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Next generation sequencing: Coping with rare genetic diseases in

China

David S Cram'*”*, Daixing Zhou'

' Berry Genomics Corporation, Beijing, China;
* Department of Anatomy and Developmental Biology, Monash University, Clayton, Australia.

Summary

With a population of 1.4 billion, China shares the largest burden of rare genetic diseases
worldwide. Current estimates suggest that there are over ten million individuals afflicted with
chromosome disease syndromes and well over one million individuals with monogenic disease.
Care of patients with rare genetic diseases remains a largely unmet need due to the paucity
of available and affordable treatments. Over recent years, there is increasing recognition
of the need for affirmative action by government, health providers, clinicians and patients.
The advent of new next generation sequencing (NGS) technologies such as whole genome/
exome sequencing, offers an unprecedented opportunity to provide large-scale population
screening of the Chinese population to identify the molecular causes of rare genetic diseases.
As a surrogate for lack of effective treatments, recent development and implementation of
noninvasive prenatal testing (NIPT) in China has the greatest potential, as a single technology,
for reducing the number of children born with rare genetic diseases.

Keywords: Next generation sequencing (NGS), noninvasive prenatal testing (NIPT), whole exome

sequencing (WES), chromosome disease, monogenic disease

1. Introduction

Genetic diseases, categorized as either chromosomal
or monogenic diseases, affect approximately 1% of all
individuals globally (/). There are over 100 different
clinically recognized chromosome disease syndromes.
Chromosome diseases are believed to be caused by de
novo abnormal chromosomal rearrangements in the
early preimplantation period of human development.
The most prevalent is Down Syndrome (DS) with an
incidence of 1 in 700 births. In contrast, around 7,000
distinct monogenic diseases have been described (2).
These monogenic diseases originate from mutations
carried in parental genomes and are inherited in an
autosomal recessive, dominant or X-linked manner.
In the Caucasian population, the most prevalent

Released online in J-STAGE as advance publication June 6,
2016.

Dr. David S Cram, Berry Genomics Corporation, Building 9,
No. 6 Court, Jingshun East Rd, Chaoyang District, Beijing
100015, China.

E-mail: david.cram@berrygenomics.com

monogenic disease is Cystic Fibrosis, with a carrier
frequency of 1 in 25 and an incidence of 1 in 2,500
births. Based on the combined disease incidences of
all chromosomal and monogenic diseases, genetic
disease is considered relatively rare compared to more
complex genetic diseases such as cancer. Being the
most populated nation in the world, China has the
largest share of patients with rare genetic diseases.
It is generally believed that there are approximately
10 million such patients living among the 1.4 billion
people (3), although this number could be grossly
under-estimated due to patients with unrecognized or
less severe disease.

Each year in China, we estimate that there are
around 26,000 new DS patients added to the population.
This estimate is based on an annual birth rate of 18
million newborn and a disease incidence of DS of 1
in 700 births. Factoring in the life expectancy of DS
patients which today is generally over 50 years of
age and, adjusting for population growth rate over
the last 50 years, we estimate that DS patients alone
currently account for around 1.4 million people. After
DS, sex chromosomal diseases, such as Turner (45,X),
Klinefelter (47,XXY), Triple X syndrome (47,XXX)
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and Jacob (47,XYY) syndromes have a combined
incidence of 1 in 1,000 births (4). With a near normal
life expectancy, the number of Chinese individuals
with sex chromosome disease syndromes is estimated
to exceed 2 million. In a review of chromosome
disease incidence in the United Stated (US), it has
been estimated that the combined number of patient’s
with other types of chromosome disease syndromes
far exceeds that of DS and sex chromosome disease
patients (5). On this basis, we estimate that the number
of Chinese patients with rare genetic disease caused
by chromosomal abnormalities alone is well over 10
million.

Although monogenic diseases are less prevalent
than chromosome diseases, based on population
size, they still represent a significant proportion of
the overall genetic disease burden in China. On top
of the list are blood disorders such as alpha- and
beta- Thalassemia, Sickle Cell Anemia (SCA) and
Hemophilia, the muscle disorders Duchenne Muscular
Dystrophy (DMD) and Spinal Muscular Atrophy
(SMA), the metabolic disease Phenylketonuria (PKU),
the sensory disorder Hereditary Hearing Loss (HHL)
and mental disabilities such as Fragile X Syndrome
(FXS). In southern China, the incidence rates of alpha-
and beta- thalassemia are among the highest in the
world, with a combined carrier rate of 11% and 23%
in Guangdong and Guangxi provinces respectively
(6,7), making thalassemia the number one rare genetic
disease in these regions. However, since the average
life expectancy is less than 10 years, we estimate that
the number of living thalassemia patients in these
provinces would not exceed more than 25,000. For the
other monogenic diseases mentioned, disease incidence
is much lower, ranging from as high as 1 in 3,000 to
as low as 1 in 10,000 individuals. Despite the low
incidence rate of each individual single gene disease,
their combined total still represents a large body of
patients in China because of the sheer magnitude of the
population size. We estimate that the number of existing
patients afflicted with monogenic diseases exceeds well
over a million in China.

2. Rare genetic disease management and treatment

Despite being increasingly recognized as an important
health issue, management of rare genetic diseases in
China still has long way to go. The main reason why
China is currently lagging behind many other countries
is primarily due to its large population size, with the
majority of health service resources directed towards
providing a good standard of general health care for
all people. However, several other factors such as low
economic status in the past, lack of ability to implement
technological advances and a conservative cultural
view of genetic disease have proven to be significant
contributing factors that have impeded managing the

burden of genetic disease.

Even though the number of patients with genetic
disease in China is very high, most stay confined in the
family home and do not participate in daily life. Except
in special events dedicated to a particular disease or
disability, patients with genetic diseases are rarely seen
in public. As in many other cultures, traditional Chinese
values discourage a family from allowing the affected
individual to go out. Without understanding the causes
of the diseases, the society in the past tended to blame
the family for the disability. Also, within the family,
when a child was born with a genetic disease, there
was a strong tendency for one of the parents to blame
the other for bringing disrepute to the family, causing
shame and guilt.

Armed with modern communication tools and
internet, attitudes are rapidly changing. More than ever
before, Chinese society as a whole is more likely to
accept a person with a rare genetic disease. Families
of rare genetic disease patient’s are openly sharing
their experiences online. There are chat rooms created
by internet companies to accommodate such needs
though the regulations to protect patient privacy
has not been put in place to safeguard information
exchange. Recently, a public outcry against the Chinese
internet giant Baidu’s selling the hemophilia chat room
information to a special interest group forced Baidu to
abandon the practice.

This event also exposed lack of patient advocacy
groups in China. During the event, it was the patient
families, the public and the government agencies who
were vocal and strongly demanded Baidu to make the
correction, not only for the hemophilia chat room,
but also for the chat rooms of the other rare genetic
diseases. That being said, there is momentum in forming
such advocacy groups. The Chinese Organization for
Rare Diseases (CORD) represents one of such groups.
Located in Beijing, CORD is visible in almost every
major conference for genetic diseases. Further, since
the first patient registry for genetic diseases was created
in 2011 (8), registries are steadily growing.

In recent years, government sponsored programs for
public awareness and screening of rare genetic diseases
has played an important role in diseases prevention. In
southern China, because of the prevalence of thalassemia,
special educational programs were created to make the
public aware of its existence, which led to a very high
rate of acceptance for the thalassemia screening program.
As a result, the birth rate of thalassemia patients has
dropped substantially (9). To further such programs,
in December of 2015, the National Health and Family
Planning Commission (NHFPC) created a special
committee consisting of eighteen prominent scientists
and Chinese academy members, dedicated to research
and advise the government in making policies for
prevention and treatment of rare genetic diseases.

There is also a cultural shift in the way families
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are coping with genetic disease in China. Now, more
than ever, families and patients are presenting to clinics
to seek the medical opinion of doctors regarding the
disease and possible treatments to alleviate suffering.
Medical doctors have become increasingly skilled at
making the correct clinical diagnosis for most genetic
diseases and some patients are willing to pay a small
DNA testing fee to define the causative familial
mutations. This is an important step if members of
the families have married and are planning to have
children, enabling the option of prenatal diagnosis.
In cases where the type of disease is not obvious,
sequencing based DNA testing of the likely genes can
also be ordered to define the mutation(s) and provide
a firm clinical diagnosis. Once parents have a better
understanding of their child’s disease and potential
treatments, they are finding it much easier to come to
terms with the disease in the family and cope better
with the day to day impact of the disease burden.

