms: conversion of ammonia
to osmotically active glutamine resulting in cerebral edema,
increased nitric oxide synthesis and oxidative stress, gluta-
mine-mediated alteration in mitochondrial permeability
and metabolism (Cagnon and Braissant 2007; Albrecht
et al. 2010; Braissant 2010), and potentially altered neuro-
transmitter pathways (Enns 2008). Current therapeutic mod-
alities aim to rapidly lower blood ammonia levels and thus
reduce its detrimental effects on brain cells. Other currently
investigational treatment options to prevent ammonia-
induced brain injury include low-grade controlled systemic
hypothermia, hypothesized to reduce brain energy demand,
both in terms of glucose and oxygen metabolism, restore
cerebral blood flow regulation, and decrease intestinal
ammonia production (Whitelaw et al. 2001; Chatauret
et al. 2002; Stravitz and Larsen 2009).

In our patient, mild hypothermia was neither therapeuti-
cally induced nor controlled, but may have played a role
both in rapid response to ammonia-lowering therapeutic
measures and in neuroprotection. Other factors that had a
probable positive impact on our patient’s immediate recov-
ery and positive long-term outcome are: rapid institution of
hemodialysis, rapid return to enteral feeding once coma had
resolved, optimal caloric intake both during the acute epi-
sode and during long-term management, strict compliance to

pharmaceutical and dietary regimen, and active prevention
of subsequent hyperammonemic episodes.

Genotype—phenotype correlations as an aid to clinical
management of ASS-deficient patients have been attempted.
Wide phenotypic variability has been reported among indi-
viduals with ASS deficiency, even among members of the
same family (Issa et al. 1988). The c.1168G>A (p.G390R)
missense ASS1 variant identified in our patient is so far the
single most common variant identified in early-onset citrul-
linemia type I (Kobayashi et al. 1990; Héberle et al. 2002;
Gao et al. 2003; Engel et al. 2009; Larévere et al. 2009).
Homozygosity for this variant is usually associated with
undetectable or severely reduced (less than 2%) residual
enzymatic activity (Kobayashi et al. 1990; Vilaseca et al.
2001; Gao et al. 2003; Berning et al. 2008). Although asso-
ciated with severe enzymatic deficiency and neonatal-onset
hyperammonemia, this genotype does not systematically
equate with poor long-term outcome, as demonstrated in
our patient.

Newborn screening aims in part at instituting rapid thera-
peutic interventions for infants at risk of life-threatening
disorders. Citrullinemia neonatal screening permits early
treatment of newborns at risk and likely affects both survival
and cognitive outcome. One caveat of citrullinemia newborn
screening is that most patients with severe, early-onset forms
usually present clinically before screening results are avail-
able (Bachmann 2003b; Wilcken et al. 2009). Moreover,
newborn screening programs worldwide have now identified
individuals with elevated citrullinemia (>3,000 pumol/L)
who remain asymptomatic (Wilcken et al. 2009; Wilcken
2010). Debate on how these patients should be managed is
still ongoing, although recent reports of asymptomatic adult
citrullinemia patients experiencing their first hyperammone-
mic episode during pregnancy or the postpartum period do
argue in favor of protein restriction even for “mild” cases.

Thus, several inherited and environmental factors play
important roles in the initial presentation, therapeutic re-
sponse, and long-term evolution of patients with ASS defi-
ciency. Reliable clinical indicators of disease course and
severity are currently lacking. There are inherent difficulties
in comparing and interpreting the data of survivors of neo-
natal hyperammonemic episodes published over the past 20
years: lack of uniform initial clinical management across
medical centers and lack of systematic documentation of
clinical elements that could potentially modify treatment
response or long-term evolution. Detailed prospective clini-
cal registries as well as longitudinal interventional studies
are essential to resolve this important issue, as an event-free
course and optimal long-term quality of life are the goal to
reach for these patients. The Urea Cycle Disorders Consor-
tium, a network of 15 clinical and research centers providing
care for UCD patients, has established a national research
and clinical registry in the USA with collaborators in Canada
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and in Switzerland that will help in providing comprehen-
sive data to improve clinical management and outcome for
UCD patients.

Conclusion

Although the prognosis of neonatal hyperammonemic coma
is traditionally considered as guarded, both in terms of
survival and long-term neurological outcome, our case
shows that recuperation from a severe neonatal hyperammo-
nemic episode without long-term impairment is possible.
The following factors were likely influential in the favorable
evolution of our patient: rapid therapeutic intervention with
appropriate ammonia-lowering measures and optimal calo-
ric intake to reverse catabolism, fast lowering of blood
ammonia during the acute episode, short hyperammonemic
coma duration, strict long-term metabolic control with opti-
mal compliance to pharmaceutical and dietary regimen, as
well as aggressive prevention of subsequent hyperammone-
mic episodes. Registries and prospective studies in neonates
treated with the current standardized clinical protocols will
prove invaluable in assessing the precise impact of each of
these elements in the long-term management of these high-
risk patients.
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Stroke and Stroke-Like Symptoms in Patients with Mutations

in the POLG1 Gene

Waleed Brinjikji, Jerry W. Swanson, Carrie Zabel, Peter J. Dyck, Jennifer A. Tracy, and Ralitza H. Gavrilova

Abstract Introduction/Methods Mutations in POLGI, the
gene encoding mitochondrial polymerase gamma (Poly),
have been associated with a number of well-characterized
phenotypes. In this study, we report two cases of patients
with biallelic POLGI mutations and stroke. We also per-
formed a review of the literature and report on all clinical
studies of patients with POLGI mutations in which stroke
was described in the phenotype. For each patient, genotype
and phenotype are reported.

Results Including our two patients, a total of 22 patients
have been reported with POLGI mutations and stroke. The
average age of onset of stroke in these patients was 9 years
with a range of 1-23 years. In cases where localization was
reported, the occipital lobes were the primary location of the
infarct. Mutations in the linker—linker or linker—polymerase
domains were the most frequent genotype observed. Sei-
zures (16/22) and hepatic dysfunction/failure (8/22) were
the most commonly reported symptoms in the stroke cohort.

Conclusion This article raises an underrecognized point
that patients with POLGI mutations may suffer a cerebro-
vascular accident at a young age. The most common location
of the infarction is in the occipital lobe. The presentation
may be similar to MELAS and can be misdiagnosed as a
migrainous stroke.
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Introduction

Mitochondrial DNA polymerase y (Poly) is the only known
human mitochondrial DNA (mtDNA) polymerase. This en-
zyme plays an essential role in maintaining mtDNA integrity.
Biallelic mutations in POLGI cause a deficiency of Poly and
lead to a variety of phenotypes. Bernard Alpers began to
delineate the history of POLGI-related disorders in 1931,
when he published the first case of diffuse progressive gray
matter degeneration in children with severe epilepsy and cor-
tical blindness (Alpers 1931). In 1999, Naviaux was the first
to report POLGI1 dysfunction and mtDNA depletion in a
patient with Alpers syndrome (Naviaux et al. 1999). Since its
discovery less than a decade ago, more than 150 mutations in
POLG]I have been associated with a spectrum of phenotypes
including Progressive External Ophthalmoplegia (PEO),
Alpers—Huttenlocher Syndrome (psychomotor retardation, in-
tractable epilepsy, liver failure), and Ataxia Neuropathy Spec-
trum Disorders, among others (Blok et al. 2009; Milone and
Massie 2010; Rahman and Hanna 2009; Van Goethem et al.
2001; Wong et al. 2008).

In this report, we describe two patients with Ataxia-
Neuropathy (AN) and stroke due to POLGI mutations and
provide a review of the literature.

Cases

Case 1

A 28-year-old woman presented to clinic for evaluation of
progressive peripheral neuropathy symptoms of 8 years dura-
tion. Her peripheral neuropathy symptoms were primarily
sensory and consisted of decreased sensation, paresthesias in
her feet, and shooting pains in her legs. She was born full term
by vaginal delivery with a birth weight of 7 1b and no perinatal
complications. She had no significant childhood illnesses
prior to the age of 7, when she was hospitalized for a week
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long episode of headache, fever, lethargy, and seizures. She
was found to have bilateral occipital infarcts also associated
with visual field deficits. Infectious workup was negative and
cerebral angiography revealed no abnormalities. A diagnosis
of MELAS (mitochondrial myopathy, encephalopathy, lactic
acidosis, and stroke-like episodes) was suspected. However,
sequencing of the entire mtDNA did not reveal any known or
potentially pathogenic mutations known to cause MELAS or
other mitochondrial disorder. Subsequent to this episode,
bilateral hemianopsia, intractable partial seizures, and mi-
graine headaches persisted. The patient began valproate ther-
apy at age 11 and suffered hepatic encephalopathy which
resolved after carnitine therapy. At age 21, she first noted a
burning sensation in her feet and gait imbalance which had
since progressed. Her family history was negative for others
with similar complaints.

Plasma creatinine, lactate, ALT, and creatine kinase were
normal. Spinal fluid analysis revealed an elevated total pro-
tein (122 mg/dl n1<60 mg/dl); there were no oligoclonal
bands. Brain MRI demonstrated focal areas of T2 signal
abnormality and volume loss in the occipital lobes bilateral-
ly, left greater than right, consistent with old infarctions;
there was no sign of recent ischemia (Fig. 1). EEG showed
a mild degree of nonspecific generalized slowing, maximal
over the left occipital head region. EMG of the left lower
extremity revealed a length-dependent sensory peripheral
neuropathy.

Gene sequencing of POLG]/ identified a c.1399G— A
(A467T) mutation on both alleles (e.g., the homozygous
state) and confirmed a diagnosis of POLGI-Related
Ataxia-Neuropathy Spectrum Disorder.

Case 2

A 39-year-old man presented for evaluation of progressive
gait ataxia of 15 years duration; past medical history was
also significant for migraine, right occipital infarction with
residual left homonymous heminanopsia, seizure disorder,
peripheral neuropathy, ophthalmoplegia, and myoclonus.

Fig. 1 (a, b) T2 and flair
sequences demonstrate focal
areas of T2 signal abnormality
and volume loss in the left greater
than right occipital lobes,
consistent with prior infarcts.

(c¢) Diffusion-weighted imaging
is negative for recent ischemia

The patient was healthy until age 18 when he suffered an
acute right occipital infarction in the setting of an
excruciating headache and a secondary generalized seizure.
Four-vessel cerebral angiogram and spinal fluid analysis
were normal. His initial diagnosis was migraine-related ce-
rebral infarction. He was left with a residual left homony-
mous hemianopsia. An attempt to treat his seizures with
valproate resulted in depressed mood and mild encephalop-
athy; he discontinued valproate therapy 6 weeks later. In his
mid-1920s, he began to develop progressive gait unsteadi-
ness, mild upper-extremity ataxia, and was found to have
evidence of peripheral neuropathy. In his mid-1930s, he
began to experience mild, but progressive, dysarthria and
had occasional episodes of dysphagia. He had no significant
family history of similar complaints.

Serum creatinine, lactate, ALT, and creatine kinase were
normal. Brain MRI revealed findings consistent with an old
infarction in the posteromedial right occipital lobe (Fig. 2).
EMG findings were consistent with a mild length-dependent
sensorimotor axonal peripheral neuropathy with no evidence
for a myopathy. Echocardiography revealed no abnormalities.

POLG]I gene sequencing revealed homozygosity for the
¢.1399G — A (A467T) mutation and the patient was diag-
nosed with POLGI-Related Ataxia-Neuropathy Spectrum
Disorder. Following his diagnosis, he was placed on a mito-
chondrial cocktail consisting of alpha-lipoic acid, levocarni-
tine, and coenzyme Q10 and was advised to take L-arginine
in light of his history of stroke. He is currently 40 years of
age and his condition remains stable.

Discussion

POLG1 Mutations and Stroke

POLGI mutations are associated with a broad range of
clinical phenotypes including Alpers—Huttenlocher syn-
drome, PEO, and Ataxia-Neuropathy Spectrum Disorders;
however, reports of cases involving stroke are rare (Blok
et al. 2009; Milone and Massie 2010; Rahman and Hanna
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Fig. 2 (a, b) T2 and flair
sequences demonstrate
encephalomalacia involving the
posteromedial right occipital lobe
at the site of a prior infarct. (¢) No
recent sites of cortical infarction
on diffusion imaging

2009; Stewart et al. 2009; Van Goethem et al. 2001; Wong
et al. 2008). Including the above two cases, we found 22
reported cases of POLGI mutations associated with stroke
and stroke-like symptoms in the literature (Table 1) (Blok
et al. 2009; Deschauer et al. 2007; Horvath et al. 2006;
Kollberg et al. 2006; Wong et al. 2008). Five of these
22 patients were clinically characterized to have Ataxia-
Neuropathy Spectrum phenotype, 13 had a phenotype con-
sistent with Alpers, and four patients were unclassified.
Given the severity of the phenotypes observed among mem-
bers of the stroke cohort, phenotypes of moderate to high
severity might be more likely to be further complicated by
stroke.

The region of POLGI between the exonuclease and poly-
merase has been termed the linker region (Fig. 3). Both of
our patients were homozygous for the ¢.1399G — A (A467T)
mutation located in the linker region of the POLGI gene.
Linker mutations are the most common causes of POLGI-
related mitochondrial disorders, among which the A467T
substitution is the most frequently observed (Chan et al.
2005a; Luoma et al. 2005). In vitro studies of the effects of
the A467T mutation suggest that it leads to severely reduced
mtDNA polymerase activity (4% of wild type mtDNA poly-
merase activity) and disrupts binding of the POLG?2 acces-
sory subunit (Chan et al. 2005b; Tzoulis et al. 2006). The
impaired accessory subunit interaction and reduced poly-
merase activity is the likely mechanism responsible for
mtDNA depletion (Chan et al. 2005b).

Mutations of POLGI may also occur in the polymerase
domain; these alterations affect mtDNA replication and can
lead to reduced mtDNA copy number or to mtDNA dele-
tions. Within the stroke cohort, all but one patient had at
least one mutation in the linker region. Five patients were
observed to have both mutations in the linker region, 11
patients were compound heterozygotes for mutations in
both the linker and polymerase region, and one patient was
a compound heterozygote for mutations in both the linker
and exonuclease region (Fig. 3). Four patients had only one
mutation detected, three of which were in the linker region
and one in the polymerase domain of POLG. These patients
are suspected to have a second mutation, which is undetect-
able by current molecular genetic sequencing techniques.

The average age of onset of stroke or stroke-like symp-
toms in these patients was 9 years with a range of 1-23 years.
Other commonly associated symptoms, in order of decreas-
ing frequency, were: seizures (16/22), hepatic dysfunction/
failure (8/22), myoclonus (6/22), peripheral neuropathy
(3/22), migraine (3/22), and myopathy (3/22). There was
no consistent constellation of symptoms associated with
POLGI mutations and stroke among these patients.

Of the cases where the localization of the stroke was
noted, 7/13 were located in the occipital region (Blok et al.
2009; Deschauer et al. 2007). MRI findings were available in
nine patients. In five of nine patients, increased T2 signal
was present in the occipital lobes. These findings were
consistent with old infarction. Two patients had increased
T2 signal in the basal ganglia, one in the basal ganglia and
right frontal lobe and the other in the right frontal lobe
without abnormalities in the occipital lobes. Laboratory
findings were available in 15 patients. The most common
laboratory abnormalities included elevated serum lactate
(9/15) and elevated liver transaminases (7/15).

Similarity to Stroke in MELAS

The first patient discussed (Case 1) was initially thought to
have MELAS because of the presence of cerebral infarction.
MELAS is a well-characterized syndrome associated with
stroke-like episodes due to mutations in mtDNA. Stroke-like
episodes in MELAS are often accompanied by a severe
migraine-like headache and/or seizures. Many patients also
suffer from lactic acidosis or encephalopathy. Cerebral
infarctions in MELAS are generally localized in the parie-
tooccipital regions and are not in any particular vascular
distribution (Rahman and Hanna 2009).

Patients with MELAS have been found to have impaired
endothelial function and vasoconstriction when compared to
controls. Therefore, one of the theories for the etiology of
stroke in MELAS is impaired vasodilation and a deficiency
of nitric oxide (NO) (Koga et al. 2007). Some have studied
the benefits of administering L-arginine, a precursor to the
vasodilator NO in patients with MELAS stroke-like episodes
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Fig. 3 Schematic representation

of the POLGI gene: exonuclease Domain
domain (codon 1-417), linker
domain (codon 418-755), and
polymerase domain (codon i
756-1239)
Codone # 1
G11D R232H

(Koga et al. 2002, 2005, 2007). It has been found that
intravenously administered L-arginine improved acute
stroke-like symptoms in MELAS patients (Koga et al.
2005). Furthermore, long-term supplementation of oral
L-arginine has been shown to improve endothelial dysfunction
and potentially play a role in the prevention of stroke-like
episodes in MELAS (Koga et al. 2006).

Similar to the MELAS stroke-like episodes, many
patients with the POLGI mutation and stroke have reported
migrainous headache, seizures, and cortical blindness in
association with the stroke. Given the similarity of the
stroke-like episodes in MELAS when compared to those
with POLGI mutations and stroke, it is certainly warranted
to investigate the role of endothelial dysfunction in their
stroke-like episodes. Currently, no treatment recommenda-
tions exist for prevention of stroke in patients with POLG1
mutations.

Similarity to Migrainous Infarction

As mentioned previously, Case 2 was initially diagnosed
with a migrainous infarction. Migraine with aura is a well-
established risk factor for ischemic stroke (Spector et al.
2010). According to the International Headache Society,
migrainous infarction is defined as one or more migrainous
aura symptoms associated with an ischemic brain lesion in
the appropriate territory as demonstrated by neuroimaging.
The diagnostic criteria include: (1) The attack in a patient
with migraine with aura is typical of previous attacks, except
that one or more aura symptoms persist for >60 min;
(2) Neuroimaging demonstrates ischemic infarction in a
relevant area; and (3) The infarction is not attributed to
another disorder. Patients with migrainous infarction gener-
ally have neurological deficits in the vascular territory of the
aura and have an associated lesion present on neuroimaging.

A number of potential mechanisms have been pro-
posed for the migrainous stroke. These hypotheses include

417 1418

r Exonuclease T Linker Region SN E— Polymerase Domain E—

Ad6TT

C-Terminus

755 ;?56 1228

G848S
S R A957P M1163R
Fieriaie)) [RESZC K925R fs42X
G517V ge>2g
E873X -
R627Q To14P

vasospasm, endothelial dysfunction, activation of the throm-
botic cascade, increased platelet activation, and medications
(namely triptans and ergotamine) (Del Zotto et al. 2008).
Patients who have other stroke risk factors in the setting of
migraine are also generally predisposed to an increased risk
of stroke. Thus, a number of recommendations are in place
to help prevent stroke in patients with migraine including
treatment of modifiable risk factors (hypertension, diabetes,
smoking, and hypercholesterolemia), avoiding estrogen
containing oral contraceptives and medications with vaso-
constrictive action (triptans), and migraine prophylaxis (Del
Zotto et al. 2008).

When comparing the characteristics of stroke in patients
with POLG1 mutations and those of the migrainous stroke,
there exist a number of similarities, but also a number of
important differences. The two are similar in that the stroke
can occur in the setting of a migraine or migraine-like
episode. Patients with stroke and POLGI mutations have
reported aura during their stroke episodes. However, migrai-
nous strokes are generally not associated with seizure activ-
ity, lactic acidosis, or other associated symptoms. In
addition, migrainous strokes typically occur in the vascular
distribution of the aura and occur in patients older than those
who possess POLG mutations. If a patient presents with a
migrainous stroke, it is important to follow this patient long-
term to assure the lack of development of symptoms that
might warrant further investigations for a mitochondrial
cytopathy.

Conclusion

We describe 2 new cases and review a total of 22 cases of
patients with stroke in the setting of disease-causing POLG/
mutations. In general, these strokes occur in children under
the age of 10, but can present at a later age. In cases where
localization is reported, the occipital lobes are the primary
location of the infarct. Linker—linker or linker—polymerase
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domain mutations were most commonly identified in the
described patients with stroke in the setting of a more severe
phenotype, such as Ataxia-Neuropathy Spectrum or Alpers.
Stroke in the setting of POLG mutations has a number of
similarities to migrainous infarcts, but is most similar to
stroke-like episodes in the MELAS syndrome. While neither
a mechanism for stroke, nor any effective means of treat-
ment or prophylaxis of stroke in patients with POLGI muta-
tions has been described, given its similarity to the MELAS
stroke, it is possible that these two entities share a similar
mechanism. Given the benefit of L-arginine for patients with
MELAS, it would be reasonable to study its effect in
POLG -related mitochondrial disorders.

Take-Home Statement

This article raises an important and underrecognized clinical
point that stroke can occur in patients with POLG mutations.
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Perioperative Management of Hemostasis for Surgery of Benign
Hepatic Adenomas in Patients with Glycogen Storage Disease Type la

Alix Mollet-Boudjemline, Aurélie Hubert-Buron, Catherine Boyer-Neumann, Roxana Aldea, Dominique Franco,
Pascale Trioche-Eberschweiller, Anne-Elisabeth Mas, Mylene Mabille, Philippe Labrune, and Vincent Gajdos

Abstract The development of hepatocellular adenomas in
the liver of patients with glycogen storage disease type [ is a
well-known complication of the disease. Surgical proce-
dures and perioperative managements described so far have
reported persistent and important morbidity. We report here
a series of six patients (three males and three females) who
underwent hepatic resection, and we propose a new hemo-
static management protocol comprising glucose infusion,
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corticosteroids, desmopressin, and antifibrinolytic drugs,
used to prevent efficaciously hepatic hemorrhage due to
glycogen storage disease (GSD) platelet dysfunction.

Keywords GSD glycogen storage disease - Hemostasis -
Hepatectomy - Platelet dysfunction

Abbreviations
oFP Alpha fetoprotein
BT Bleeding time

CEA Carcinoembryonic antigen

DDAVP  Desmopressin, deamino 8d arginine vasopressin
GDF Gastric drip feeding

GOT Glutamate oxaloacetic transaminase

GPT Glutamate pyruvate transaminase

GSD Glycogen storage disease

PFA Platelet function aggregation

RBC Red blood cell

Introduction

Glycogen Storage Disease Ia (GSD1a-Von Gierke’s disease —
OMIM 23220) is an autosomal recessive inborn error of
carbohydrate metabolism caused by deficient activity of
glucose-6-phosphatase (EC 3.1.3.9; P35575), an enzyme
implied in gluconeogenesis and glycogenolysis. It leads to
glycogen accumulation in liver, kidney, and intestinal mucosa.
The clinical manifestations include steatotic hepatomegaly,
growth difficulties and delayed puberty, hypoglycemia for
short fasting time associated with lactic acidosis, hypertri-
glyceridemia, hyperuricemia (Rake et al. 2002a), and pro-
longed bleeding time (BT) due to impaired platelet function
(Ambruso et al. 1985; Gilchrist et al. 1968; Hutton et al.
1976; Kao et al. 1980; Rake et al. 2002a). This last compli-
cation leads to potential hemorrhage during surgical proce-
dures and to increased morbidity. The platelet dysfunction
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has been described secondary to a large excess of stored
glycogen in the platelet, leading to decreased platelet adhe-
siveness and impaired platelet factor3 availability (Sahud
1972), due to chronic hypoglycemia (Hutton et al. 1976), or
related to the presence of an inhibitor in GSD patients (Kao
et al. 1980). Previous guidelines suggested the use of glucose
infusion to stabilize bleeding diathesis (Rake et al. 2002b)
and DDAVP has been used during bleeding complications in
GSD patients (Marti et al. 1986). We report a series of six
consecutive GSD Ia patients who underwent partial hepatec-
tomy for complicated hepatic adenomas, one with a protocol
stabilizing glucose homeostasis and lactic acidosis, and the
other five with a personalized metabolic and hemostatic
protocol, comprising desmopressin for four, to prevent hem-
orrhage. The current perioperative protocol is provided and
discussed. We will compare clinical outcomes, hemostatic
difficulties, and perioperative consequences before and after
this management.

Case Reports

We report the cases of six patients with GSD type Ia who
underwent partial hepatectomy for voluminous or compli-
cated hepatic masses over the last 13 years. Specific clinical
characteristics for each patient are presented in Table 1.
Clinical diagnosis and initiation of treatment were achieved

Table 1 Clinical characteristics of the six patients

at median age of 21 months (range: 5-60 months). All
patients had annual follow-up with a specialist in hepatic
metabolism and received controlled treatment for GSDIa
that included frequent meals, uncooked cornstarch alone or
coupled with nocturnal gastric drip feeding of glucose. As
proposed in our medical center, all patients had strict lactose
restriction up to age five and moderate lactose restriction
(<10 g/day) later on. They also were on fructose restriction
limited to two fruit servings per day without restriction in
vegetables. Through teenage and adulthood, compliance to
treatment was poor for four patients. Two of the male
patients used androgens as auto medication for growth pur-
poses, or in a bodybuilding program. The third male patient
was on growth hormone treatment during 24 months (from
15 to 17 years of age), initiated because of retardation to
thrive with height <—4DS and pubertal delay (Tanner stage
1) with no height gain and no increased growth velocity. The
three female patients were on progestative pills as contra-
ception.

Hepatic masses were first detected at ages ranging from 13
to 16.25 years (mean 14.46 years). Ages of patients at the time
of surgery ranged from 18 to 34 years (mean 24.17 years).
Duration between the diagnosis of hepatic masses and surgi-
cal procedure ranged from 3.5 to 20.16 years (mean
9.71 years). Principal clinical characteristics related to sur-
gery are presented in Table 2. Cancer biomarkers,
afetoprotein and CEA remained in normal range for all
patients during follow-up. Histological analysis confirmed

Patient 1 2 4 5 6
Gender M F F M M
Age at diagnosis of 8 10 7 60 36
GSD I (months)
Mode of treatment DC None DC DC DC DC
NEGI NEGI NEGI NC
Treatment compliance  + — — - - +
(admitted)
Lipids concentration 10.13 7.2 6.76 3.22 >30 20.4
year of surgery (TG
in g/1)
Glucose nadir on cycle 3.3 2.6 1.8 2.0 2.9 34
(mmol/l)
Mean lactate on 5.55 (max 6.7) 5.67 (max 6.58) 7.6 (max 10) 5.9 (max 5.06 (max 4.92 (max 8.26)
glycemic cycle year 8.88) 8.12)
of surgery (mmol/l)
Use of substitutive Yes (for growth Progestative pill Progestative pill Progestative Androgens? NoneGrowth
hormone therapy purposes) pill hormone: 2 years,
max 2 mg/day
6 days/7
Associated Proteinuria Epileptic status Chronic anemia  Anorexia Calcic lithiasis Renal insufficiency
complications hypertension (related to <8 g/dl hTG > and Moyamoya
osteoporosishTG > recurrent resistant to 20 g/l disease with
35 g/l hypoglycaemia iron residual left
in infancy?) supplements hemiparesia

DC daily cornstarch, NC nocturnal cornstarch, NEGI nocturnal enteral glucose infusion, #TG hypertriglyceridemia
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the diagnosis of benign adenomas. For the last patient,
adenomas were present before initiation of growth hormone
and evolved rapidly (maximal diameter 2.4-14.5 cm in
3 years).

Case 1

The first patient was a 34-year-old male at the time of
surgery with two hepatic adenomas diagnosed at
13.8 years. The voluminous masses, in the right liver mea-
suring 18 X 12 cm in the junction between segments V and
VI and 11 x 11 cm between segments VII and VIII, com-
pressed the right portal branch with secondary alternate flow
and led to frequent abdominal pain, anorexia, and asthenia
(Fig. 1). Hemostatic delay (described in Table 3) was treated
according to ESGSD I guidelines (Rake et al. 2002a) with
10% glucose infusion and hydrocortisone injections fol-
lowed in postsurgical time by oral prednisone decreased in
12 days. Right hepatectomy, slightly extended to segment
IV, was complicated by important hemorrhage (continuous
bleeding) and hemodynamic instability necessitating numer-
ous macromolecular filling, treatment by ephedrine and a
blood transfusion of 5 units of RBC. Postoperatively, the
patient had metabolic decompensation with liver insuf-
ficiency (Quick time 50% — Hb 7.7 g/dl — GOT 2,743U/L -
GPT 1,443U/L), major lactic acidosis with hypoglycemia
(pH 7.0; lactic acid 20.2 mmol/l). Major glucose and

bicarbonate infusions and mechanic ventilation were neces-
sary during 24 h. Normalization of acidosis markers was
obtained in 2 days postoperatively. Thirteen years later, the
patient is clinically well. We noted the apparition in the last
5 years of three new adenomas, located in segments Il and I11
and at the tip of the left liver ranging from 10 to 16 mm.
These are presently uncomplicated, without any sign of
necrosis, needing semestrial follow-up.

The metabolic and hemorrhagic complications in this
patient, as well as the frequent use of preventive protocols
in other platelet dysfunctions with elevated BT (Erstad 2001;
Federici 2008; Kozek-Langenecker 2007) and the known
improvement in BT after desmopressin (Marti et al. 1986),
prompted us to adjust the perioperative protocol aiming at
preventing metabolic decompensation and bleeding linked
with specific hemostatic disorders in GSD patients.