For the vast majority of genetic diseases, there is
no cure or effective treatments. Thus, once diagnosed,
patients with rare genetic diseases have very limited
treatment options. Patient care and support have
improved substantially in recent years, but access
to drugs is limited. As of 2014, the US FDA has
approved seven enzyme replacement therapy drugs
for lysosomal storage disorders, three drugs for
hereditary engioedema, and one drug for cystic fibrosis
(Kalydeco). The European Medicines Agency (EMA)
has also approved one gene therapy drug (Glybera) for
lipoprotein lipase deficiency. As listed in the clinical
trial website (clinicaltrials.gov), some of these drugs
are being evaluated under the guidelines of the Chinese
Food and Drug Administration (CFDA). To receive
treatments today, patients must be admitted to the trial
cohorts.

Even if these drugs are approved by CFDA in
the next few years, the cost of the drugs will prevent
most patients from receiving treatment. On average,
each drug costs about 300,000 US dollars per year
per patient in the US and European Union (EU). The
prices are set at such a high premium value because
the number of patients in the US and EU is low, and
because they are protected under the Orphan Drug Act.
For some of these diseases, the number of patients in
China is relatively high, making the pricing difficult to
justify. The equivalent law underpinning the Orphan
Drug Act has yet to be established in China. Such
pricing will definitely render these drugs unaffordable
for Chinese patients. The economy of rare genetic
disease management in China will likely adopt a more
cost-effective model for patients.

3. Next generation sequencing technologies for
prevention of genetic disease

In China, prenatal diagnosis continues to play a small,

but significant role in prevention of chromosome
disease, allowing couples the option of terminating an
affected pregnancy. In all major hospitals in China,
maternal serum screening and fetal ultrasound services
are available to assist in the detection of fetuses with
chromosome diseases. Confirmation of positive results
is usually performed by amniocentesis and fetal
karyotyping (10), although high-resolution array based
chromosome analysis methods have been available in
the last five years to detect more subtle chromosome
disease syndromes. Nonetheless, detection of sex
chromosome diseases still remains problematic because
these syndromes cannot be detected by maternal serum
screening and, in general, do not show any overt
clinical signs on ultrasound (4).

Prevention of monogenic disecases has largely been
ineffective because most couples are not aware of their
carrier status prior to conceiving a child. Further, the
vast majority of couples with a family history of genetic
disease, and therefore at high risk, have not pursued
testing due to the cost and time required to identify
the causative mutations. Therefore, with traditional
methods, the overall penetrance of diagnostic testing
remains very low. Further, the situation has been
confounded by other factors unique to China, including
the fact that 50% of the population lives in rural areas
and do not have good access to genetic services and, the
cost of testing is not subsidized (/7). Further, available
genetic services are stretched to full capacity and thus
it is logistically impossible with current laboratory
infrastructure, staff expertise and equipment for public
hospital diagnostic laboratories to cope, even if more
patients presented for testing.

The advent of NGS technologies (/2) such as
noninvasive prenatal testing (NIPT) and whole exome
sequencing (WES) offers new hope for disease
prevention in China. In fact, China is one of the
leading countries to develop and implement NIPT of
maternal blood for fetal chromosome abnormalities
(13,14). Several major companies including Berry
Genomics and Beijing Genomics Institute have
fundamentally driven this opportunity, making the test
available for all pregnant women over the last five
years. Furthermore, the CFDA took an unprecedented
step to mandate that all sequencing platforms and
technologies were accredited for clinical application,
giving the doctors and patients more confidence with
the test. NIPT has proven to be reliable and accurate,
demonstrating very high sensitivity and specificity
for detecting common aneuploidies such as T21 (DS),
T18 (Edward syndrome) and T13 (Patau syndrome) as
well as sex chromosome aneuploidies, with low false
positive and negative rates (/4).

The introduction of NIPT in China is beginning to
have an impact on reducing the incidence of common
chromosome diseases. For example, during 2015
where 18 million births were expected, commercial
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companies performed approximately one million tests
for pregnant women with borderline fetal risk. In
this screened population, the detection rates for T21,
T18 and T13 fetuses were approximately 1 in 200, 1
in 1,000 and 1 in 6,000, respectively. Since the vast
majority of couples elected to terminate these affected
pregnancies, the contribution of NIPT alone has already
started a downward trend in prevention of chromosome
disease in children, particularly DS. Therefore, with
government support, expanding the availability of NIPT
in China to the majority of pregnant women should be
a key objective of commercial companies and hospital
laboratories empowered with the technology. This will
also require government subsidies for NIPT testing,
further patient and doctor education and importantly,
the development of a more cost-effective test to
encourage higher uptake by pregnant women. If this
can be achieved, in time, the balance will eventually
be tipped in favor of preventing more babies born with
chromosome diseases than babies born with these
diseases.

There is also hope on the horizon for preventing
single gene disease in China. Carrier testing before
pregnancy is the key to success. Recently, WES
technology has been developed and validated for
identifying deleterious mutations associated with rare
monogenic diseases (/5). In the US, the uptake of
WES has been high and is currently offered by several
companies as a commercial service. China is heading
in the same direction and within the next few years,
it is anticipated that a cost effective WES test will be
available to Chinese couples. To be quickly effective
and provide the greatest impact, the testing strategy
needs to be focused initially on the top 10 diseases
and targeted to provinces or regions where the carrier
frequency is known to be high. Thus couples identified
at high genetic risk of having an affected child can have
traditional invasive molecular testing of the fetus, which
is widely available in most diagnostic laboratories.
Alternatively, these couples could choose assisted
reproduction and preimplantation genetic diagnosis
(PGD) to select disease-free embryos for transfer and
implantation (/6). Using this approach couples can
commence their pregnancy knowing that their fetus
does not have the familial genetic disease. However,
there are only around 20 fertility centers in China that
have a license to perform PGD, and therefore access to
this technology is currently limited.

Active research using the power of NGS technologies
and effective clinical translation is central to further
reducing the total burden of rare monogenic diseases
in China (2,17-19). Currently, only half the genes and
mutations associated with the 7,000 known monogenic
diseases have been identified (2). With the increasing
availability of whole genome sequencing (WGS), it has
been predicted that within the next ten years, we will
have a complete database of all genes and mutation types

causative of monogenic diseases. For the first time, this
is bringing WGS closer to the clinic, providing valuable
information to clinicians for making diagnoses of
children with congenital conditions that were previously
undiagnosable (/7,18). One recent success story in
China has been the application of NGS to unveil novel
genes and mutations associated with hereditary hearing
loss (20). This approach is now providing important
information for genetic counseling and expanding the
reproductive options for couples at genetic risk to prevent
hearing loss in their offspring.

Current clinical research activities in China are now
heavily focused on developing novel NIPT strategies
for detecting the full spectrum of chromosome
disease syndromes. NGS based NIPT methods for
simultaneous detection of common ancuploidies as
well as submicroscopic deletions and duplications are
well advanced (27). At the clinical level, pilot studies
are underway in several provinces to evaluate the
reliability and accuracy of these new methodologies.
In addition, promising NGS based technologies have
been developed for NIPT of monogenic diseases.
Haplotype based targeted sequencing of maternal
plasma has been shown to be accurate for the diagnosis
of HHL (22) and SMA (23). Further, an alternative
NIPT method called circulating single molecule
amplification and re-sequencing technology (cSMART)
has also been demonstrated to accurately genotype the
fetus in pregnancies at risk for Wilson Disease (24). In
principle, even if there is no knowledge of the causative
parental mutations, it is possible to develop these two
technologies further for the diagnosis of a broader range
of monogenic diseases. Thus, with a focused strategy
to clinically implement these second-generation NIPT
tests, it will be possible over time to substantially
reduce the burden of chromosome and monogenic
disease in China.

4. Conclusion

Management of the burden of rare genetic disease in
China remains a challenging issue due to the sheer
size of the population. With few treatment options,
families cope remarkably well when caring for affected
individuals. Government bodies, clinicians and patients
are becoming increasing educated about the causes of
genetic disease. The way forward for China is active
disease prevention, which will serve as a surrogate
for the lack of effective and affordable treatments. A
plethora of new NGS technologies are now widely
available for detection of chromosome disease and
uptake is rapidly growing. With the development of
more cost effective tests combined with Government
subsidies, increased numbers of pregnant women will
more likely undertake NIPT for chromosome disease,
and eventually when available, also embrace NIPT for
monogenic diseases. If this can be achieved in the short
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term, the number of Chinese children born annually
with rare genetic diseases will rapidly decline and,
over a sustained period of time, the number of existing
individuals with rare genetic diseases will begin to
steadily decline.
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Summary

The fragile X mental retardation 1 gene, which codes for the fragile X mental retardation 1
protein, usually has 5 to 40 CGG repeats in the 5' untranslated promoter. The full mutation
is the almost always the cause of fragile X syndrome (FXS). The prevalence of FXS is about
1in 4,000 to 1 in 7,000 in the general population although the prevalence varies in different
regions of the world. FXS is the most common inherited cause of intellectual disability and
autism. The understanding of the neurobiology of FXS has led to many targeted treatments,
but none have cured this disorder. The treatment of the medical problems and associated
behaviors remain the most useful intervention for children with FXS. In this review, we
focus on the non-pharmacological and pharmacological management of medical and
behavioral problems associated with FXS as well as current recommendations for follow-up
and surveillance.

Keywords: Fragile X syndrome, Autism Spectrum Disorder, Intellectual Disability, developmental
delay, premutation, clinical management, clinical guidelines, treatment, medical problems, FMRI,

FMRP

1. Introduction

Fragile X syndrome (FXS) is the most common
inherited cause of intellectual disability (ID) and the
most common monogenetic cause of autism (ASD)
that is known. FXS was initially described in 1969 by
Lubs and colleagues (/) and the first fragile X-linked
pattern of inheritance was reported by Martin and Bell
in 1949 (2,3). In FXS there is a mutation in the Fragile
X Mental Retardation 1 (FMR1) gene which involves an
expansion of more than 200 CGG repeats. Individuals in
the normal population have approximately 5 to 40 CGG
repeats within MR/ and individuals who are carriers
for FXS (premutation) have 55 to 200 CGG repeats
(4-6). The molecular basis of FXS is characterized by
the CGG full mutation and methylation of the cytosine
bases, which leads to silencing of transcription and
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deficiency or absence of the encoded protein, Fragile X
mental retardation protein (FMRP). FMRP is a major
protein regulator of the translation of many mRNAs
involved in synaptic plasticity (7). Therefore, in FXS
the lack of FMRP causes significant intellectual deficits.
Usually, expansions occur between generations when
passed on by a female with the premutation into a full
mutation in the offspring (8§). Women, who are known
carriers of the FMRI gene mutation, can obtain prenatal
diagnosis including chorionic villus sampling (CVS)
and/or amniocentesis studies as recommended by the
American College of Obstetricians and Gynecologist
(9). Preimplantation diagnostic services and in vitro
fertilization are also available (/0-72). Individuals with
FXS present with a wide range of learning disabilities
ranging from normal functioning to borderline cognition
or mild to severe ID. The average Intelligence Quotient
(IQ) of males with the full mutation is 40 (/3).
Intellectual and developmental disability occurs in 85%
of males and 25% of females. Furthermore, FXS also
accounts for approximately 2 to 5% of all individuals
diagnosed with ASD. In FXS about 60% of males have
ASD (/4). Physical manifestations are subtle in infants
and young boys. These include: midface hypoplasia with
sunken eyes, arched palate, macroorchidism, and large
cupped ears among others (Figure 1).
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Figure 1. Young boy with fragile X syndrome and his Go
Talk device. Note prominent ears with cupping of the
pinnae. The participant's family provided informed consent
for the use of this picture.

Medical problems associated with FXS include
mitral valve prolapse, otitis media, seizures, strabismus,
joint laxity, sleep disturbances, and gastrointestinal
problems. In this review, we provided a summary of
the prevalence and clinical management of medical
problems associated with FXS other than ID and ASD
(Table 1).

2. Fragile X syndrome associated medical problems
2.1. After birth problems

Boys with FXS are slightly larger than average in
weight at birth. The mean birth weight from earlier
studies ranges from 3,490 gms. to 4,046 gms. in white
male infants (/5). The mean birth weight of boys
with the FXS was in the 70™ percentile, they also
had a higher birth weight than their siblings when
this was corrected for gestational age and sex (/6).
The mean birth weight in FXS was increased and the
average linear growth was also above the mean for
typically developed boys with the greatest increase
after the second year of life. In contrast, the weight
measurements were on average below the mean until
two years of age. It is suggested that in FXS there is
a disturbance of early infantile growth (/7); however,
the overall proportion of infants with low birth weight
was similar to that in the general population (/8). After
birth, the head circumference tends to rise above the
50" percentile and continues to be larger than those
without FXS. Jacobs et al. noted that in six of nine
affected men, the head circumference was greater than
the 90" percentile (/8), but other studies have shown
that the mean head circumference (/9-27) and the
mean birth length are not different of those of control
population (27). Hagerman and colleagues found no
difference in the height, weight or head circumference
of girls with FXS compared with those without the full
mutation (22).

Some studies reported that the height of males
with FXS is greater than the 50" percentile and height
curves for FXS were higher at nearly every point in

the prepubertal section of the curves, but height was
lower at postpubertal ages (23,24). A subset of children
with FXS can be misdiagnosed as having Sotos
syndrome or Prader-Willi syndrome (25). The Prader-
Willi phenotype (PWP) can be observed in FXS and
it consists of extreme obesity, hyperphagia, lack of
satiation after meals, small genitalia, delayed puberty,
sometimes short stature and stubby hands and feet (26-
28). Sotos-like syndrome was reported in 1986 in two
boys with FXS featuring large size at birth, unusual
length, large head circumference and minor facial
abnormality (29).

Structural longitudinal magnetic resonance imaging
(MRI) study of preschoolers with FXS observed
generalized brain overgrowth compared to controls,
evident at age two and maintained across ages 4-5 (30).
The molecular biology of FXS suggests a possible
mechanism for brain growth patterns. Harlow and
colleagues have demonstrated that FMRP inhibits the
generation of progenitor neurons from glia cells but
enhances the glial cell number in mouse cerebral cortex,
suggesting that the lack of FMRP, as seen in FXS
might result in an increased proliferation of progenitor
glial cells and subsequent cerebral cortical overgrowth
(31). The presence of early brain differences in young
children with FXS points to aberrant early brain
development in this condition (37).

FMRP also regulates the phosphatase and tensin
homolog (PTEN) gene translation that in turn regulates
growth. The results of genetic and regression analysis
showed that in both boys and girls, total pubertal height
gain is impaired, whereas the rate of growth during
the preadolescent period is increased, compared with
the growth rate of subjects without FXS. The study
demonstrates the linear effect of progressively reduced
levels of FMRP on a number of physical measurements
(32). This effect is predictably less strong in females
than in the males because of the presence of the second
unaffected X chromosome. The inverse relationship
of height and limb length with FMRP deficit supports
a possible role of hypothalamic dysfunction in growth
disturbances in FXS that may be more severe in those
with the PWP (33). This dysfunction may cause a
premature increase in the pulsating secretion of high
doses of estrogen, thus leading to earlier epiphyseal
maturation (34). The hypothesis of premature activation
of the hypothalamic-pituitary-gonadal axis may explain
the cause of growth impairment in FXS and occasional
precocious puberty in females with FXS, a few cases
have been reported (35,36).