The protocol is described below: BT and platelet function
tests were evaluated at the time of admission for basis
analysis, normal Ivy time (3 points puncture) being less
than 8 min and normal platelet aggregation obtained on
PFA-100 as occlusion times col-ADP < 120 s and col-adrenalin
<160 s.

A central jugular catheter was placed 5 days before
surgery and glucose infusion was started at a rate of
4 mg/kg/min while following a daily cornstarch diet but
without nightly tube feeding. Additional management in-
cluded 1 mg/kg/day (maximum 60 mg/day) intravenous
corticoid treatment (Solumedrol-Methylprednisolone),
3 days before surgery. Desmopressin (1 deamino-8-p-arginine

Fig. 1 Correlation of preoperative imaging and gross pathology of liver adenomatosis in patient 4. (a): Venous phase tomodensitometry of major
adenoma of 11 cm located over segments VI-VII-VIII spontaneously hypodense with necrotic center and infracentimetric calcification at its pole.
(b): Arterial uptake without late wash-out in the same adenoma. (c): Section of adenoma, the voluminous tumor has clear cut section without

capsule



102

A. Mollet-Boudjemline et al.

Table 3 Haemostasis results for all patients

Patient 1 2 3 4 5 6

Ivy BT (min) N<8 min 17 4 >30 No data 20 Not done
PFA col ADP (s) N 95-120 s 103 >300 >300 No data 141 >300/>286"
PFA col-adrenalin (s) N 95-160 s 133 >300 >300 No data 180 >248/193
Correction after glucose infusion No data 249/247** No data No data BT 5 min 187/ 1617

*Before/after interruption of salicylate
**PFA colADP/col-adrenalin

vasopressin DDAVP) was then injected (30 min slow infu-
sion at 0.3 pg/kg), 1 h before surgical time. This injection
could be repeated 12 and 24 h later if any unusual bleeding
occurred postoperatively. Water restriction was prescribed
during 24 h while increasing glucose supply to 6 mg/kg/min.
One day after surgery, oral medication with tranexamic acid
(Exacyl) followed the desmopressin prescription for five
more days (1,500 mg/day or 20 mg/kg/day for children).

During surgery, glucose and lactic acid were sampled
every hour to control metabolic balance. Postoperatively,
glucose parenteral infusion was decreased by 1 mg/kg/min
every 8 h if oral nutrition was tolerated while closely
controlling the same biological parameters. We report
below the results of five consecutive patients undergoing
hepatic resection using this protocol with an adaptated pro-
tocol for the latest.

Cases 2to 6

The age at diagnosis of GSDIa ranged from 5 to 60 months
(mean 23.6 months), age at which frequent hyperglucidic
meals were prescribed as well as nocturnal gastric drip
feeding for all but patient 6 until puberty. All patients had
annual follow-up including hepatic ultrasonography or more
recently magnetic resonance imaging and biological markers
of disease. For all patients but last compliance to treatment
and diet were lacking before diagnosis of adenomas with
frequent hypoglycemia and hyperlactacidemia. The last pa-
tient had chronic hyperlactatemia without detected hypogly-
cemia despite good familial compliance with the regimen.
The mean age at first diagnosis of asymptomatic hepatic
adenomas on ultrasonography was 14.5 years (range 13-
16.25 years), the major adenoma at that time ranging from
0.8 to 3.6 cm (mean 2.44 cm). The age at surgery ranged
from 18 to 30 years (mean 23 years). Main adenoma at the
time of surgery ranged from 8§ to 14 cm (mean 10.9 cm).

Indication for surgical treatment was linked with chronic
or abdominal pain related to intratumoral complication such
as central necrosis or hemorrhage for three patients and to
rapid volume evolution in a few months leading to suspicion
for malignant transformation for two.

Hemostatic disorder was confirmed before surgery for all
patients (Table 3) except for patient number 4 who was
transferred during a weekend from an outclinic cardiologic
intensive care unit to surgery for abdominal pain mimicking
pericarditis. She thus benefited from the complete acceler-
ated protocol (glucose and corticoid treatment begun simul-
taneously) without anterior evaluation of PFA.

Patient number 6 benefited from a personalized protocol
in regard to his other conditions.

One patient benefited from preoperative blood transfu-
sion 1 month before partial hepatectomy for chronic anemia
under 8 g/dl resistant to iron supplements. Another patient
benefited from the whole protocol comprising desmopressin
despite normal platelet aggregation times as BT was quite
prolonged.

The patients had partial hepatectomy depending on the
location of adenomas, five having right hepatectomy, asso-
ciated for two patients with atypical resection of segments III
and/or IV and for one patient with radiofrequency treatment
under ultrasonography control on a distant and inaccessible
nodule in segment II. One patient had a left hepatectomy, all
adenomas in right liver being under 2 cm diameter at the time
of surgery. No hemorrhage, metabolic, or intraoperative com-
plication was deplored for the patients, bleeding being con-
trolled under less than 1 1 for all. One patient had a gas
embolism that occurred during the dissection of the medial
hepatic vein, followed by a profound decrease in PCO2
necessitating ephedrine and noradrenaline. She had acineto-
bacter postoperative peritonitis necessitating reoperation and
intravenous antibiotics, thus prolonging hospital stay.

Alimentation was tolerated before day three for all and
glucose infusion decreased consequently.

Histological analysis confirmed the diagnosis of benign
adenomas for all. Further outcome is good with follow-up
ranging from 8 to 35 months, with stable remaining adeno-
mas for one, absence of residual or new adenomas for two,
significant growth for one from 2 to 7.8 cm in 1 year, and one
last patient who refuses all assessment since surgery but has
no clinical complaints.

In patient 6, the use of the hemostatic protocol was
adapted to the associated MoyaMoya disease (Goutieres
et al. 1997). Basic PFAs for this patient were increased to
>300 and >248 s, possibly linked with chronic intake of
salicylic acid to prevent cerebral infarction. The treatment
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was disrupted 3 weeks before surgery and hemostatic control
showed improved but still increased PFA times (Table 3).
Despite a new important anastomotic network after bilateral
revascularization procedures by encephaloduroarterio-myo-
synangiosis, desmopressin, and water restriction remained
contraindicated for this patient with elevated risks of cortical
softening. Thus, he received platelet transfusion at anesthet-
ic induction, but bleeding occurred up to 900 ml necessitat-
ing transfusion of 1 RBC unit without macromolecular
filling for maintaining normal blood pressure.

He had a prolonged hospital stay for nutrition purposes
and for the first introduction of gastric drip fluid to maintain
energy intake above 1,500 kCal/day.

Liver and GSD Patients

During the evolution of GSDIa, hepatic complications may
appear such as focal nodular hyperplasia, hepatocellular ade-
noma, focal fatty infiltration, and hepatocellular carcinoma
(Rake 2002a, b, Lee 2002, Labrune 1997, Labrune et al.
2002). The reported prevalence of adenomas ranges from 16
to 75%, and they mostly appear during or after puberty (Bian-
chi 1993; Chen et al. 1993; Lee 2002; Rake et al. 2002a;
Talente et al. 1994). The mean age of first diagnosis of adeno-
ma in our six patients is 14.46 years, and the progression to
surgery is relatively long (9.71 years), in agreement with the
ESGSDI which reported that prevalence of HCAs increases
with age such that 70-80% of patients above 25 years have at
least one lesion and that progression in size and/or number
occurs in 50% of patients (Rake et al. 2002a). This does not
differ from the rest of our GSDI population in whom 70.6%
present HCAs with a mean age at first diagnosis of 20.9 years
(range: 10-35). The patients without HCAs range from 11 to
30 years with a mean age of 19 years.

Stabilization or even regression of tumors has been de-
scribed under strict metabolic homeostasis (Parker et al.
1981), but was not observed in our six patients, mostly
poorly compliant as prescribed regimens were not observed
in four out of six patients leading to chronic hypoglycemia
and frequent lactatemia above 3 mmol/l (results in Table 1).
In a recent study on GSD Ib mice, Yiu et al. demonstrated
that normoglycemia and long-term metabolic correction
alone do not prevent the apparition of hepatic tumors. De-
spite having maintained glucose homeostasis throughout the
study, all mice accumulated excessive hepatic glycogen and
fat; 40% developed steatohepatitis and multiple adenomas
with one undergoing malignant transformation (Yiu et al.
2009). Thus, these nodules may appear in an even larger
number of GSD patients through the years despite an im-
provement in daily management.

In our series, the youngest two male patients presented a
very rapid evolution with doubling of tumor each year from

the diagnosis of the first adenoma to surgery (less than
4 years). One patient was on a growth hormone treatment
for severe growth retardation and partial growth hormone
deficiency on biological data (data not shown) with pubertal
delay. Treatment showed absence of efficacy on growth or
pubertal start. The other patient used testosterone, creatine,
and protein supplements in an unapproved bodybuilding
program due to unease with his truncal obesity caused by
glycogenosis. The oldest male patient also used male testos-
terone hormones in a parental attempt to induce growth,
although the patient did achieve his expected genetic height
despite final size at —2SD, thus increasing the risk of ade-
nomas and liver adenomatosis in an otherwise at-risk popu-
lation as adenomas can occur in men who take anabolic
steroids (Klatskin 1977). Thus, we emphasize the contrain-
dication for any hormonal treatment in GSD patients. In
gynecologic management of GSDI female patients, guide-
lines notify a contraindication for ethinyloestradiol, because
of the risks of hepatic adenoma and hypertriglyceridemia,
and recommend progestative pills (Mairovitz et al. 2002).
Female patients are compliant to these recommendations as
all three women were on progestogen pills but the message
was not conveyed to male patients or family as both used
hormones as automedication.

Thus, adenomas must be closely followed as complica-
tions may occur such as abdominal pain, acute necrosis,
intra-tumoral bleeding or intra-peritoneal rupture for super-
ficial tumors and rare malignant transformation (Franco
et al. 2005). Risk of hemorrhage (intra-tumoral bleeding)
or rupture seems to be directly related to tumor size (Ribeiro
et al. 1998; Veteldinen et al. 2008), becoming major above
5-cm diameter (Deneve et al. 2009). In our reported patients,
one suffered from intra-tumoral hemorrhage without acute
anemia or intra-peritoneal rupture, despite adenomas above
5 cm diameter. Painkillers such as morphinic drugs helped
postpone surgical management. In the remainder cohort with
adenoma and without surgical treatment, two were found to
have intratumoral bleeding on systematic RMN without any
previous abdominal pain reports.

Surgical Management

Surgical management of GSD patients with liver adenoma-
tosis remains complex, due to the large number of adeno-
mas, which require major liver resection on the one hand and
the risks of hemorrhagic complications on the other. There is
no systematic proposal for surgery in our medical center,
neither for size nor for imaging criteria; patients with stable
large adenomas above 10 cm diameter are actually carefully
and regularly checked. Thus, indications for surgical remov-
al of tumors in our six patients were classical (Chiche et al.
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2000): acute complications such as hemorrhage or sudden
necrosis causing asthenia or pain for four patients and vol-
ume evolution before the appearance of any complication for
the last two (Table 2).

Partial hepatectomy or simple resection of adenoma
might become a usual surgical procedure for GSD patients,
especially if tumor size above 5 cm becomes a formal
indication for surgical removal (Deneve et al. 2009). Cur-
rently, there are no guidelines on the optimal management
of diffuse hepatocellular adenomatosis. Surgical removals
of large or complicated nodules in symptomatic patients
have been shown to significantly improve symptoms
(Deneve et al. 2009; Chiche et al. 2000). The surgical
dilemma that arises in these patients with multiple lesions
is which mass to resect and which to leave behind, because
all segments of the liver may be involved and partial resec-
tion may lead to an increased regeneration of remaining
segments with the consequent progression of tumors left in
situ. Our third patient shows a profile of rapid postoperative
progression of nodules, without any hormonal or metabolic
explanation for such a progression, whereas other patients
have a more stable profile. Other conservative procedures
with lesser risk of bleeding such as radiofrequency ablation
(RFA) must be evaluated. This technique, which destroys
liver tumors up to 3 cm in situ by localized application of
heat to produce coagulative necrosis (Iannitti et al. 2002;
Fujita et al. 2006; Rocourt et al. 2006), was successfully
used for a posterior mass not accessible during partial
hepatectomy in one of our patients. Adenoma was totally
excluded at 1 and 6 months with a millimetric hypodense
zone as the only sequel. Adjunction treatment to ablating all
identifiable disease reduces the potential for malignant
transformation or subsequent complications such as intra-
peritoneal hemorrhage (Fujita et al. 2006) in the long term,
reducing still the risk of fulminating progression of remain-
ing adenomas. For patient 5, right hepatectomy associated
with atypical resection of left hepatic adenomas in segment
IV was performed as well as radiofrequency treatment under
ultrasonography control on a distant inaccessible nodule in
segment II. To our knowledge, radiofrequency pulse abla-
tion was used for the first time on an hepatic adenoma for a
GSDI patient, while already discussed and used in tumors
from other origins (oral contraceptives, exogenous andro-
gens, hepatocarcinoma, metastatic nodules) (De Baere et al.
2000; Iannitti et al. 2002; Rocourt et al. 2006). It was also
successfully used on the contralateral side from hepatic
resection to permit the management of all detectable disease
in patients with multiple adenoma of diffuse distribution
presentation reminiscent of that of GSD patients (Fujita
et al. 2006). No recurrence was found at ablation sites over
10 years (Deneve et al. 2009) and no trace of adenoma is
visible in our patient.

Partial hepatectomy for patients with widespread adeno-
mas as practiced in our institute seems to be an alternative to
hepatic transplantation advocated today for GSD patients, as
adenoma resection is promoted as awaiting therapy before
transplantation. Liver transplantation once appeared ideal for
multiple, diffuse, and voluminous adenomas in GSD as it
involves a complete tumoral resection with no ulterior risk
of expansion and corrects the underlying liver dysfunction (Ji
et al. 2009; Labrune 2002; Lerut et al. 2003). Duration of
graft, shortage of donors, necessary life long treatments
against rejection become mandatory in these poorly compliant
patients thus creating new problems and the chronic use of
steroid treatments and other immunosuppressive drugs need
to be balanced with the possibility of partial hepatectomy in
such patients.

Bleeding and Metabolic Managements

Although likely to appear during all hepatic surgery, these
bleeding risks are considerably increased in GSD population
by a defect in platelet aggregation, which can occur in up to
23% of GSDI patients (Rake et al. 2002a). PFA explorations
in our other 12 patients of our GSD population show
increased occlusion times in 92% (11/12) of patients wheth-
er or not metabolic control is good (data not shown). Hemo-
static explorations are mandatory in this pathology before
any surgical procedure, but it appears, in our patients, that
bleeding tendency may persist although in vitro platelet
function aggregation status is in the normal range (patient 1).

In this rare disease, there are only few reports on
perioperative management for partial hepatectomy or
other scheduled surgery (Rake et al. 2002b; Oshita et al.
2008; Reddy et al. 2007). The literature about normalized
hemostatic or metabolic parameters suggest a complete
benefit of continuous glucose infusion after 1 week in one
patient (Hutton et al. 1976) and the recurrence of bleeding
diathesis after discontinuation of treatment. Glucose infu-
sion was justified by the link between bleeding diathesis
and chronic hypoglycemia. In our patients, bleeding was
only partially contained by 5 days of continuous steady
glucose infusion We propose a preventive protocol
concerning hemostasis using systematic corticoid and des-
mopressin. Although transient possible accumulation of
glycogen in hepatocytes might appear after short-term
high doses of steroids (Iancu et al. 1986), we used corticoid
treatment in addition to usual glucose infusion before sur-
gery as elevated liver synthesis of hemostatic factors exists
in GSD patients (Labrune et al. 1994) and persists after
glucose infusion (Marfaing-Koka et al. 2003). Corticoids
permit specific inhibition of the synthesis of prostaglandins
and leucotriens via inhibition of Phospholipase A2 (Jobin



Perioperative Management of Hemostasis for Surgery of Benign

105

1995). They prevent bleeding if used locally in some otor-
hinologic surgeries (Albu et al. 2010). They also have
neurological (Limbourg et al. 2002), cardiovascular
(Hafezi-Moghadam et al. 2002) or renal protection (Baker
et al. 2006) during surgery with potential ischemia. En-
largement of the liver was not observed in our population
on gross clinical evaluation. Resected liver was steatotic but
never described as having glycogen surcharge. Desmopres-
sin treatment has already been found as effective in correct-
ing BT as well as the von Willebrand antigen and activity in
GSD patients (Marti et al. 1986), or used to control massive
hemorrhage through hepatic surgery in the same population
(Reddy et al. 2007). Frequent morbidity and mortality
related to hemorrhage during hepatic resection are reported
in GSD patients (Reddy et al. 2007) and this excessive
morbidity needs prevention. DDAVP effect on hemostasis
and safety in clinical use has been demonstrated in von
Willebrand disease (Federici 2008), on other intrinsic plate-
let disorders, or after use of salicylate, and it is used during
known hemorrhagic surgery in patients without bleeding
disorders (Jobin 1995). DDAVP induces a release of VWF
threefolds normal values in normal subjects and a second-
ary increase of factor VIII and has a direct effect on platelet
membrane glycoproteins. This action is used in known
hemorrhagic surgery such as vertebral arthrodesis in
patients with normal hemostasis (Jobin 1995; Hashemi
et al. 1993). In vitro experiments show an inhibition in the
binding of radioactive factor VIII/von Willebrand’s factor
to platelet by various fractions of GSD-I plasma. DDAVP
has been used during excessive bleeding and complicated
surgery after bleeding in GSD patients (Reddy et al. 2007)
but never preventively. Von Willebrand concentration is
normal in GSD patients (Marfaing-Koka et al. 2003) and
response recorded is identical to other patients. DDAVP
also releases the tissue plasminogen activator and induces
a transient fibrinolytic activity (Hashemi et al. 1993) which
tranexamic acid counters. Its efficacy in high risk for hem-
orrhage situations has been demonstrated (Kozek-Langenecker
2007; Shakur et al. 2010).

The management of our patients who underwent partial
hepatectomy covered by hemostatic protocol remained easy
without abnormal bleeding and without increased morbidity
related to hemorrhage.

While first patient had severe hemorrhage needing blood
transfusion, macromolecular filling and ephedrine drugs, no
other patient had any hemodynamic instability, nor any need
for transfusion, vascular filling, or vasoconstrictor drugs
after the introduction of this protocol.

For all four patients, the use of desmopressin was limited
to first dose 30 min before surgery as, in absence of any
hemorrhage, doses at H12 and H24 were not injected. Thus
we propose this extended protocol for important interventions
whether or not BT and PFA are in the normal range in GSD

patients, and especially for poorly compliant patients with
secondary bleeding diathesis, to limit morbidity linked to
hemorrhage. In the case of patients with good compliance to
treatment and good metabolic control, the benefits of assured
limited hemorrhagic risk should be considered in time of
shortage of blood units and putative risks of transfusion.

After dismissal from the hospital, one of the female
patients underwent a surgical ovarian tumorectomy by coelio-
scopy for bilateral teratomas without the use of hemostatic
protocol and suffered from large, painful, local hematomas
and acute anemia prolonging hospital stay of more than
12 days. In our experience, even minor surgical approaches
should benefit from previous hemostatic preparation with
desmopressin, as some of our patients have suffered from
large and painful hematomas for such procedures as teeth
removal or abscess incision.

In summary, we present the perioperative care of six GSD
type Ia patients undergoing partial hepatectomy for compli-
cated or voluminous tumor masses. Of primary importance
for the surgeons are issues related to the risk of continuous
hemorrhage due to platelet dysfunction, and alterations in
the metabolic regulation of glucose. All these concerns
could be prevented via a perioperative protocol using
4—-6 mg/kg/min glucose infusion, corticoid injections around
surgical time associated with desmopressin and antifibrino-
lytic medication. RFA of a posterior mass was used with
success combined with a contralateral hepatic resection, but
more time is necessary to evaluate the risk of regeneration
after such a technique in this rare disease.
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Abstract Tyrosinemia type I is a genetic disorder charac-
terized by accumulation in the blood and urine of the toxic
metabolite succinylacetone (SUAC), not detectable in
healthy samples. In many countries, newborns are screened
for tyrosinemia type I using tyrosine as a primary marker.
Unfortunately, tyrosine accumulation may take longer to
occur and it may be not obvious when specimens are
collected, in the first few days of life, as for newborn
screening. In 2008, we reported changes to simultaneously
measure acylcarnitines, amino acids, and SUAC during
expanded newborn screening. We established the useful-
ness of this method after identifying a first asymptomatic
newborn affected by tyrosinemia type 1. Now we report a
second infant with positive SUAC screening result
(14.1 pmol/L, n.v.<2) and normal tyrosine concentration
(74 pmol/L; n.v.<250). We also performed molecular
analysis of FAH gene in both patients after diagnosis at
newborn screening. They had consanguineous parents and
were both homozygous for two known disease-causing
mutations of the FAH gene. The outcome of patients
detected in the MS/MS screening is significantly favorable.
We also report our results of newborn screening for tyro-
sinemia type I before and after inclusion of SUAC as a
primary marker for this disease.

Keywords Newborn screening - Succynilacetone - Tyro-
sinemia type I

Introduction

Tyrosinemia type I (MIM 276700) affects 1 in every 100,000
to 120,000 babies worldwide, although the real incidence
could be higher. It is an autosomal recessive disorder caused
by mutations in the FAH gene that leads to deficiency of
the fumarylacetoacetic hydrolase (FAH; EC 3.7.1.2), the last
enzyme in the tyrosine degradation pathway. The consequence
of the metabolic block is the conversion of the catabolic
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intermediates maleylacetoacetate and fumarylacetoacetate to
the toxic metabolites SUAC and succinylacetoacetate. The
presence of SUAC in urine or blood is pathognomonic for
tyrosinemia type I (Mitchell et al. 2001), which, if untreated,
is usually fatal within age 10 years. Affected children may
exhibit diarrhea, vomiting, jaundice, liver or kidney failure,
neurological crisis, rickets, failure to thrive, and hepatocellular
carcinoma (Mitchell et al. 2001). With treatment, many
patients can lead normal lives with few restrictions. Treatment
usually involves 2-(2-nitro-4-3 trifluoro-methylbenzoyl)-
1,3-cyclohexanedione (NTBC) administration and a diet low
in tyrosine and phenylalanine (Lindstedt et al. 1992). Early
diagnosis and initiation of therapy may thus be crucial in
improving outcome (Joshi and Venugopalan 2004).

In many countries, newborns are screened for tyrosinemia
type I using tyrosine as a primary marker (US Department of
Health and Human Services, Maternal and Child Health
Bureau 2005). An elevated concentration of tyrosine, how-
ever, is not sensitive enough to detect all cases (Wilcken
et al. 2003). Some newborn screening programs have recent-
ly introduced the determination of SUAC as a reliable and
valid marker for the identification of tyrosinemia type I
(Allard et al. 2004; Sander et al. 2006; la Marca et al.
2008, Turgeon et al. 2008; Al-Dirbashi et al. 2008, Adam
et al. 2009).

In 2008, we reported an efficient method to simultaneous-
ly measure acylcarnitines, amino acids, and SUAC during
expanded newborn screening (la Marca et al. 2008). We
established the usefulness of this method after identifying
a first asymptomatic newborn with by tyrosinemia type I
(la Marca et al. 2009). We now present a second infant with
positive SUAC screening and tyrosine within the normal
range. We also report our results of newborn screening
for tyrosinemia type I before and after inclusion of SUAC
as a primary marker for this disease.

Case Report

The patient was a Moroccan boy, born at full term after an
uneventful pregnancy and delivery with a weight of 3,620 g.
He was the first child of first degree cousins. Both parents were
healthy, but the family reported a positive history for deaths
(three babies) in early childhood of unknown causes. Blood
for newborn screening, collected on the third day of life,
revealed an elevated SUAC level of 14.1 pmol/L (n.v.<2).
Tyrosine value was normal (74 pmol/L; n.v.<250). On the
sixth day of life, the boy was hospitalized for further testing.
The diagnosis of tyrosinemia type I was confirmed by detec-
tion of SUAC in the urine (70 mmol/mol of creatinine) and
plasma (11 pmol/L). Plasma tyrosine level was increased
(791 pmol/L; n.v.<123). The child was in good condition

and no clinical manifestations were apparent. Liver transami-
nases, alkaline phosphatase, bilirubin, coagulation factors, and
ammonia were within normal levels. NTBC treatment was
started at a dose of 1 mg/kg/die body weight combined with
dietary restriction of tyrosine and phenylalanine.

Results and Discussion

In many countries (Canada, USA, Latin America), to reduce
hospital costs, newborn screening specimen collection is
done within 2448 h after birth in response to the early
discharge of mothers and their infants. This tendency causes
a serious problem for metabolic newborn screening since
accumulation of some metabolites, used as markers, may
occur only in some days after delivery. The success of
newborn screening depends on the type of marker used.
Hence, the challenge is to find and to include in newborn
screening programs appropriate diagnostic markers for the
early detection of metabolic disorders.

Up to now, many newborn screening programs world-
wide use tyrosine levels as a marker for tyrosinemia type L.
Unfortunately this metabolic condition cannot be detected
when specimens are collected in the first few days of life, as
tyrosine accumulation may take longer to occur (Mitchell
et al. 2001). The increased SUAC levels, the metabolite
immediately upstream of the enzymatic block, is a reliable,
appropriate, and early marker of this disorder.

The case presented here, as also the previously reported
case (la Marca et al. 2009), provides further evidence on the
importance of using SUAC as the primary metabolic marker
for detecting tyrosinemia type I in newborn screening.

Experience in various laboratories, including our own,
suggests that tyrosine was not a sensitive diagnostic marker
for the timely identification of patients and decreased
the specificity of the test while increasing the unnecessary
medical cost for false-positive recall rate. Indeed, the most
common cause of increased blood tyrosine levels is benign
transient tyrosinemia of the newborn.

The inclusion of SUAC in our newborn screening pro-
gram dates back to January 2007, subsequently to a false-
negative result. Among about 136,000 newborns screened,
two patients with tyrosinemia type I were identified. No false
positive was on record. Both patients had consanguineous
parents (from Turkey and Morocco) and were homozygous
for the known c.709C>T (p.Arg237X) and IVS6-1G>T
disease-causing mutations of the FAH gene (Rootwelt et al.
1996; Ploos van Amstel et al. 1996). The IVS6-1G>T leads
to a splicing defect and has been reported as common in
the European and Mediterranean area (Arranz et al. 2002).
The results for tyrosinemia type I in the Tuscan newborn
screening program are reported in the Tables 1 and 2.
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Table 1 Expanded newborn screening for tyrosinemia type I in Tus-
cany before and after inclusion of SUAC as a primary marker

Newborn Cases Cases false
examined diagnosed negatives
Before SUAC 113,090 0 1
inclusion
After SUAC 136,075 2 0
inclusion
Total 249,165 2 1

Table 2 Patients with tyrosinemia type I born in Tuscany between
2006 and 2010

Ethnicity Tyrosine, SUAC,
pmol/L (n.v. < 250) pmol/L
Patient 1* Moroccan 142 14.9°
Patient 2 Turkish 126 7.6
Patient 3 Moroccan 74 14.1

False-negative result on newborn screening before SUAC inclusion
"Original newborn screening card was analyzed 2 years after collection

It is very difficult to estimate the incidence of this disease
in the population but, based on our own experience, we
are inclined to believe that it is generally underestimated.
Furthermore, in Turkey as well as Morocco and other
North African and Arabic countries, the elevated rates of
consanguinity may have an impact on the incidence of rare
autosomal recessive disorders (Al-Gazali et al. 2006; Jaouad
et al. 2009).

There are various methods for SUAC determination on
DBS, with significant modifications in the newborn screen-
ing procedures. The method we had previously proposed (la
Marca et al. 2008) consists of a simple and fast protocol for
newborn screening sample preparation and allows identify-
ing this metabolic defect in the neonatal period with 100%
sensitivity. No cost for additional equipment or staff mem-
bers is required for applying such testing.

Synopsis

Succinylacetone determination on dried blood spot.
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Abstract There are many registries in Latin America as dial-
ysis and kidney transplantation, breast cancer, primary immu-
nodeficiency, acute coronary syndromes, but the focus here are
the registries of lysosomal storage diseases (LSD) because is
our experience. Registry of Gaucher disease, Fabry disease,
Pompe disease, and mucopolysaccharidosis type I are compre-
hensive observational voluntary programs that aim to collect
clinical and laboratory data of initiation, progression, and evo-
lution of those diseases, with and without treatment, using
questionnaires of quality of life and/or skills and functions.
There are two more programs of LSD: Hunter outcome survey
and Fabry outcome survey. The registries are a kind of phase [V
clinical trials, postmarketing studies delineate additional infor-
mation including the drug’s risks, benefits, and optimal use, and
in addition we have data from natural history. The demo-
graphics of the Gaucher, Fabry, MPS I, and Pompe Registries
show that a total of patients, being 16%, 8%, 15%, and 7%,
respectively, of this population, and 19%, 19%, 18%, and 13%,
respectively, of all physicians participating in the program are
from Latin America. In the Gaucher Registry, we can observe
that the percentage of children in Latin America (29%) is
bigger than the rest of the world (20%), what can mean more
severe disease in this population. These diseases are rare, and a
database of clinical data from a larger number of patients gives
us the opportunity to know about the natural history of these
diseases, their phenotypic variability, and the response to spe-
cific enzyme replacement therapy in our population.