2.2. Otitis media (OM)

OM is one of the most frequent medical problems
associated with FXS. Even when children with FXS
have a high pain threshold and may not specifically
complain about ear pain, 85% of children with FXS
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Table 1. Summary of medical problems and management

Medical problem  Prevalence Ageof Severity Complications Recommendations Follow up
presentation
Growth Low birth weight - Brain Moderate - Overweight - Lifestyle changes including - Monitor patient's
- FXCRC: 9% overgrowth healthy diet and exercise weight, height and
- Other studies: 2-5 years to minimize problems head circumference
8% associated with increased closely in each visit
weight
Preterm - Height
- FXCRC: 16% deceleration:
- Other studies: after puberty
12%
Otitis media - FXCRC: 55% Childhood Mild - Acute sinusitis - Pneumococcal and - Surveillance of the
- Other studies: - Recurrent otitis influenza vaccines potential adverse
45-85% media - Breastfeeding for at effects of antibiotic
- Exacerbate the least 4-6 months prophylaxis including
cognitive and - Eliminate passive exposure hypersensitivity
language deficits to tobacco smoke reaction and
- Conductive - Reduce pacifier and bottle gastrointestinal
hearing loss usage problems
- Antibiotic therapy
- Ear tubes placement
Seizures -FXCRC:10%  Early childhood Mild to - Developmental - Educate parents and -EEG
- Other studies: severe and behavioral follow up patients with - Drug-specific blood
12-18% morbidity history of seizures test
- Carbamazepine - Discontinue medication
- Valproic acid after patient is seizure-
free for 2 years unless
EEG is abnormal

Mitral valve -FXCRC: 0.8%  Childhood to Mostly - Rarely mitral - Mitral valve repair or
prolapse - Other studies: adolescence asymptomatic ~ regurgitation, replacement rarely
50%o0f males congestive heart required
and 20% of failure and
females endocarditis
Gastrointestinal - FXCRC: 2%-8% Childhood to Mild - Failure to thrive - Thickening agents
problems - Other studies: adolescence - Irritability - Antacids
11% - Behavioral - Histamine-2 blockers
problems - Proton pump inhibitors
Sleep problems - FXCRC:26.9% Infancy and Mild to - Disturbance - Behavioral intervention
- Other studies: childhood moderate in daytime - Melatonin
32%-47% performance - Clonidine
- Behavioral
problems
Obstructive -FXCRC: 7% Childhood Moderate to - Vigilance - Steroids to reduce tonsillar
sleep apnea - Other studies: severe impairment and hypertrophy
21-32% neuropsychological - Continuous positive airway
deficit pressure
- Decrease in day - Surgical intervention
time performance  including tonsillectomy
- Increase in - Behavioral therapy
behavioral
problems
Strabismus -FXCRC: 17% Early childhood Mild to - Amblyopia - Corrective eyeglasses
- Other studies: moderate - Visual training exercise
8% - Surgery
Tic disorder - FXCRC: 6% Before 18 years Mild - Usually - Educational and supportive
- Other studies: of age uncomplicated approach
15% - Medications rarely
necessary
Toileting issues ~ 49% Delayed several Mild to - Enuresis - Behavioral therapy
years moderate - Encopresis - Desmopressin
- Fiber supplements in case
of constipation
Sensory 20%-50% Early childhood Moderate to - Lack of - Medications related to
integration severe participation in inattention, anxiety,
problem activities that are aggression and autonomic
necessary for brain  symptoms
development - OT therapy

- Surveillance cardiac
evaluation

- Surveillance on
height and weight

- Monitor the side
effects of sleep
medications

- Careful history of
sleep habits

Monitoring and
managing obstructive
sleep apnea in every
child visit

- Refer to sleep
specialist

- Comprehensive
ophthalmologic
examination of every
child with FXS by
age 4 or sooner if
strabismus is detected

- Long term
relationships to
improve patients self-
esteem and coping
with their tics

- Toileting counselling
by 1 year of age

- Assessment tools
such as sensory
profile questionnaire,
elc.

FXCRC: Fragile X Clinical and Research Consortium Study; FXS: Fragile X syndrome.
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have at least one diagnosed episode of OM (37). An ear
examination is warranted for any change of behavior and
sleep patterns as well other symptoms including fever,
vomiting, and headache. Children with FXS commonly
develop OM complications including decreased hearing
acutely and at least one-fourth develop acute sinusitis.
Furthermore, OM recurs in about 50% of children with
FXS recurrent 5 years of age (37). There is not data
reported about the rates of chronic otitis. Recurrent
otitis media may cause conductive hearing deficits
and exacerbate the cognitive, language, and behavior
problems that exist in this syndrome (38); therefore, the
treatment of OM should be aggressive. The American
Academy of Pediatrics initial recommendation for
uncomplicated OM is an observation period for children
6 months to 2 years with unilateral OM without otorrhea
and for children older than 2 years with bilateral OM
without otorrhea; however, we recommend to consider
skipping the observation period and using antibiotic
therapy in children with FXS (39). The craniofacial
changes in FXS including a long face and collapsible
Eustachian tubes predispose children to OM infections.
Signs of slight redness, mobility impairments and
abnormal positioning of tympanic membrane (TM)
such as retraction or bulging, should be carefully
assessed. Initial antibiotic therapy for 10 days includes
a high dose of amoxicillin (80-90 mg/kg per day in 2-3
divided doses). If not improvement after 48-72 hour,
Amoxicillin-clavulanate (same dose of amoxicillin + 6.4
mg/kg per day of clavulanate (amoxicillin to clavulanate
ratio, 14:1) in 2 divided doses) or Ceftriaxone (50 mg
IM or IV for 3 day) are recommended. A low threshold
for early tympanostomy tube placement and antibiotic
prophylaxis (amoxicillin low dose) is also advised.
The potential adverse effects of antibiotics, principally
allergic reaction and gastrointestinal tract consequences,
such as diarrhea are important considerations for
tympanostomy tubes over prophylaxis.

Clinicians should stress the recommendations of
pneumococcal conjugate and influenza vaccine to all
children, according to the schedule of the Advisory
Committee on Immunization Practices, American
Academy of Pediatrics (AAP), and American Academy
of Family Physicians (AAFP). Multiple studies provide
evidence that breastfeeding for at least 4 to 6 months
reduces episodes of OM and recurrent OM (40-43).
Eliminating passive exposure to tobacco smoke could
also reduce the incidence of OM in infancy. In addition,
bottles and pacifiers have been also associated with OM
(44-49). Finally, Xylitol syrup, chemically a pentitol or
S-carbon polyol sugar alcohol, has shown a statistically
significant reduction (25%) in the risk of occurrence of
OM among healthy children (50).

2.3. Seizures

Seizure prevalence studies in FXS have shown

discordant results; a study conducted in neurology
clinics reported a broad prevalence range of 14%
to 44%, while studies that focus on FXS patients in
community hospitals or FXS clinics reported lower
ranges of 12-18% (51-53). Typically, males have a
higher prevalence when compare to females. In the
national survey of caregivers of individuals with FXS,
from 1,394 individuals, 14% of males and 6% of females
were reported to have seizure (54,55). Studies in the
Fmrl knockout (KO) mouse shows immature dendritic
connections, increased number of long and thin spines
which point to the deficiency in the normal selection or
pruning of the synaptic contacts that occurs in neuronal
development (56,57). These results demonstrate that
FMRP is important in the maturation of adult dendritic
spine morphology (58). Immature dendritic connections
can predispose the KO mouse to audiogenic seizures,
although deficits in gamma amino butyric acid (GABA)
inhibition are also related to the seizures in FXS (59,60).
Similar abnormal dendritic formations are also observed
in the brain of humans with FXS and may explain the
higher frequency of seizures. In addition to structural
changes, the absence or deficiency of FMRP leads
to increased neuronal excitability and susceptibility
to seizure (6/7). Other studies hypothesize that the
pathophysiology of seizures in those with FXS can be
related to the imbalance of the excitatory and inhibitory
neurotransmitter systems (60,61).

It is important to consider that many children
with FXS have abnormal electroencephalogram
(EEG) without overt seizures (62,63). In those with
overt seizures, all types of seizures can occur. Some
studies have shown a predominance of generalized
seizures (64), secondary generalized seizure and status
epilepticus seizure (64). Seizures in FXS may also
resemble benign focal epilepsy in childhood with
centro-temporal spikes (65,66). In general, complex
partial seizures are the major type of seizure in FXS.
The observed seizures are — typically- not severe and
mostly limited to childhood (66); however, the presence
of seizures at an early age appears to be associated
with developmental and behavioral morbidity that can
impact brain function. Remarkably, those patients with
FXS and seizures are more likely to have ASD (67).
The current practice is to educate parents and follow-
up patients closely for any possible episodes of seizure:
starring spells, unexplained behavior, atypical facial
gestures, vomiting at night, regression of development,
language or behavior changes, as well as, significant
sleep disturbance. If seizures are suspected, then it is
recommended to obtain an EEG in both the waking
and sleeping states (68). It is also important to tell
families to avoid soy formulas in young children with
FXS because of the recent report of soy formula intake
increasing the prevalence of seizures in those with ASD
and FXS (69).