Keywords Disease registries - Fabry registry - Gaucher

registry - Latin America diseases registries - Mucoolisac-
charidosis I registry - Pompe registry

Introduction

Lysosomal storage diseases (LSD) including in Latin America,
we have registries of Gaucher disease, Fabry disease, Pompe
disease, mucopolysaccharidosis type I, Hunter outcome survey
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(HOS), and Fabry outcome survey (FOS). The infrastructure
of the Gaucher Registry, Fabry Registry, Pompe Registry,
and mucopolysaccharidosis type I (MPS I Registry) is spon-
sored by Genzyme Corporation (Cambridge, MA, USA),
and they gave us permission to publish the registries data
from 2009. All these registries are comprehensive observa-
tional voluntary programs that aim to collect clinical and
laboratory data of initiation, progression, and evolution of
those diseases, with and without treatment, using question-
naires of quality of life and/or skills and functions. The
privacy of doctors and patients is protected, and they are
identified only by the initials of their names.

The Advisory Boards are formed by a body of indepen-
dent physicians specialized in each disease, and they coordi-
nate the regular meetings of those programs to assess the
possibilities for scientific research; evaluate the quality
and specificity of the collected data, making changes in
these data whenever it is necessary; analyze the request of
the registries data for publications by the participants; sched-
ule the publications; create working groups among the par-
ticipating physicians; and evaluate consultations on the
registries.

The above-mentioned diseases are rare, and a database of
clinical data from a larger number of patients gives us the
opportunity to know more about the natural history of these
diseases, their phenotypic variability, and the response to
enzyme replacement therapy. Often patients present clinical
manifestations that were not previously described in the
literature. The physician participating in the program can
query the registry database of that particular disease, ques-
tioning whether the observed event is recorded and, accord-
ing to the response, the doctor may use this information for a
publication or presentation at medical meetings, reverting
the findings into a better knowledge about the disease.

The coordinators of the registries of LSD in Latin America
have an educational role with physicians and patients,
clarifying questions about the rare disease in question, its
development, monitoring, complications, recommended fol-

low-up examinations, and case discussions during the visit of
the coordinator and/or at a distance. As the coordinators travel
great distances for visits, often there is a request of lectures to
physicians and patients from that region so that a larger
number of people can solve their questions.

The 2009 Annual Report of the Fabry Registry (Sims
et al. 2009) pointed out the importance of the characteristics
of voluntary collection of observational data; patients are not
randomized into groups “with treatment” and “no treat-
ment,” and in general the treated patients constitute more
severe cases, what generates inherent biases. This report
recommends that these and other factors must be considered
when the registration data are evaluated.

The registry programs have developed guidelines for
patients, periodical clinical and laboratory evaluation, but
because registration is voluntary, the doctor accompanying
the patient is who settles the kind of assessments and their
frequency for each patient. This reflects the quality of data,
especially in the long term.

Databases that combine features of protocol-oriented and
practice-oriented information have as a goal to create a large
and diverse source of prospective longitudinal patient data
(Thadani 2006). The registries cited here are examples of
such a database.

Data from the registries of the diseases herein described
were supplied by the databases with the consent of the
Advisory Boards, and the data were collected until October
20009.

Data Presentation and Discussion

The first registry of LSD was the Gaucher Registry, initiated
in 1991, to fulfill a requirement of the FDA to monitor a
larger number of patients with and without treatment.

The demographics data of the Gaucher Registry (Fig. 1)
show a total of 5,661 patients, being 16% of this population

Gaucher 21-Oct-09
Patients: NA: 2095 37% Males: 371 2645
EU: 2457 43% Females: 508 3016
LA: 889 16% <18 yrs: 228 991
AP: 220 4% <16 yrs: 182 843
Total: 5661 100% .
Active
Physicians: NA: 779 46% Bl
EU: 439  26% ]mf '
LA 321 19% ‘,:"| ‘
AP: 170 10% § i e e
Total: 1709  100%
On ERT: Yes: 4479
No: 1175
Unknown: 7 Type: I: 790/ 4841 11: 10/56 1ll: 32/ 375

Fig. 1 Gaucher Registry
overview
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and 19% of all physicians participating in the program from
Latin America. It is observed that the majority of patients
have the type 1, the non-neuropathic form (92%). The larg-
est proportion of patients receiving treatment live in Latin
America (76%) in comparison with the rest of the world can
probably be because most patients being diagnosed in Latin
America are serious cases and not the oligosymptomatic. In
the clinical practice, this information is important to give us
the children’s treatment because if we diagnosed early is
because they are more severe.

In the Latin America 2009 Report of the International
Collaborative Group of Gaucher Disease (ICGG) (unpub-
lished data), it is observed that the majority of physicians
participating in the Gaucher Registry in Latin America have
1-2 patients; about 63% and 14% have 34, just like in the
USA and Europe (Fig. 2). In countries with large territories
such as Brazil, this means a lot of work, as coordinators have
to travel large distances to collect the data. Sometimes they
are assisted by a trained person who enters information in the
online programs.

>20
10t0 20 patients
patients 4%

9%

5t09
patients
10%
3to4 1to2
patients N patients
14% 63%

Fig. 2 Distribution of all registry patients per physician among
patients with all disease types in Latin America

Internal

Unspecified

Fig. 3 Distribution of physician —
specialties (among physicians Hematology /
Oncology

who have ever enrolled patients
with all disease types in the
registry) in Latin America and in
the rest of the world

62%

Pediatrics

In the Latin American Annual Report ICGG Gaucher
Registry 2009), the number of hematologists involved in the
treatment of patients with Gaucher disease in Latin America
is almost three times higher compared to the rest of the world
(unpublished data), and interestingly, the number of partici-
pating doctors without expertise specified is much greater in
the rest of the world than in Latin America. We realized that
in Latin America, Gaucher disease is yet best known among
hematologists (Fig. 3).

The Fabry Registry began in 2001 and has now 3,318
patients; 20% of doctors and 281 patients are from Latin
America (Fig. 4). Approximately 40% of patients in Latin
America are being treated with B-agalsidase, while in the
rest of the world, the percentage is 59%, probably due to the
difficulty in reimbursement for treatment by the govern-
ments of Latin America, and perhaps associated with the
fact that the disease has a phenotypic impact smaller than
other lysosomal diseases that use the enzyme replacement
therapy as treatment, in addition to affecting more adults
than children, which can also reinforce the poor appeal for
inclusion in a high-cost treatment program.

The total number of patients registered with MPS I is 857,
being 126 in Latin America and accounting for 15% from the
rest of the world. The percentage of doctors in Latin Ameri-
ca is 18%. The percentage of patients receiving treatment is
80%, being the largest one, compared with 54% in North
America and 66% in Europe (Fig. 5). It is hypothesized that
most patients diagnosed in Latin America consist in the most
severe cases, and therefore the rates of treatment are higher;
the fact that the disease affects the children more than the
adults also have a role in these results.

The Pompe Registry has 763 patients, 53 from Latin
America representing 7% of the total, with 47 participating
physicians, representing 13% (Fig. 6). About half of patients
in Latin America are under 18 years of age, and in the rest of
the world this percentage is 33%; so Latin America is diag-
nosing more children than adults, perhaps due to the more

Internal

Pediatrics

/ 19%

17%

Neurology N .
<1% eurology
— i ; — <1%
~_Genetics
4%
\ Genetics

Unspecified 12%
39%
™
Hematology /
Oncology
21%

*Among physicians who have ever enrolled patients with all disease types in the Registry
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Fig. 4 Fabry Registry overview Fabry 21-Oct-09
Patients: NA: 1363 41% Males: 137 1642
EU: 1473 44% Females: 121 1676
LA: 281 8% <18 yrs: 23 268
AP: 201 6% <16 yrs: 17 194
Total: 3318  100% Active
Physicians: NA: 278 41% -
EU: 222 33% —X
LA: 127 19% I
AP: 44 7% A |
Total: 671 100% ° 100 200 300
On ERT: Yes: 1962
No: 1310
Unknown: 46
Fig. 5 MPS I Registry overview MPS | 21-Oct-09
Patients: NA: 300 35% Males: 65 425
EU: 406 47% Females: 61 432
LA: 126 15% <50nERT 3 38
<5noton
AP: 25 3% ERT: 2 9
Total: 857  100% Active
Physicians: NA: 210 46% "
EU: 124 27% .
LA: 84 18% | ‘ i
AP: 43 9% 0 s 10 150 200 260
Total: 461 100%
On ERT: Yes: 545 On ERT: NA:153 EU:267 LA:102 AP:23
No: 312 Syndrom: H: 37/491 HS:45/201 S:12/91
Unknown: 0 HSCT: 1
Fig. 6 Pompe Registry overview Pompe 21-0ct-09
Patients: NA: 224 29% Males: 33 398
EU: 450 59% Females: 20 365
LA: 53 7% <18 yrs: 28 227
AP: 36 5% <16 yrs: 26 212
Total: 763 100% Active
Physicians: NA: 175 50%
EU: 96 27%
LA: 47 13%
AP: 34 10% g B m'n |;n m
Total: 352 100%

exuberant clinical characteristics and to the more severe
clinical manifestations.

The scientific production generated by the registries so
far is 22 publications, 18 of the Gaucher Registry — with only
one publication of the Gaucher Registry focusing on Latin
America, seven of the Fabry Registry, two of the MPS 1
Registry, but with scarce publications focusing on the pa-
tient population of Latin America. The only publication
(Sobreira et al. 2007) that focuses on the Latin American

population, in this case specifically the Brazilian patients in
the Gaucher Registry, aimed at the phenotypic and genotyp-
ic heterogeneity in type I Gaucher disease. When Brazil was
compared with the rest-of-the-world patients, Sobreira and
colleagues concluded that Brazilian patients may have a
more aggressive clinical form of the disease than the rest
of the world, what emphasizes the need for caution in
making generalizations about Gaucher disease across demo-
graphic groups.
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Final Considerations

Databases are very useful for doctors interested in the en-
zyme replacement therapy available for lysosomal diseases,
and also for governments to anticipate the costs associated
with the treatment and follow-up. In the long term, we can
calculate the impact of therapeutic measures applied on the
quality of life and survival of the patients. The disadvantage
of these existing programs is its high cost, they are volun-
tary-based and observational, and it is difficult to achieve
clinical and laboratory data at the appropriate frequency and
quality to better understand the disease progression and its
response to treatment. In Latin America is important to have
information about our population, in comparison with USA
and Europe as severity of the disease, response to ERT, and
other characteristics of these rare diseases to indivudualize
their treatments.
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The Molecular Landscape of Phosphomannose Mutase Deficiency
in Iberian Peninsula: Identification of 15 Population-Specific

Mutations

B. Pérez, P. Briones, D. Quelhas, R. Artuch, A.l. Vega, E. Quintana, L. Gort, M.J. Ecay, G. Matthijs,

M. Ugarte, and C. Pérez-Cerda

Abstract PMM2-CDG is an autosomal recessive disorder
and the most frequent form of congenital disorder of N-
glycosylation, with more than 100 mutations identified to
date. Sixty-six patients from 58 unrelated families were
diagnosed as PMM2-CDG (CDG-Ia) based on clinical
signs or because of a previous affected sibling. They all
presented a type 1 serum transferrin isoform pattern, and,
in most cases, the disease was confirmed by determining
PMM2 activity in fibroblasts and/or lymphocytes. Residual
PMM?2 activity in fibroblasts ranged from not detectable to
60% of the mean controls. DNA and RNA were isolated
from fresh blood or fibroblasts from patients to perform
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molecular studies of the PMM?2 gene, resulting in the identi-
fication of 30 different mutations, four of them newly
reported here (p.Y102C, p.T118S, p.P184T, and p.D209G).
From these 30 mutations, 15 have only been identified
among Iberian PMM2-CDG patients. As in other Caucasian
populations, p.R141H was the most frequent mutation (24
alleles, prevalence 20.6%), but less than in other European
series in which this mutation represents 35-43% of the
disease alleles. The next frequent mutations were p.D65Y
(12 alleles, prevalence 10.3%) and p.T237M (9 alleles,
prevalence 7.6%), while p.F119L and p.E139K, the most
frequent changes in Scandinavian and French populations,
respectively, were not found in our patients. The most
common genotype was [p.R141H]+[p.T237M], and four
homozygous patients for p.Y64C, p.D65Y, p.P113L, and
p-T237M were detected. The broad mutational spectrum
and the diversity of phenotypes found in the Iberian popula-
tions hamper genotype—phenotype correlation.

Keywords CDG - CDG-la - PMM2-CDG - Congenital
defects of glycosylation - Mutations

Introduction

PMM2-CDG (CDG-Ia; MIM 212065) is the most frequent
congenital disorder of the N-glycosylation pathways. It is
caused by a deficiency in the cytosolic enzyme phospho-
mannomutase (PMM 2; EC 5.4.2.8) that converts mannose-
6-phosphate to mannose-1-phosphate, by means of transient
phosphorylation of the catalytic site of the enzyme. Man-
nose-1-phosphate is precursor in the formation of guanosine
diphosphate-mannose (GDP-Man), the main mannose donor
for N-, O-, and C-mannosylglycans and glycosylphosphati-
dylinositol (GPI)-anchor biosynthesis (Jacken et al. 1997).
The PMM?2 gene is located on chromosome 16q13 and has
8 exons and a reading frame of 738 base pairs encoding for
a protein of 246 amino acids. Up to 109 mutations (HGMD
Professional®) have been identified along the PMM2
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gene (MIM 601785), yielding a broad range of enzyme
deficiencies (Matthijs et al. 1997; Haeuptle and Hennet
2009). There are mutational hot spots in exons 5 and 8.
The majority of mutations (81%) are missense changes
affecting different amino acid residues; 10% are nonsense
or single or multiple base pair deletions which lead to early
stop codons or frameshifts and thus to truncated proteins.
Ten splicing defects have also been described due either
to disruption of conserved sequences at the exon—intron
junctions or at the polypyrimidine tract or to an intronic
change that activates a pseudoexon sequence or to a deletion
mediated by an Alu retrotransposition (Schollen et al. 2007a;
Vega et al. 2009). The most common mutations are p.R141H
and p.F119L, representing nearly 88% of mutant alleles
described to date, both are probably founder mutations in
Northern European countries (Bjursell et al. 1998). Most
PMM2-CDG patients are compound heterozygotes for two
different mutations, and homozygosity for p.R141H or other
severely inactivating mutations has never been reported
(Matthijs et al. 1998; Kjaergaard et al. 1998). Functional
studies of several mutations have been performed to investi-
gate their effect on activity and stability of the protein
leading to the conclusion that a genotype retaining some
residual PMM2 catalytic activity is required for survival
(Pirard et al. 1999; Kjaergaard et al. 1999). It is worth noting
that none of the amino acids constituting the active catalytic
center by extrapolation in the crystal structure of the PMM1
isoenzyme has been found to be mutated (Silvaggi et al.
2006). The clinical course of patients with PMM2-CDG
usually progress through four stages (Grunewald 2009): the
infantile multisystemic or “visceral” stage, the childhood
ataxia and mental retardation stage, the teenage leg atrophy
stage, and the adult hypogonadal stage. Any organ system can
be affected and severity of symptoms can widely vary. The
most common presentation in infancy is multisystemic with
central nervous system involvement. Mortality is as high as
20% of patients with the most severe form of the disease.

In a previous paper (Briones et al. 2002), we reported the
biochemical and molecular characteristics of 26 Spanish
PMM2-CDG patients. In this work, we update and report
the predominant clinical signs and the spectrum of PMM?2
mutations in 66 PMM2-CDG patients from Portuguese and
Spanish families.

Patients and Methods

Patients

The 58 families included were unrelated and originated from
different regions of Portugal and Spain. In two families, one

of the parents was from England and another from Russia,
respectively. All cases were suspected due to clinical symp-
toms or because of a previous affected sibling, and they were
referred for study by pediatricians from different hospitals
since 1995.

Methods

Analysis of serum transferrin was performed as previously
described by %CDT, isoelectric focusing (IEF) (Pérez-
Cerda et al. 2008; Colome et al. 2000) or by high-pressure
liquid chromatography (HPLC) or capillary zone electro-
phoresis (Quintana et al. 2009). PMM2 activity in lympho-
cytes and fibroblasts was determined essentially as described
in Van Schaftingen and Jacken 1995. Fibroblasts were
cultured according to standard procedures in minimal essen-
tial medium (MEM) supplemented with 1% glutamine, 10%
bovine calf serum, and antibiotics in humidified atmosphere
containing 5% of CO,.

Genetic analysis was performed using whole blood or
fibroblast cell lines from patients as source of mRNA and
gDNA. Total mRNA was isolated by Tripure Isolation
Reagent (Roche Applied Sciences, Indianapolis) adhering
to the manufacturer’s protocol, followed by two-step RT-
PCR using oligodT as primer and using the SuperScript III
First-Strand enzyme (Invitrogen, Carlsbad, CA).Genomic
DNA was isolated using MagnaPure system, following
the manufacturer’s protocol (Roche Applied Science). The
primers used for cDNA and gDNA amplifications were
designed using the ENSEMBL database (http:/www.
ensembl.org/index.html; ENSG00000140650) and GenBank
accession number NM_000303.2 as described in Vega et al.
2009. Amplifications of exons and flanking intronic
sequences were performed using the FastStart kit (Roche
Applied Sciences, Indianapolis). The PCR products were
sequenced with the same primers used for amplification,
using the BigDye Terminator v.3.1 mix (Applied Biosys-
tems, Foster City, CA), following the manufacturers proto-
col. The sequenced products were then purified in Performa
V3 96-Well Short Plates (EdgeBio, Gaithersburg, MD)
and analyzed by capillary electrophoresis in an ABI
Prism 3700 Genetic Analyzer (Applied Biosystems).
DNA mutations numbering is based on cDNA reference
sequence (GenBank accession number NM_000303.2) con-
sidering nucleotide +1 as the A of the ATG translation
initiation codon and DNA reference sequence NT_010393.

Parental DNA was analyzed, when available, in hetero-
zygous patients for allele assignment and in homozygous
patients to rule out the presence of a genomic deletion.
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Results

Sixty-six patients from 58 families were diagnosed as
PMM2-CDG based on clinical signs, altered transferrin
pattern, and deficient PMM2 activity in cells. All patients
were of Caucasian origin. Collected clinical data of
patients demonstrated that most of them presented with
the “typical” clinical signs of a defect on protein glycosyl-
ation: cerebellar hypoplasia (82%), some degree of psycho-
motor retardation (76%), eye disturbances (54%),
hypotonia (51%), ataxia (50%), liver dysfunction (36%),
inverted nipples (36%), failure to thrive (36%), abnormal
clotting factors (36%), dysmorphic features (29%), lipody-
strophy (27%), and skeletal abnormalities (17%). Fifteen
patients died, most of them in the first years of life, except
for one in whom death occurred at age 13. Biochemically,
they all presented an altered serum transferrin isoform
pattern type 1, with increased amounts of asialo- and dis-
ialo-transferrin isoforms, compatible with a CDG type I
diagnosis. PMM2-CDG was confirmed in most cases by
determining PMM2 activity in fibroblasts and/or lympho-
cytes. Residual PMM2 activity in fibroblasts ranged from
not detectable to as high as 60% of the mean of control
values. In some patients in whom a high PMM?2 activity
value in fibroblasts was found, a lower enzyme activity in
leukocytes ranging from 6% to 33% of the control values
was demonstrated, confirming that the assay in leukocytes
is more reliable for PMM2-CDG diagnosis. Molecular
studies of the PMM?2 gene in RNA or DNA from 58
unrelated patients resulted in the identification of 30 muta-
tions, four of them newly reported in this work (p.Y102C,
p.T118S, p.P184T, and p.D209G). The results are shown in
Table 1. As in other Caucasian populations, p.R141H is the
most frequent mutation in the Spanish and Portuguese
PMM2-CDG npatients, accounting for 19.7% (17/86) and
21.8% (7/32) of the alleles, respectively. The second most
frequent mutation in both populations was p.D65Y, ac-
counting for 10% (12/118) of the disease alleles; but
among the Spanish group of patients, the second most
frequent was p.T237M that was found in 10.4% (9/86) of
the disease alleles. Of the 30 identified variations, 13 have
been reported only in our group of patients (p.MI1V;
p.Y64C; p.Y76C; IVS3-1G>C; p.E93A; p.Y102G;
p.-T118S; p.R123X; p.P184T; p.F207S; p.D209G; IVS7-
9T >G; Del 28KB+exon8 Alu mediated). Forty-four dif-
ferent genotypes were detected; the most common one
found in five Spanish families was [p.R141H]+
[p.T237M]. Four homozygous patients for p.Y64C,
p-D65Y, p.P113L, and p.T237M mutations were identified.

Discussion

PMM2-CDG is an autosomal recessive inherited disorder
with an estimated incidence of 1:20,000 (Matthijs et al.
2000; Schollen et al. 2000). Due to the broad spectrum of
clinical signs, including the very mild phenotypes recently
described (Perez-Duenas et al. 2009; Grunewald 2009), the
disease is probably still underdiagnosed. Of the patients of
our series, 75% are currently alive and near a third of them
are adults enjoying a good quality of life. This fact may be
reflecting a lower prevalence of severe mutations in our
population. Moreover, in contrast to other reported series
where a low PMM?2 activity (<15%) was found in patients’
fibroblasts (Kjaergaard et al. 1998; Imtiaz et al. 2000),
most of our patients did also show an enzyme activity
below 25-30% of the control mean, but 15 patients pre-
sented a high activity up to 60% of control value. Some of
these patients were functional hemyzygous for a mutation
that retains in vitro a residual activity as high as 60% for
p-C2418, 43% for p.P113L, and 48% for p.T237M or that
affect the folding and/or stability of the enzyme (p.D65Y,
p.-V44A, and p.L32R) (Silvaggi et al. 2006; Vega et al.
2011), maybe contributing to the high residual activity
found in vivo.

A large variety of mutations have been identified in our
Iberian cohort of unrelated PMM2-CDG patients: 25 (83%)
are missense mutations (Briones et al. 2002; Quelhas et al.
2007), four of them newly reported here (p.Y102C, p.T118S,
p-P184T, and p.D209G); one nonsense (p.R123X) (Briones
et al. 2002), three affecting the splicing of mRNA (IVS3+
2T >C; IVS3-1G>C and IVS7-9T > C) (Briones et al. 2002;
Vega et al. 2009), and a deletion mediated by an Alu retro-
transposition displaying the complete loss of exon
8 (Schollen et al. 2007a). Of these 30 identified mutations,
13 have only been reported in our series of patients. The
p-D65Y mutation was reported in a French study in a Portu-
guese patient, and a haplotypic association study confirmed
its Iberian origin (Quelhas et al. 2007), and the p.V44A
mutation was reported in an Ecuatorian patient probably
of Spanish ancestors, adding these two mutations to our
population-specific group of mutations. It is to note that
mutations p.N216I and p.T226S were also previously
reported in patients of Mediterranean origin (France, Italy,
and Greece) (Matthijs et al. 2000). As expected, p.R141H
was the most frequent mutation detected in our group of
patients, but we have identified neither the severe mutation
p-F119L, the second more frequent mutation among Scandi-
navian populations (Bjursell et al. 2000), nor p.E139K, the
most prevalent change among French patients (Le Bizec
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et al. 2005). In summary, the different mutational spectrum
with half of the mutations not reported till now in other
populations, and the absence of the frequent mutations p.
F119L and p.E139K, probably reflect the impact of Mediter-
ranean migrations, as occurs for other metabolic inherited
diseases such as phenylketonuria (Desviat et al. 1999; Mal-
lolas et al. 1999) or galactosemia (Gort et al. 2006, 2009). It
is noticeable that subtle differences were found between
Spanish and Portuguese patients; so the third most frequent
mutation (p.V231M) among European patients was only
present in three Portuguese disease alleles, while p.T237M
was only identified in Spaniards. It is difficult to know
whether this observation is related to different population
influences in Spain and Portugal or, more probably, to the
short number of mutant alleles studied due to the rarity of the
disease.

Most patients were functionally hemyzygous with one
severe mutation and other that retains considerable residual
activity, and no patients with two null mutations were
detected, as it has ever been reported (Freeze and Westphal
2001; Le Bizec et al. 2005; Pirard et al. 1999), supporting
again the hypotheses that the combination of two inactivat-
ing mutations is lethal (Schollen et al. 2000). Four homozy-
gous patients were found, with mutations that probably
affect the folding of the PMM?2 monomer (Silvaggi et al.
2006). Those homozygosities result in mild phenotypes.
Overall, 83% of the mutant chromosomes identified in our
population are missense changes, most of them affecting the
folding and stability of the PMM?2 homodimer (misfolding
or conformational disease) (Silvaggi et al. 2006; Pirard et al.
1999; Kjaergaard et al. 1999; Le Bizec et al. 2005; Vega
et al. 2011), and thus probably contributing to the milder
phenotypes found in comparison to those reported in
other series (Erlandson et al. 2001; Imtiaz et al. 2000).
Nevertheless, the highly variable phenotype described in
PMM2-CDG, as in other monogenic diseases, is probably
determined not only by the PMM?2 mutant alleles but also by
the other genes modulating the effect on the final functional
enzyme (Dipple and McCabe 2000).
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Quantitative Analysis of mtDNA Content in Formalin-Fixed

Paraffin-Embedded Muscle Tissue

Aida Font, Frederic Tort, Aleix Navarro-Sastre, Victoria Cusi, Judit Garcia-Villoria, Paz Briones, and Antonia Ribes

Abstract Quantification of mitochondrial DNA (mtDNA)
content is an essential tool for the diagnosis of mtDNA
depletion syndrome (MDS). Samples collected and pro-
cessed for anatomopathology studies represent a unique
source of archived biological material. Thus, the possibility
to study mtDNA copy number in these specimens would be a
useful way to screen for MDS. In this study, we designed and
validated the methodology to determine mtDNA content by
quantitative real-time polymerase chain reaction (QRT-PCR)
in formalin-fixed paraffin-embedded (FFPE) muscle tissue.
We studied 14 frozen muscle biopsies and compared the
results with a portion of the same biopsy embedded in
paraffin. Our results showed a similar variability among
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frozen and FFPE muscle biopsies. Patients with MDS
detected in frozen muscle were also confirmed in their
corresponding FFPE samples, which validate the usefulness
of this approach. We conclude that the analysis of mtDNA
copy number in FFPE muscle tissue by qRT-PCR is a useful
method for the molecular screening of patients suspected to
have MDS when frozen biopsies are not available. Analysis
of these samples would facilitate retrospective studies and
diagnostic procedures.

Introduction

Biogenesis and homeostasis of the mitochondria is tightly
regulated, and requires the expression and coordination of
both, nuclear and mitochondrial encoded proteins. There-
fore, mitochondrial disorders are a group of complex dual
genome diseases that can be caused by molecular defects in
both nuclear or mitochondrial genomes including point
mutations, deletions, duplications, and reduction in mito-
chondrial DNA (mtDNA) copy number, known as mtDNA
depletion (Rétig and Poulton 2009).

mtDNA depletion syndromes (MDS) are a heterogeneous
group of autosomal recessive disorders characterized by a
reduction of the mtDNA content in a tissue-specific manner.
They are caused by molecular defects in nuclear genes
responsible for the biogenesis and maintenance of mtDNA
integrity and usually affect different tissues and organs with
high energetic demand, such as liver, skeletal muscle, and
nervous system (Suomalainen and Isohanni 2010). Current-
ly, MDS are divided into different syndromes caused by
mutations in at least nine genes: myopathic form associated
with mutations in TK2 (OMIM # 609560); encephalomyo-
pathic with renal tubulopathy form associated with RRM2B
(OMIM #612075); encephalomyopathic with methyl-
malonic aciduria associated with mutations in SUCLA2 and
SUCLGI (OMIM #612073 and 245400); hepatocerebral
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form associated with mutations in DGUOK, MPV17, and
TWINKLE (OMIM # 251880, 256810 and 271245); MNGIE
syndrome associated with mutations in TYMP and POLG
(OMIM # 603041 and 613662). Mutations in POLG are
also associated with Alpers Syndrome (OMIM #203700)
(Dimmock et al. 2010).

Quantification of mtDNA content is an essential tool for
the diagnosis of MDS and is based on Southern blot or
quantitative real-time polymerase chain reaction (qRT-
PCR) analysis (Suomalainen and Isohanni 2010). Although
DNA from fresh frozen tissues is the suitable sample for the
diagnosis of MDS, the most widely used method to collect
samples is formalin fixation followed by paraffin block in-
clusion. The feasibility of performing mtDNA quantification
on formalin-fixed paraffin-embedded (FFPE) tissues would
facilitate diagnostic procedures and allow a large number of
retrospective studies.