Seizures are usually easily managed on
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monotherapy with anticonvulsants. Historically,
most individuals with FXS have experienced good
control with carbamazepine or valproic acid, with
fairly limited adverse effects (69). Carbamazepine
stabilizes the inactivated state of voltage- gate sodium
channels. Its action leaves the affected neuronal cells
less excitable. Carbamazepine has also al, 2, and y2
subunits containing GABA receptor agonist actions.
Carbamazepine-gene testing, pharmacogenomics or
pharmacogenetics, to look for the human leukocyte
antigen B 1502 (HLA-B*1502), the variant may
determine whether carbamazepine could be an effective
treatment or whether side effects may develop. The
United States Food and Drug Administration (FDA)
recommends that patients with Asian ancestry should
be tested for the HLA-B*1502 gene variant before
treatment. Testing individuals of other ancestries is not
typically performed (70-72). The carbamazepine label
contains warning for blood dyscrasia and common
side effects are drowsiness, dizziness, headaches and
migraines, motor coordination impairment, nausea,
vomiting, and/or constipation. Carbamazepine
has also the advantage that can be used as a mood
stabilizer at a typical dosage (73). The valproic acid
mechanism of action is not fully understood, but the
reduction of phosphatidylinositol (3,4,5)-trisphosphate
(PIP3), as well as, the blockade of voltage-dependent
sodium channels may protect against secizures; the
increased brain levels of GABA may contribute to its
mood stabilizer properties as well as its antiepileptic
mechanism of action. The most common adverse effects
of valproic acid are digestive complaints (diarrhea,
nausea, vomiting and indigestion), vision problems
(double vision or lazy eye), hormonal disturbances
(increased testosterone production in females and
menstrual irregularities), hair loss, memory problems,
weight gain, infections, low platelet count, dizziness,
drowsiness, tremor and headache (74,75). The FDA
recommends patient testing on the Valproate (VP)
drug label to avoid prescribing the drug to individuals
with urea cycle disorders, the information is lacking
about what type of genetic testing and how it should
be carried out. Newer studies correlating genotype-
phenotype associations with the clinical response will
be helpful to increase drug efficacy and to reduce drug-
related toxicity (76).

For those who failed carbamazepine or valproic
acid, lamotrigine can be used as a fairly effective
second line. Phenytoin has the adverse effects of gum
hypertrophy and can interfere with dental hygiene.
Phenobarbital and gabapentin also should be avoided
because they exacerbate behavioral problems including
hyperactivity (76). Drug-specific blood level testing,
liver function studies, electrolytes, complete blood
count (CBC) and general health monitoring should
be considered for any child taking anticonvulsant
medications (76).

2.4. Mitral valve prolapse

Mitral Valve Prolapse (MVP, floppy mitral valve) is
a valvular heart condition that is characterized by the
displacement of an abnormally thickened mitral valve
leaflet into the left atrium during systole (77). The
prevalence of MVP in the general population is estimated
at 2-3% (77); however, MVP is observed in 7% of
autopsies in the United States (78). Studies of individuals
with FXS have shown that MVP occurs in approximately
50% of males and 20% females with echocardiogram
confirmation (79,80). However, a recent Fragile X
Clinical Research Center (FXCRC) database study using
only clinical reports showed a prevalence of only 0.8%.
Perhaps this relates to the fact that MVP is more common
in adults than children and often cannot be diagnosed
by just auscultation. Careful cardiac auscultation is
recommended during every annual physical examination
and if a systolic murmur or the classical MVP murmur
is detected (a mid-systolic click, followed by a late
systolic murmur heard best at the apex), then it is
recommended to request a cardiology evaluation which
should include an echocardiogram (8/). Individuals
with MVP, particularly those without symptoms, often
require no treatment (82). Those rare cases of MVP
and symptoms of arrhythmias or dysautonomia may
benefit from beta-blockers. Individuals with MVP are
at higher risk of infective endocarditis, approximately
three- to eightfold the risk of the general population
(82). Before 2007, the American Heart Association
recommended prophylaxis for dental surgery and other
invasive procedures that could introduce bacteria into the
blood stream. Thereafter, the association determined that
individuals with MVP should not receive prophylaxis
routinely; prophylaxis for dental procedures should be
recommended only for patients with underlying cardiac
conditions associated with the highest risk of adverse
outcome from infective endocarditis (83).

Surveillance cardiac evaluations are necessary for
those with moderate MVP, in order to evaluate the
degree of regurgitation. In very rare instances when
MVP is associated with severe mitral regurgitation,
mitral valve repair or surgical replacement may be
necessary. In the general population, MVP is observed in
individuals who tend to have low body mass index (BMI),
it is unknown if MVP in FXS is associated with lower
BMI. Abnormal elastin fibers have been detected in the
cardiac valves and in the skin of individuals with FXS
so MVP is thought to be related to the connective tissue
problems seen in FXS and are related to abnormalities of
the elastin fibers (84). Dilation of the aortic root is also
seen in many individuals with FXS in both childhood
and adulthood and this is also associated with abnormal
elastin fibers (35,58); Typically, this is not progressive
nor have significant aneurisms been reported. In
summary, MVP carries a very low risk of complications,
but in rare severe cases complications may include mitral
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regurgitation, infective endocarditis and congestive heart
failure. Further, larger longitudinal studies that described
the prevalence and MVP and its complications are
necessary.

2.5. Gastrointestinal problems

The frequency of gastro intestinal (GI) problems in
FXS remains to be determined, but initial and current
studies showed a similar proportion (prevalence
~11%) of children suffering from diarrhea and gastro-
esophageal reflux disease (GERD) (85,86). Interestingly
GI problems have been described to be quite common in
other connective tissue disorders, such as Ehlers-Danlos
syndrome (EDS) and Marfan syndrome; such problems
include GERD, irritable bowel syndrome, and diarrhea
(87-90). Even more intriguing is the association of the
premutation and irritable bowel syndrome and the fact
that developmental disorders and autism are usually
associated with constipation rather than diarrhea as
observed in FXS (97). General recommendations should
be provided and medication management, such as,
thickening agents, antacids, histamine-2 (H-2) blockers
and proton-pump inhibitors, should be prescribed if
necessary. Individuals with FXS have higher pain
threshold which along with the communication deficits
can mask the frequency of abdominal pain and other
gastrointestinal symptoms. Surveillance on height and
weight are appropriate to determine a failure to thrive
(FTT) and referral to gastroenterologist specialist and
nutritionist are recommended in the presence of FTT or
poor weight gain. It is likely that the frequent loose stools
in FXS are related to autonomic dysregulation including
sympathetic hyperarousal and chronic anxiety (92).

2.6. Sleep

Sleep problems are very common in the general
population and even more common in young children
with FXS. There are many issues that disturb normal
sleeping patterns such as problems falling asleep,
frequent nighttime awakenings, waking up too early,
and parasomnias. In children with FXS the prevalence
of sleep problems was reported to be 26-47% (93,94)
which is higher than the prevalence observed in typical
children (10-25%) (95,96). A recent study showed that
the prevalence did not have gender or demographic
differences and that the severity of sleep disturbance in
FXS children was more pronounced when compared
to typically developing children. The most frequent
problems reported were difficulty falling asleep and
frequent nighttime awakening (97). In addition, altered
sleep patterns and dysregulated melatonin profiles
have been observed in adolescents with FXS as well
as greater variability in total sleep time, difficulty in
sleep maintenance, and significantly greater nocturnal
melatonin production in the boys with FXS (98). Children

with FXS are at a higher risk for sleep problems at very
young age (~3 years of age) and the sleep problems may
not resolve with age. Therefore; it is recommended that a
careful history of sleep habits must be included in every
clinical visit (99), starting at a young age and continue
throughout their life. The physician may simply ask the
parents if they have any concerns about their child's sleep
or if their child takes more than 30 minutes to fall asleep
at bedtime. Standardized parent questionnaires, such as
the Child's Sleep Habit's Questionnaire or a two-week
sleep diary are good tools to assess sleep problems (99).

Treatment of sleep problems in FXS includes
behavioral interventions and medications. Behavioral
intervention should include bedtime routines, positive
reinforcement, effective instructions and parental
support. An example is "extinction" (removing
reinforcement to reduce a behavior) which can
effectively reduce the falling to sleep period and increase
overall sleep time. The medications used to treat this
medical problem include melatonin and if needed,
clonidine (99). Melatonin can effectively improve total
night sleep duration, sleep latency time, and sleep-onset
time (/00). A study in the Fmrl KO mouse showed
that the therapeutic effects of melatonin may be due to
its antioxidant effects and ability to normalize synaptic
connections (/01,102). Other studies of antioxidants in
the KO mouse include alpha-tocopherol (vitamin E) and
N-acetyl-cysteine (NAC) (/03) and omega-3 therapy
(104) with improvement in the maturity of dendritic
spines and enhanced Brain Derived Neurotropic Factor
(BDNF) levels in the hippocampus respectively.
However, these antioxidants have not been studied for
improvement in sleep in FXS. Melatonin should be
given 1 hour before bedtime. The dose recommended for
children with FXS ranges 0.5-5 mg. It is recommended
to start with the lowest dose of 0.5 mg then adjust the
dose with the response (1035, 106). No significant adverse
effects of melatonin have been reported in those with
FXS although in some patients it can cause agitation
(106,107). Another study reported increased seizures
in children with neurologic disabilities treated with
melatonin but this has not been seen in FXS (108).
Clonidine is alpha-agonist with off-labeled use for
insomnia in the pediatric population. It is also used to
treat attention deficit hyperactive disorder (ADHD)
symptoms because it can decrease motor activity (/09).
Clonidine has an overall calming effect for the treatment
of ADHD in FXS, but clonidine can cause significant
sedation at higher doses so it is helpful for facilitating
sleep. Dangerous side effects can occur in overdose so its
use must be carefully monitored. The clonidine patch or
catapres transdermal therapeutic system (Catapres-TTS1,
2 and 3) should not be used in young children who might
pull it off and eat it because this leads to a significant
overdose. Clonidine should not be used in the patients
with a history of cardiovascular disease or depression
(109).
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2.7. Obstructive sleep apnea

Obstructive sleep apnea (OSA) is characterized by
repeat brief episodes of airflow obstruction in the oral-
nasal airway that occurs during sleep (//0). These
episodes of complete airflow cessation (apnea) or partial
airflow obstruction (hypopnea) result in both frequent
and transient reduction of brain oxygen levels (171). It
occurs more often during rapid eye movement (REM)
sleep and is rarely proceed by body movements (//2).
The prevalence of OSA among normal children is about
0.8% to 2.8% (113); however, it can be higher among
children with neurodevelopment problems including
FXS (114,115). OSA-related symptoms included loud
snoring, apnea, awakening with gasping breaths, enuresis
and daytime sleepiness (//6,117). OSA in children is
associated with concentration deficits, reduce learning
ability, lower cognitive function, and school difficulties.
Vigilance impairments and neuropsychological deficits
are among the main symptoms seen in OSA (//8). Some
studies suggest that vigilance impairment is attributed
mostly to nocturnal hypoxemia (//8). In addition to
cognitive issues, a large number of studies found that
OSA is associated with medical problems such as
cardiac tissue changes as well as systolic and diastolic
blood pressure changes. Previous reports suggest that
children with OSA and hypertrophied tonsils tend to
aspirate oropharyngeal secretion which can lead to
pneumonia (/79). The association of GERD with OSA
has been documented previously, possible due to higher
esophageal negative pressure which is generated by
increased respiratory efforts (/20). Studies suggest that
in typically developing children, early diagnosis, and
treatment of pediatric OSA may improve the child's long-
term cognitive, social potential and school performance.
The standard diagnostic procedure for establishing the
presence of OSA is the overnight polysomnography
(PSG) (120). Although overnight PSG can be very
effective in diagnosing OSA, for some patients the test
is labor-intensive. The management of OSA has three
main aspects. The first step is drug therapy, which may
alleviate adenoidal and tonsillar hypertrophy. The second
is drainage of nasal secretions, and the third step is
surgery. Adenoidectomy with or without tonsillectomy
is the primary treatments for OSA and it is usually
very effective for those with FXS (/27). Continuous
positive airway pressure (CPAP) is a feasible therapeutic
intervention in children with neurodevelopment deficits
including FXS, although it is reported that patients have
a low compliance to this therapy (/21).

2.8. Strabismus

Strabismus is one of the phenotypic characteristics
in FXS and it is an abnormality of the ocular motility
and deviation of the eyes away from binocular vision.
Strabismus is better defined as exotropia, esotropia,

hypotropia, and hypertropia which describe the
orientation of the eyes. Exotropia is the most common
type of strabismus found in FXS and it is thought to
be caused by an asymmetrical tone of the extraocular
muscles (/22). Early studies reported the prevalence
of strabismus in FXS ranging from 28 to 57% (/23-
125), however later studies found that the prevalence
was only 4.4-8% (126,127) and a recent FXCRC study
reported a prevalence of 17.5%. The initial higher rates
are thought to be related to selection bias in the earlier
studies. Nevertheless, the prevalence was significantly
higher than the prevalence in typical children (2.6% vs.
4%) (128,129).

It is crucial to detect strabismus early in life because
if left untreated strabismus may progress to amblyopia,
a permanent decrease in visual acuity due to the
disuse of the abnormal eye during visual development.
Tests used to detect the strabismus are; corneal light
reflex, cover/uncover test and simultaneous red reflex
test. Once strabismus is detected, the child should
be referred to a pediatric ophthalmologist for further
evaluation and management. It is recommended
that every child with FXS have a comprehensive
ophthalmologic examination by age 4 or sooner if
an abnormality is detected (/30). The treatment of
strabismus should improve vision impairment and
alignment abnormalities. The vision impairment
leading to amblyopia can be treated by occluding the
preferred eye and correcting the refractive errors of the
affected eye with eyeglasses. The ocular alignment can
be corrected by visual training exercises, but surgery is
needed in many cases (/31).

2.9. Tic disorder

Tics disorders are generally classified according to
the age of onset, duration, and severity of symptoms
and the presence of vocal and/or motor tics (/32). The
fifth edition of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-5) lists three types of tic
disorders: Tourette syndrome (TS), chronic motor or
vocal tic disorder, and provisional (transient) tic disorder
(133). The prevalence of transient tic disorders in
children aged 13-14 years is from 3-15% and chronic
motor tics ranges from 2-5% (/34-136); however, tic
disorders may be more frequent than the prevalence
reported because many patients with tics do not seek
medical attention (/36).

The prevalence of tics in FXS differs among studies.
Tics were reported in 16% of 152 people with FXS in
a cohort study in the United States. Tic disorders are
characterized by involuntary or semi-voluntary, sudden,
brief and rapid, recurrent, repetitive, non-rhythmic,
unpredictable, meaningless and stereotyped motor
movements, such as, eye blinking, shoulder shrugging
and throat clearing or sounds produced by moving air
through the nose, mouth or throat (phonic or vocal tics)
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including swearing and complex expressions (/36).
Tics are not constant and appear in the background
of normal motor activity, except for extremely severe
cases (/37). Tics disorders appear before 18 years of
age and occur before taking stimulant medications in
those FXS, however, tics may be unmasked or worsened
by stimulants. An important step in the approach to the
patient with tics is to rule out secondary causes of tics
disorders. Drugs including stimulants, antidepressants,
antihistamine and antiepileptic's may cause tics; tics
disappear with the interruption of these medications
(137). Treatment is not always necessary and only severe
cases should be treated preferably with monotherapy at
low doses (/38,139). Usually clonidine or guanfacine
use in FXS is effective for tics in FXS; however, most of
the time tics are not severe and do not need medication
treatment. Aripiprazole or risperidone may sometimes be
helpful to treat tics in FXS (739).