Material and Methods
Biological Samples

We studied 14 frozen skeletal muscle biopsies and compared
them with a portion of the same biopsy embedded in paraf-
fin. The age distribution and number of controls were: 0—1
year (n = 12); 6 years (n = 1), and 50 years (n = 1). To
validate the methodology, we analyzed four patients with
known reduction of mtDNA copy number. Briefly:

Patientl: She was admitted to the hospital at 7 days of life
with bradypnea. She progressively developed hypothermia,
mydriasis, and edema. She died few hours after admission.
Biochemical analysis showed hyperammonemia, increased ex-
cretion of lactate, and hypertransaminasemia; 90% of mtDNA
depletion in muscle biopsy by qRT-PCR was detected, while
respiratory chain activities in the same muscle biopsy were
normal. Mutations in DGUOK and MPV17 were excluded.

Patient 2: He was admitted to the hospital at 30 h of life
with feeding refuse, irritability, dehydration, severe metabolic
acidosis, hyperammonemia, hyperlactatemia, and altered he-
patic enzymes. At 8 days of age, neurological deterioration, as
well as renal and hepatic insufficiency, was evident. He pre-
sented two further episodes of metabolic acidosis and liver
involvement. He died of hepatic failure at 2 months of age;
mtDNA content in muscle biopsy, determined by southern
blot, showed 89% mtDNA depletion. Mitochondrial respirato-
ry chain activities (complex I-IV) were low. Genetic studies
excluded mutations in DGUOK and RRM2B.

Patient 3: She presented at 5 days of age with axial
hypotonia, poor eye contact, and sweating. Biochemical
studies revealed an increased excretion of lactate and
methylmalonate. Mitochondrial respiratory chain activities

(complex I-IV) showed a slight reduction of all the com-
plexes; mtDNA content, determined by qRT-PCR, showed
87% mtDNA depletion in muscle biopsy. A new mutation in
SUCLA2 was identified, which has been predicted to be
disease causing according to Polyphen database (unpub-
lished results and currently under study in our laboratory).

Patient 4: She is the third daughter of a family with two
other affected siblings. Few hours after birth, she presented a
severe hepatic insufficiency, metabolic acidosis, hypoglyce-
mia, hyperammonaemia, and high lactate. Mitochondrial
respiratory chain activities were normal (complex I-IV);
mtDNA content, determined by qRT-PCR in muscle biopsy,
showed 80% depletion. Genetic analysis of DGUOK identi-
fied the previously described p.H226R mutation (Dimmock
et al. 2008) in homozygosity.

Informed consent has been obtained for all the samples used.

Experimental Design and Sample
Preparation

To minimize the natural variability of mtDNA content with-
in tissue samples, we prepared and processed separately two
adjacent portions from each frozen tissue. DNA was directly
extracted from one of the portions, while the other one was
subjected to formalin fixation and paraffin block inclusion.
Briefly, before DNA isolation, paraffin sections were
dewaxed in xylene at room temperature and subjected to a
series of alcohol washing steps, following standard proce-
dures (Gilbert et al. 2007). Then, the samples were air-dried
and DNA was isolated using Qiamp DNA mini kit (Qiagen,
GmbH, Germany).

Quantification of mtDNA Content

Analysis of mtDNA copy number was performed by qRT-
PCR using Tagman technology in a Step One plus real-time
PCR system (Applied Biosystems, Foster City, CA, USA)
(Table 1). This method is based on the amplification of the
12S rRNA (mtDNA target gene) and the RNaseP (endoge-
nous nuclear control gene) to normalize the DNA content in
each sample. PCRs were carried out in triplicate using 15 ng
of DNA from both frozen and FFPE samples. Levels of
mtDNA were relatively quantified by evaluating Ct values
using the comparative Ct (AACt) method. Briefly, mtDNA
content was calculated from the difference of the delta Ct of
each sample (Ct/2SrRNA—CtRNaseP) compared with the
reference value obtained as the average of delta Ct from the
controls studied. Final values were expressed in relative
units and were obtained through the equation QAN
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Table 1 Oligonucleotides and reagents used for qRT-PCR

Gene Primers Probes Fluorescent product

12S rRNA* CCACGGGAAACAGCAGTGAT (6FAM)TGCCAGCCACCGCG(BHQ1) 6FAM/BlackHole Quencher
CTATTGACTTGGGTTAATCGTGTGA

RNAseP” Tagman RNase P Control Reagents Kit. Part Number 4316844 VIC-TAMRA

Oligonucleotides are located at positions 158 and 280 according to /2SrRNA sequence NC_012920; PCR amplification yields a 122 bp product
bAccording to the manufacturer, Tagman technology uses amplicons around 100 bp in length

where: AACt = (Ct/2SrRNA sample — CtRNaseP sample) —
(average ACt controls).

Statistical Analysis

Wilcoxon signed-rank (nonparametric two-related sample
test) and Spearman correlation test were performed using
SPSS16.0 statistical software.

Results and Discussion

FFPE specimens represent an important and unique source
of archived biological material. According to the literature,
molecular studies have been successfully performed in this
type of samples (Gnanapragasam 2009; Yu et al. 2008).
However, as far as we know, the reliability of qRT-PCR
technology for mtDNA copy number determination in FFPE
tissues remains still to be elucidated. Moreover, the hetero-
geneous clinical spectrum of MDS makes the mtDNA copy
number study an essential tool before undertaking specific
gene sequencing analysis (Bai et al. 2004; Dimmock et al.
2010). Thus, the possibility to detect mtDNA content in
FFPE specimens would represent a useful way to screen
for MDS. Our aim was to optimize the methodology to
determine mtDNA content by qRT-PCR in FFPE muscle
tissue.

Limitations of molecular biology studies in FFPE tissues
have been widely reported to be due to the high fragmenta-
tion of nucleic acids. We visualized the integrity of the DNA
from frozen and FFPE samples in agarose gels and results
showed that the DNA was highly fragmented in comparison
with that extracted from frozen samples (Fig. 1a). Despite
the concentration of DNA is lower in FFPE than in frozen
muscle samples, the purity of both is almost identical and
suitable for molecular studies (data not shown). According
to the literature, the median DNA fragment length in FFPE
samples is around 400 bp and mainly depends on the tissue
type and the methodology of fixation (Gilbert et al. 2007
Lehmann and Kreipe 2001). To determine the extent of the
degradation of the DNA in FFPE samples, we performed
conventional PCR. Two nuclear and one mtDNA fragments

of around 1,200, 700 and 500 bp, respectively, were success-
fully amplified (Fig. 1b). The lower intensity of the 1,200 bp
fragment in the FFPE samples is probably due to DNA
degradation during formalin fixation and sample processing.
Because the qRT-PCR amplicons had around 100 bp, we
considered that the DNA obtained from FFPE samples was
suitable for mtDNA determination. However, FFPE samples
showed higher Ct values in comparison with their
corresponding frozen tissue (Fig.lc). This phenomenon
could be explained by the fact that the DNA degradation in
FFPE samples might reduce the number of intact amplicons,
although the starting DNA amounts in the qRT-PCR were
the same in both FFPE and frozen muscle. Because the delta
Ct values obtained in both kind of samples were slightly
different (mean; —10.54 and —11.72, respectively) the two
groups were analyzed separately.

A similar variability in the mtDNA content between both
groups has been observed, reference range: 0.57-2.90 and
0.41-2.02, in frozen and FFPE samples, respectively
(Fig. 2a). Wilcoxon signed-rank test showed no statistically
significant differences (p-value = 0.95). To assess the level
of agreement of paired samples, the Spearman’s correlation
test was applied and showed a good correlation within speci-
mens (r = 0.864; p < 0.01). Altogether these data demon-
strate that the mtDNA content in frozen and FFPE muscle
samples was comparable. Despite the variability observed
within these two groups, the comparative study showed
similar behavior for each sample (Fig. 2b—c). Nevertheless,
as has been reported previously (Bai et al. 2004; Morten
et al. 2007; Dimmock et al. 2010), the observed variability
could be explained by the differences in the age of control
individuals. Interestingly, one of the control samples (C11),
showing the highest mtDNA content, belongs to an adult
while the remaining samples are from pediatric controls
(Fig. 2c).

The four patients (P1-P4) with MDS detected in frozen
muscle were clearly confirmed in their corresponding FFPE
samples when compared with age-matched controls
(Fig. 2d), which validates the usefulness of this material.
Thus, despite the degradation of the DNA, mtDNA depletion
can be detected in FFPE specimens in a similar manner to
that performed in frozen tissues. However, the relatively
small number of specimens analyzed in this study should
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Fig.2 Comparative analysis of mtDNA content in frozen and FFPE muscle biopsies. (a) Similar levels of mtDNA were found in frozen and FFPE
samples as determined by the Wilcoxon ranked test. (b) Spearman test showed statistically significant correlation between FFPE and frozen paired
samples. Dotted line separates tissues with confirmed mtDNA depletion and delimits the threshold for mtDNA depletion (30% of mtDNA content
in control samples). (c) mtDNA content in frozen and FFPE paired samples. C1-C14 correspond to control samples and P1-P4 to patients with
previously confirmed mtDNA depletion. Results are shown in relative units (RU). Gray bars indicate frozen tissue, striped bars indicate FFPE
samples. (d) Comparison of the mtDNA content of the four patients (P1-P4) with age-matched controls. Results are shown in relative units (RU).
Gray bars indicate frozen tissue, striped bars indicate FFPE samples. Error lines represent the mean =+ standard deviation

be supported by further studies in larger series of cases to
fully confirm our observations.

It has also been reported that many variables can influence
the validity and reliability of molecular biology studies in
FFPE tissues, such as tissue amount, length, storage, and fixa-
tion conditions (Gnanapragasam 2009; Gilbert et al. 2007).
Therefore, the above-mentioned aspects should also be consid-
ered when analyzing mtDNA content in FFPE tissues.

In conclusion, analysis of mtDNA copy number in FFPE
by qRT-PCR is a useful method for molecular screening of

patients suspected to have MDS when frozen biopsies are
not available. Analysis of these samples, which are a rich
source of biological material, would facilitate retrospective
studies and diagnostic procedures.

Acknowledgements This research was supported in part by the Span-
ish Ministerio de Sanidad Grant PI08/90348. CIBERER, is an initiative
of Instituto de Salud Carlos III.



Quantitative Analysis of mtDNA Content in Formalin-Fixed Paraffin-Embedded Muscle Tissue

129

References

Bai RK, Perng CL, Hsu CH, Wong LJ (2004) Quantitative PCR analy-
sis of mitochondrial DNA content in patients with mitochondrial
disease. Ann NY Acad Sci 1011:304-309

Dimmock D, Zhang Q, Dionisi-Vici C et al (2008) Clinical and molec-
ular features of mitochondrial DNA depletion due to mutations in
deoxyguanosine kinase. Hum Mutat 29(2):330-331

Dimmock D, Tang L, Schmitt E, Wong L (2010) Quantitative evaluation of
the mitochondrial DNA depletion syndrome. Clin Chem 56:1119-1127

Gilbert M, Haselkorn T, Bunce M et al (2007) The isolation of nucleic
acids from fixed, paraffin-embedded tissues-which methods are
useful and when? PLoS ONE 20(2):e537

Gnanapragasam VJ (2009) Unlocking the molecular archive: the
emerging use of formalin-fixed paraffin-embedded tissue for bio-
marker research in urological cancer. BJU Int 105:274-278

Lehmann U, Kreipe H (2001) Real-Time PCR analysis of DNA and
RNA extracted from formalin-fixed and paraffin-embedded biop-
sies. Methods 25:409—418

Morten KJ, Ashley N, Wijburg F et al (2007) Liver mtDNA content
increases during development: a comparison of methods and the
importance of age- and tissue-specific controls for the diagnosis of
mtDNA depletion. Mitochondrion 7(6):386-395

Rotig A, Poulton J (2009) Genetic causes of mitochondrial DNA
depletion in humans. Biochim Biophys Acta 1792:1103-1108

Suomalainen A, Isohanni P (2010) Mitochondrial DNA depletion syn-
dromes-many genes, common mechanisms. Neuromuscul Disord
20:429-437

Yu J, Miller R, Zhang W et al (2008) Copy-number analysis of
topoisomerase and thymidylate synthase genes in frozen and
FFPE DNAs of colorectal cancers. Pharmacogenomics 9:
1459-1466



JIMD Reports

DOI: 10.1007/8904_2011_28

© SSIEM and Springer-Verlag Berlin Heidelberg 2011
Received: 27 August 2010; Revised: 9 October 2010;
Accepted: 19 October 2010; Published online: 25 June 2011
Communicated by: Bridget Wilcken

Relevance of Expanded Neonatal Screening of Medium-Chain
Acyl Co-A Dehydrogenase Deficiency: Outcome of a Decade

in Galicia (Spain)

M.L. Couce, D.E. Castifieiras, J.D. Moure, J.A. Cocho, P. Sanchez-Pintos, J. Garcia-Villoria, D. Quelhas, N. Gregersen,

B.S. Andresen, A. Ribes, and J.M. Fraga

Abstract Neonatal screening of medium-chain acyl-CoA
dehydrogenase deficiency (MCADD) is of major importance
due to the significant morbidity and mortality in undiag-
nosed patients. MCADD screening has been performed rou-
tinely in Galicia since July 2000, and until now 199,943
newborns have been screened. We identified 11 cases of
MCADD, which gives an incidence of 1/18,134. During
this period, no false negative screens have been detected.
At diagnosis, all identified newborns were asymptomatic.
Our data showed that octanoylcarnitine (C8) and C8/C10
ratio are the best markers for screening of MCADD. C8 was
increased in all patients and C8/C10 was increased in all but
one patient.

The common mutation, ¢.985A > G, was found in homo-
zygosity in seven newborns and in compound heterozygosity
in three, while one patient did not carry the common muta-
tion at all. In addition, two novel mutations ¢.245G>C
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(p-W82S) and ¢.542A>G (p.D181G) were identified. Ten
of the 11 identified newborns did not experience any epi-
sodes of decompensation. The patient with the highest level
of medium chain acylcarnitines at diagnosis, who was ho-
mozygous for the ¢.985A >G mutation, died at the age of
2 years due to a severe infection.

This is the first report of the results from neonatal screen-
ing for MCADD in Spain. Our data provide further evidence
of the benefits of MCADD screening and contribute to better
understanding of this disease.

Introduction

Medium-chain  acyl-CoA  dehydrogenase deficiency
(MCADD, OMIM #201450) is the most commonly inherited
defect of the mitochondrial fatty acid oxidation pathway,
with significant morbidity and mortality in undiagnosed
patients. The estimated incidence varies between 1/5,000
and 1/68,560 according to the data reported in several stud-
ies (Yokota et al. 1991; Andresen et al. 2001; Tran et al.
2007; Wilcken et al. 2007).

MCADD is a recessively inherited disorder and homozy-
gosity for the prevalent c.985A>G (K329E) mutation
accounts for up to 80-90% of the detected cases (Yokota
et al. 1991; Gregersen et al. 1991; Nennstiel-Ratzel et al.
2005; Giroux et al. 2007). To date, 81 ACADM mutations
have been described in the Human Genome Mutation data-
base http://www.hgmd.cf.ac.uk, but a clear genotype—
phenotype correlation has not been established, and there is
a wide phenotypic variability even within the same family
(Yokota et al. 1991; Andresen et al. 1997; Lehotay et al.
2004; Waddell et al. 2006; Hsu et al. 2008).

Patients with MCADD have the inability to completely
metabolize long chain fatty acids released from adipose
tissues during catabolism that usually results in the seques-
tration of CoA and other biochemical and physiological
features of the disorder.
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Clinical symptoms are diverse ranging from asymptom-
atic to hypoketotic hypoglycemic episodes and even sudden
death in some patients (Andresen et al. 1993, 2001; Waddell
et al. 2006). Symptoms could occur at any age and are
typically precipitated by stress in situations of high energy
demand such as a prolonged period of fasting or an intercur-
rent illness, particularly between 3 and 24 months of age.
Correct dietary management avoids or minimizes the num-
ber of metabolic decompensation episodes. Therefore, early
identification of MCADD deficient individuals is important
and newborn screening (NBS) by tandem mass spectrometry
(MS/MS) for MCADD (Millington et al. 1990) has been
initiated in numerous countries over the last decade. In
Galicia (northwest Spain), NBS by MS/MS was started in
July 2000. The main objective of this study was to evaluate
the diagnostic results as well as the outcome of the MCAD
deficient individuals after 10 years of screening.

Material and Methods
Analytical Methods

Until 2001, blood spots and urine-impregnated filter paper
sampled between the 5th and 8th day of life were collected
for neonatal screening in Galicia. In 2002, this recommen-
dation changed and sampling on the third day of life, after
48 h of milk intake, was established.

Medium-chain acylcarnitines C8, C6, C10, C10:1, and
the ratios C8/C2, and C8/C10 in blood spots were studied by
the usual method of butylation and analysis by MS/MS
(Chace et al. 2001). MCADD was suspected in those new-
born who presented an elevation higher than the 99.9th
percentile of the specific acylcarnitines (C6, C8, CI10,
C10:1). Cutoff values were obtained through screening of
the population (#=199,943 samples): C8>0.52 pM, C6>
0.43 pM, C10>0.50 uM, C10:1>0.33 pM, C8/C2>0.02,
and C8/C10>1.85

Plasma Free Fatty acids (FFAs) were analyzed as previ-
ously described (Martinez et al. 1997) by specific methyla-
tion with acetyl chloride/methanol, in one step extraction
and derivatization.

Analysis of urinary organic acids was performed by gas
chromatography mass spectrometry (GC/MS) by the usual
method of solvent extraction and trimethylsilyl derivatiza-
tion (Tanaka et al. 1980).

DNA was isolated and sequenced by standard procedures
from blood samples of all the patients and their parents,
except one case conceived by in vitro fertilization (IVF)
with oocyte donation (patient 9, Table 1), whose biological
mother was not studied for obvious reasons.

Patients at Diagnosis

During the period of study, 199,943 newborn samples were
tested and 11 cases from ten families were diagnosed
(patients 3 and 4 were brothers). Eight cases were Caucasian
and three were of Gypsy ethnicity.

At diagnosis, the following parameters were evaluated:
age, sex, presence or absence of clinical symptoms, medium
chain acylcarnitines and their ratios, plasma FFA, and urinary
acylglycines and organic acids. The diagnosis was confirmed
by mutation analysis of the ACADM gene (OMIM#607008).
Clinical course was subsequently monitored.

Patients’ Follow-up

Follow-up of all the patients, except one, has been done in
our hospital.

Anthropometric evaluation: body weight, body length,
and head circumference were measured and expressed as
percentiles with respect to the reference population.

Evaluation of cognitive and psychomotor development:
we reassessed Psychomotor Development Index (PDI) or
Intellectual Quotient (IQ) of survivors using the Brunet
Lézine Scale in infants, the Mc.Carthy Scales of Psychomo-
tor Skills (MSCA) in preschool children and Wechler Intel-
ligence Scale for Children Revised (WISC-R) in children
older than 6 years. The overall index score of PDI or IQ is
considered in the normal range when it is above 85.

Dietary management: the patients received a normal age
diet allowing normal growth and development and avoiding
prolonged fasting periods and lipolisis by high intake of slow
absorption carbohydrates. We used a computer program of
dietary calculation developed by ourselves that monitors fat
intake and energy (www.odimet.es). Biochemical follow-up
includes measurement of plasma-free carnitine at each visit
and annually determination of general parameters including
transaminases. Carnitine supplement is prescribed if the
level is below 12 uM.

Informed consent of the patients’ parents was obtained.
The study was approved by the Ethics Committee of our
hospital.

Results

Since the introduction of the expanded NBS in Galicia, we
identified 11 cases with MCADD, which represents an inci-
dence of 1/18,176 newborns. All of them, eight males and three
females, were born at term with normal birth weight. The
medium age of sample collection for screening was 7.4 days
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(range: 4-23). At diagnosis, all the patients were asymptomatic
and presented with increased levels of medium chain acylcar-
nitines. As shown in Table 1, they exhibited a marked elevation
of octanoylcarnitine (C8) with a median value of 3.3 pmol/L.
The highest values were observed in patients 4 and 6 and the
lowest was observed in patient 8. The C8/C10 ratio showed a
clear elevation (median value: 7.79 pmol/L) reaching the high-
est value in patient 6. In our hands, C8 has demonstrated to be
the best parameter for the diagnosis of MCADD; C8/C10 ratio
was also good but it was normal in one patient.

During the period of study, two individuals only hetero-
zygous for the common ¢.985A >G mutation were identi-
fied, presenting a slight elevation of octanoylcarnitine
0.54 pmol/L, and 0.56 umol/L, respectively. Other muta-
tions were excluded by sequencing all the exons and intron
boundaries of the ACADM gene. To our knowledge, no false
negative cases have been identified in our region.

Plasma FFA were studied in seven patients (Table 1), the
profile showed elevations of C8:0, median value 87.4 pmol/
L (Reference < 8), C10:0, median value 27.4 pmol/L (Refer-
ence <9) and C10:1, median value 15.13 pmol/L (Reference
<1). Patient 3 presented the highest C8:0 (200 pumol/L),
patient 4 the highest C10:1 (38 pmol/L), and patient 5 the
highest C10:0 concentration (88 pmol/L).

Hexanoylglycine (Reference<4.53 mmol/mol creati-
nine) and suberylglycine (Reference < 9.87 mmol/mol creat-
inine) were increased in all the patients, while the
dicarboxylic acid profile was normal in some of them. The
heterozygous patients had also normal values of hexanoyl-
glycine and suberylglycine

The diagnosis of MCADD was confirmed by molecular
studies. Seven patients (12 alleles, as 2 are siblings) were
homozygous for the prevalent c.985A > G (p.K329E) mutation.
Three patients were compound heterozygous for the prevalent
¢.985A > G mutation and for another mutation, and one patient
does not carry the ¢.985A>G mutation in any of the alleles
(Table 1). Two of the mutations ¢.245G>C (p.W82S) and
c.542A>G (p.D181G) are novel. The ¢.1247T>C (p.1416T)
has very recently been reported in a US newborn identified by
MS/MS-based routine screening (Smith et al. 2010), and we
have furthermore observed this mutation in another US new-
born identified by MS/MS-based routine screening (personal
communication). Among our MCADD individuals (20 alleles),
the prevalence of the common allele is 75%.

After diagnosis, all the patients followed the dietary recom-
mendations described above. Cases 3 and 4 were supplemen-
ted with L-carnitine due to the low levels of free carnitine
(below 12 uM). The evolutionary follow-up showed a normal
physical and neurological outcome in all the patients, and until
present ten have remained without clinical symptoms. Patient
4 died at 2 years of age in another hospital, due to a serious
respiratory infectious, and we cannot identify whether the
underlying disease influenced the outcome.

This patient was homozygous for the common mutation,
and at diagnosis C8 and C8/C10 were strongly increased
(Table 1). The remaining patients have never suffered any
episode of decompensation.

All the patients have normal PDI/IQ, and those with the
highest PDI/IQ are compound heterozygous for the common
and another mutation (patients 8 and 9).

Three newborns are of Gypsy ethnicity and all are homo-
zygous for the prevalent mutation, in agreement with the high
prevalence of this mutation in this ethnic group.

Discussion

Although some children with MCADD may remain asymp-
tomatic, even if they are not diagnosed, many papers highlight
the importance of an early diagnosis and treatment to reduce
the number of decompensation episodes and deaths (Nenn-
stiel-Ratzel et al. 2005; Wilson et al. 1999). Early diagnosis of
MCADD is now possible through the implementation of NBS
by MS/MS. It allows the establishment of an early treatment
and follow-up to prevent the acute metabolic derangement
often associated with this disease. In addition, NBS by MS/
MS also enables estimates of the prevalence of MCADD in the
general population of a defined population to be made.

It has been reported that the incidence of MCADD is similar
to that of phenylketonuria (1:10,000 live newborns) or even
higher (Grosse et al. 2006). In our population, the frequency is
1/18,847 live births. Since our center receives samples from all
the infants born in our area, the NBS results of MCADD reflect
the characteristics of the Galician population.

As previously reported by others, we have also found that
the combined elevation of C8 and C8/C10 ratio is the most
useful tool for most of the MCADD diagnosis (Blois et al.
2005), but the ratio C8/C10 was normal in patient 8. Accord-
ing to Smith, this patient could be considered as having an
intermediate phenotype and acylcarnitine results are in agree-
ment with previous descriptions (Smith et al. 2010; Maier
et al. 2005). The average value of C8 in our homozygous
patients for the common mutation was 3.9 umol/L, while the
value decreased to 1.28 pumol/L in compound heterozygous.
These results are similar to those reported by other groups (Al-
Hassnan et al. 2010), but lower than those reported by Blois
(Blois et al. 2005) with a median value of 13.8 pmol/L for
homozygous and of 2.6 umol/L for compound heterozygous.

Plasma FFA and urine acylglycine profiles are helpful for
the diagnosis, but they are not essential for it (Onkenhout
et al. 1995; Bonafé et al. 2000; Kobayashi et al. 2007).
However, the clearly elevated concentration of cis-4-decenoic
acid (C10: 1n-9) (Table 1) in patient 8§ with very mild
elevation of acylcarnitines and normal C8/C10 ratio, con-
tributed decisively to the diagnosis.
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Similar to other studies, the prevalent mutation in our
population is c.985A>G (p.K329E), which was found in
75% of the alleles with MCADD, but was not as high as
previously anticipated (Yokota et al. 1991; Giroux et al.
2007; Waddell et al. 2006; Blois et al. 2005), although it is
rather high if we consider other neonatal screening studies
(Andresen et al. 2001; Maier et al. 2005; Nichols et al. 2008;
Smith et al. 2010) as in the screened individuals it is usual to
find milder mutations, while the common mutation c.985A >
G is most frequently found in the clinically presenting patients.

It seems that there is no clear relationship between geno-
type and phenotype (Andresen et al. 1997; Lehotay et al.
2004; Waddell et al. 2006; Hsu et al. 2008), but patients
homozygous for the common mutation have higher levels of
C8 (Andresen et al. 2001; Waddell et al. 2006; Smith et al.
2010), and it is associated with a greater predisposition to
suffer decompensation in situations of metabolic stress
(Arnold et al. 2010). Thus, compound heterozygous for the
prevalent c.985A >G mutation and a milder mutation in the
other allele may have a risk reduction due to their greater
residual enzyme activity (Lehotay et al. 2004). Among our
population patient 4, homozygous for the c.985A > G, muta-
tion died at the age of 2 years in the context of a severe
intercurrent illness. The remaining patients, including his
brother, who is also homozygous for c.985A > G, have not
suffered any episode of metabolic decompensation. There-
fore, the control of environmental factors seems to be essen-
tial, as they could play an important role in the clinical
development and in the expressiveness of the MCADD
(Gregersen et al. 2008).

In addition to the common mutation, five other mutations
have been detected in our group of patients. The ¢.799G > A
(p-G267R) mutation has been previously reported in symp-
tomatic patients (Yokota et al. 1991; Andresen et al. 1997,
Zschocke et al. 2001). Glycine 267 is highly conserved in
humans and other organisms and are found at the equivalent
positions in human short-chain and branched-chain acyl-
CoA dehydrogenases (Zschocke et al. 2001). Expression
studies in Escherichia coli revealed a decrease of the en-
zyme activity that could be increased by co-overexpression
of the GroESL chaperonins (Andresen et al. 1997).

Mutation ¢.199T>C (p.Y67H) found in patient 8, has
also been previously reported, and is the second most preva-
lent mutation of MCADD (Andresen et al. 2001). This
mutation has never been identified in patients with a clinical
phenotype, but in several newborns identified by neonatal
screening in the United States, Australia, and Germany
(Maier et al. 2005; Smith et al. 2010; Zschocke et al.
2001). These newborns had a relatively mild acylcarnitine
profile, like our patient 8, that was compound heterozygous
for this and for the common mutation and only presented
a slight elevation of metabolites. Expression studies of the
p-Y67H mutation in E. coli revealed that the biogenesis and/

or stability are compromised (Andresen et al. 2001), but the
catalytic activity of the enzyme was minimally affected
(O’Reilly et al. 2004). However, there is several reason to
believe that this mutation is not clinically neutral, particu-
larly at high body temperatures (O’Reilly et al. 2004).

In addition, two novel mutations ¢.245G>C (p.W82S)
and c.542A > G (p.D181G) were identified. Expression stud-
ies of these mutations have not been done, but several lines
of evidence suggest that they may be pathogenic: (1) the
nucleotide changes were not present in more than 100 con-
trol chromosomes analyzed, (2) tryptophan in position 82 is
a residue highly conserved among different species and
among other acyl-CoA dehydrogenases (http://coot.embl.
de/PolyPhen/), (3) in addition, p.W82S is homologous to
the p.G101R mutation in GCDH protein, which may indicate
that changes at this position of acyl-CoA dehydrogenase
proteins are not tolerated. Concerning p.D181G mutation,
its pathogenecity is uncertain and further studies are neces-
sary to elucidate whether it could be disease causing.

From this study, and in agreement with other authors
(Pollitt and Leonard 1998; Blois et al. 2005), we can con-
clude that NBS for MCADD must be strongly recommended
due to its relatively high incidence coupled with an easy and
specific detection and simple treatment.

Sypnosis

This study presents the first published data about neonatal
screening for MCADD and evolution of the diagnosed
patients in Spain (region of Galicia) describing the preva-
lence of mutations, two novel mutations and the correlation
phenotype—genotype.
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