2.10. Other Problems

Toileting issues are one of the most challenging problems
for patients and their families. The problems include
bowel and bladder control, washing and wiping abilities,
and inclination to be toilet trained. Nearly half (48.8%)
(140) of children with FXS had toileting problems and
the time they were toilet-trained was delayed compared
to the normal population. A study of functional skills
of individuals with FXS showed that the majority of
females with FXS could demonstrate toileting skills by
age 11 to 15 years, while males by age 15 to 20 (/41).
We must take into consideration that toilet training is
a challenging task for parents even in typically developed
children. The guidelines for toilet training for children
with FXS are not different from those of typical children.
The most important step is to start the training when the
child is ready; the appropriate time to initiate the training
should be based on developmental and behavioral
milestones achievements rather than chronological age
(142). Physicians should initiate conversations about this
issue with the parents at a young age (~1 year of age),
it is also important to discuss with the family how to
assess the child's readiness for toilet training in order to
avoid maladaptive behaviors among other psychological
problems associated with failed toileting training.
Special concerns for children with FXS may be due to
their increased anxiety, slow learning skills, sensory
sensitivity and defensiveness (/42). The steps for toilet
training are deciding what words to use, picking a potty-
chair, helping the child recognize signs of needing to
use the potty-chair, making trips to the potty-chair as a
routine, and encouraging the use of the potty-chair (/43).
Positive reinforcement, extinction, and a star-chart can
be used as strategies in the training. During the training
accidents should be expected, the parents should address
these events lightly and avoid upsetting comments and
negative reinforcement. Punishment and scolding will

only make the training harder and may increase the time
needed for toilet training. Creating a routine pattern and
patience are keys to success in the training.

Other common problems in children with FXS
mentioned by caregivers and physicians are sensory
processing and integration issues. Sensory processing
and integration have major roles in human development
(144). Individuals with FXS have an enhanced
sympathetic response to sensory stimuli (/45), and the
feel of a potty-chair. The sensation of evacuation is often
anxiety provoking to children with FXS such that they
may avoid these stimuli.

The sensory process has two important components
which are sensory discrimination and sensory
modulation. Sensory discrimination is the process in
which sensory stimuli are distinguished, given their
meaning and use. Problems with sensory discrimination
can cause poor recognition and interpretation of sensory
stimuli, which in turn may result in difficulties in
sensory-motor skill development, such as, brushing
teeth, climbing or riding a bike, being a picky eater,
etc. Sensory modulation is how the sensory stimuli are
used and responded to. Problems with this process can
cause hyper-response, over-activity, poor attention and
poor coping. The most common sensory modulation
difficulty reported in FXS is hyperarousal. Examples of
the processing problem are difficulty tolerating bright
lights and loud noises, crowded places overstimulation,
difficulty making good eye contact, and trouble
tolerating certain clothes. These problems are related
to a lack of normal habituation to a sensory stimulus
seen in both electrodermal studies (/45) and even on
Functional Magnetic Resonance Imaging (fMRI) studies
to recurrent direct or indirect eye contact (/46).

To attain full assessment and treatment plans, a
team approach is needed. The team usually includes
occupational therapists, physical therapists, speech
therapists, educators, psychologists, and physicians. The
team can be adjusted for each individual's problems.
There are many tools that have been proven useful
and reliable for assessing an individual's condition
such as the Sensory Profile questionnaire, the Sensory
Processing Measure questionnaire, the Movement
Assessment Battery for Children, the Quick Neurological
Screening Test and the Berg Balance Scale (/46). It is
recommended that children with FXS should receive
routine assessments from occupational therapists and
receive occupational therapy at least twice a week
during early development (66). The treatments are
individualized for each patient's medical problem.

3. Discussion

Clinicians need to know that those with FXS are at
risk for a wide range of medical problems other than
ID, ADHD, and ASD that are so common in FXS. The
diagnosis and treatment of the medical problems in
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FXS are described here and the treatment of behavioral
problems are described elsewhere including the use
of targeted treatments to reverse the cognitive and
behavioral problems (/47,148). Many of the medical
problems in FXS, such as OM, MVP, GERD, hernias,
joint dislocation, and flat feet are related to the
connective tissue problems inherent in the syndrome.
These connective tissue problems are related to the lack
of FMRP on the structure of the elastin fibrils in the
skin, heart, vessels and organs (/49). These changes
also relate to the soft and velvet like skin seen in FXS.
Improvements in the looseness of connective tissue in
FXS have been reported with the use of minocycline, a
targeted treatment that lowers Matrix Metallopeptidase 9
(MMP9) levels. In FXS minocycline has been shown to
be efficacious for behavior in children. Minocycline has
also been used to treat aortic aneurisms because of the
effects of pulling together connective tissue in cardiology
studies so it may be helpful for dilated aortas in FXS,
although this is rarely a problem. Most of these problems
are treated symptomatically as described above and the
response is usually good to such treatment (Table 1). It
is likely that the most severe medical problem in FXS,
seizures, will also improve with targeted treatments,
although the response to standard anticonvulsants is good
as described above. The key to this treatment is early and
aggressive intervention because ongoing seizures will
further exacerbate ID and ASD severity. The future looks
bright for not only reversing the cognitive and behavioral
problems but also many of the medical problems of FXS
with targeted treatments (/50).
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Summary

Fragile X syndrome (FXS) is the most common inherited form of intellectual disability, and

is the leading single-gene cause of autism spectrum disorders. It is due to a loss of the fragile
X mental retardation protein, which leads to molecular, behavioral, and cognitive deficits
in these patients. Improvements in our understanding of its pathophysiology have led to
the development of numerous targeted treatments in FXS as highlighted by metabotropic
glutamate receptor antagonists and gamma-Aminobutyric acid receptor modulators. This
review will summarize relevant pre-clinical data and results from clinical trials in human
subjects with FXS. It will also highlight upcoming studies and future directions for clinical

trials as well.

Keywords: Fragile X syndrome, targeted treatments, clinical trials

1. Introduction

Fragile X syndrome (FXS) is the most common cause
of inherited intellectual disability with prevalence rates
estimated at 1:5,000 males and 1:8,000 females (/). Its
etiology is due to a cytosine-guanine-guanine (CGQ)
repeat expansion mutation in the FMRI gene located
on the long arm of the X chromosome. The normal
range for individuals is up to 44 CGG repeats, whereas
patients with FXS have >200. Above this threshold,
the gene becomes methylated and silenced, resulting
in significantly reduced or absent levels of the FMRI
gene product (FMRP). FMRP is a RNA-binding protein
that is heavily expressed in neurons (2,3), and functions
in the stability, localization, and translation of select
mRNAs (4).

FXS has a unique neuropsychiatric phenotype
consisting of activating symptoms such as hyperactivity,
anxiety, attention deficits, mood lability, sleep
disturbances and increased susceptibility to seizures
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(5). FXS is also the leading single-gene cause of
autism spectrum disorder (ASD), which is prevalent in
approximately 60% of patients (6,7). Many of the genes
associated with idiopathic ASD may be regulated by
FMRP as well (8). Recent studies have shown a positive
correlation between FMRP expression and cognition
in individuals with FXS (9-17). As a whole, female
patients are typically less affected (lower incidences
of ASD, higher intelligence quotient (IQ) scores, less
severe IQ declines in longitudinal studies) compared to
males due to compensation of FMRP from their second
X chromosome (/2).

At the cellular level, FMRP plays an important
role in the development and maintenance of dendritic
spines, and its absence causes the spines to appear long,
thin and tortuous with filopodia-like projections (/3-
15). Lack of FMRP has been associated with defects in
synaptic pruning, and imbalances between long-term
depression (LTD) and long-term potentiation (LTP) (/6).
A study by Pan et al. (2010) also showed an increase in
turnover of these spines (/7). These processes lead to
abnormalities such as immature synaptic connections,
alterations in synaptic plasticity, and impaired memory
formation.

Increased understanding of the neurobiology and
pathophysiology, coupled with advances in animal
models, has paved a way for the development of
numerous targeted treatments for FXS. These have
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already rescued cellular and behavioral defects in both
the dfimr mutant fly and Fmrl knock out (KO) mouse.
Research also suggests treatment at younger ages is
most optimal to improve developmental trajectories
for patients (/8). Once clinical trials show safety and
efficacy in adult populations, there is hope that studying
outcomes in children will reveal even more positive
results. The purpose of this review is to discuss the
findings of major randomized clinical trials, as well
as highlight upcoming studies in the field of targeted
treatments in FXS.

2. Metabotropic glutamate receptor S (mGluR)
antagonists

Perhaps the most prominent theory regarding the
pathophysiology of FXS involves upregulation of
mGluR-mediated processes (/9). Normally, stimulation
of mGluRs in dendrites triggers increased local
protein synthesis, ultimately resulting in AMPA
receptor internalization and slowing of net synaptic
maturation through mGluR-mediated LTD. This is
important in memory formation and brain development.
Concurrently, mGluRs increase FMRP synthesis,
which serves as a breaking mechanism that negatively
regulates mGluR activity. The mGluR theory of FXS
states that lack of FMRP allows mGluR-mediated
LTD to become hyperactive, and thus lead to features
associated with FXS. This theory has been validated
through observed defects at the cellular level and
correlating these with behavioral abnormalities across
multiple animal models (4). Moreover, studies in Fmrl
KO mice with partial reduction of mGIluR expression
showed correction of many of these abnormalities
further demonstrating mGluRs play a significant role in
the pathophysiology of FXS (20).

Translating these to human trials has not shown
the dramatic benefits seen in the animal models. In
an open label, single-dose trial of fenobam in 12
adults with FXS (6 males and 6 females), half of the
subjects showed at least 20% improvement in prepulse
inhibition (PPI) — a measure of sensory gating — within
1 hour of dosing, and most subjects showed clinical
improvement in areas of hyperactivity and anxiety (2/).
It was also well tolerated in these participants and no
serious adverse events were reported. However, the
company failed financially because of an unrelated trial
in ASD and therefore further trials in FXS could not be
carried out.

In a double-blind, placebo-controlled crossover
trial of AFQ056 (mavoglurant) in 30 adult males with
FXS, no significant improvements were observed
in the primary or secondary endpoints in the overall
population while taking study drug compared to
placebo (22). However, a small subgroup of participants
with fully methylated FMRI promoter regions showed
significant improvements in stereotypic behavior,

hyperactivity, and inappropriate speech as measured by
the Aberrant Behavior Checklist-Community Edition
(ABC-C) as well as in the overall ABC-C total score.
These results encouraged two larger, multinational
double-blind, placebo-controlled and parallel group
trials of mavoglurant: one in adolescents (Phase III
trial) and one in adults (Phase II trial) (23). In each
study, participants were stratified into partial or full
FMR]I methylation groups and then randomized to
placebo or one of three doses of mavoglurant: 25 mg
BID, 50 mg BID, or 100 mg BID. Over 170 adults
and 130 adolescents were randomized in these studies,
but neither showed significant improvement on any
test measures regardless of dose or methylation
status. However, many families saw improvement
in behavior and cognition particularly in follow- up
open label continuation of mavoglurant that for some
lasted longer than a year. The benefits of the open
label study however were not controlled and could
not be accurately captured by outcome measures. A
multicentered controlled trial of mavoglurant will
be studied in children with FXS ages 3 to 6 yo and
is planned in combination with parent implemented
language intervention (PILI) carried out through
skype. It is likely that a younger age combined with an
intensive learning program and outcome measures that
assess cognition through language will demonstrate
improvement with this mGluRS antagonist.

The mGIluRS5 antagonist, basimglurant, was studied
in two multinational, double-blind placebo-controlled
trials. One trial was designed for adolescents and adults
ages 14 to 50 years (24), and the other was designed
for children ages 5 to 13 years (25). Subjects in the
older study were randomized to placebo, basimglurant
0.5 mg daily, or basimglurant 1.5 mg daily; whereas
age-equivalent dosages to match the adult steady state
exposure levels was used for the child study (0.5 mg
equivalent = 0.2 mg daily in 5-8 yo and 0.3 mg daily
in 9-13 yo; 1.5 mg equivalent = 0.6 mg daily in 5-8 yo
and 0.9 mg daily in 9-13 yo). In total, 122 adults, 63
adolescents, and 47 children were randomized. Neither
study showed significant improvement on primary
or secondary test measures in favor of basimglurant.
However, post-hoc analysis showed males with low
FMRI methylation and subjects who were not taking
concomitant antipsychotic medication had slightly
improved performances on select test measures while
taking basimglurant. Again, many families found this
medication also beneficial to their children with FXS
but the benefit could not be precisely captured on the
outcome measures.

Fenobam, mavoglurant, and basimglurant were all
generally well tolerated by participants and showed
good safety profiles in their respective trials. However,
they have failed to show efficacy on designated test
measures, with positive results being largely limited to
those found in post-hoc analyses. The achievements of
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mGIluRS NAMs from preclinical work have not fully
translated to successes in human patients yet, and it is
likely that the pathophysiology of FXS in humans is
more complex than projected by animal models.

3. y-Aminobutyric acid (GABA) modulators

The GABA system is one of the main inhibitory
components of the central nervous system (CNS), and
recent evidence shows GABAergic dysfunction in FXS
animal models (26-30). This is believed to contribute to
activating behavioral symptoms described previously,
and has been implicated in fragile X-associated cellular
abnormalities as well (37-33).

The GABA system functions through two major
receptor subtypes: a GABA, ion channel and a
metabotropic G-protein coupled GABA; receptor.
GABA, receptors are reduced in the neocortex,
cerebellum, and hippocampus of the Fmr! KO mouse
with deficits more pronounced at younger ages
(27,34,35). These receptors consist of multiple subunits,
and those containing an extrasynaptic §-subunit are
diminished by 50% in certain areas of the KO mouse
brain (29). FMRP has been shown to directly bind
to mRNA encoding for GABA, subunits serving as
a possible stabilization factor, and reintroduction of
FMRP can correct 3-subunit mRNA to normal levels
(34). Further, PET imaging in human subjects with
FXS indicate significant reductions in GABA , receptor
availability throughout the CNS (36), which suggests
the GABA, deficit is not simply an artifact of the KO
mouse. Trials of GABA, agonists in animal models
have shown positive results by restoring neuronal
excitability in the amygdala to normal levels, mitigating
anxiety and hyperactive behaviors, and rescuing the
audiogenic seizure phenotype (30,33,34). Neuroactive
steroids, in particular, could be well suited to treat FXS
because they potentiate the effects of GABA, receptors
containing the d-subunit.

Ganaxolone is a synthetic analog of the neuroactive
steroid allopregnanolone, and has been previously
used in the treatment of epilepsy and post-traumatic
stress disorder. It is well tolerated in both pediatric and
adult populations, and initial trials in the KO mouse
have specifically improved seizures and showed a
dose-dependent reduction in stereotypic and repetitive
behaviors (30,34). Moreover, unlike benzodiazepines
which also target GABA receptors, ganaxolone does
not show tolerance allowing potential for long-term
use (37). There is currently a double-blind, placebo-
controlled crossover trial of ganaxolone in children
with FXS being conducted at the UC Davis MIND
Institute (NCT01725152). The study is now closed
to enrollment, and safety and efficacy results will be
available later this year.

On the other hand, GABAj receptors have been
shown to lower presynaptic glutamate release (38);

therefore, targeting GABAj in FXS may both increase
the inhibitory effect of the GABAergic system and
decrease input from excess mGluR activation. Treatment
with racemic baclofen, a GABAB receptor agonist,
rescued overactive protein synthesis and AMPA receptor
internalization in FXS animal models, and reduced
audiogenic seizures and abnormal dendritic spine
density as well (39). These results spurred a phase I1
double-blind, placebo-controlled crossover trial with
4-week treatment periods separated by a washout
(40). Sixty-three subjects with the FXS full mutation
were randomized, and the drug was flexibly titrated in
each treatment period and continued at optimal dose
for 4 weeks total. Multiple behavioral and cognitive
assessments were performed throughout each arm of the
study, but failed to show significant improvement in the
primary endpoint of the study, the ABC-C Irritability
Subscale. However, there was significant improvement
on the Visual Analogue Scale (VAS) and on the ABC-
Cpx (41) Social Avoidance (SA) subscale (p = 0.008).
Blinded treatment preference by clinicians (p = 0.05) and
parents (p = 0.09) showed trends in favor of arbaclofen,
as well as improvements on the CGI-S (p = 0.09)
and CGI-I (p = 0.15). Furthermore, post hoc analysis
revealed subjects that were more socially impaired
(as designated by baseline ABC-LSW scores) showed
significant improvements in favor for arbaclofen in
multiple assessments including the CGI-S (p = 0.009),
CGI-I (p = 0.02), the Vineland Adaptive Behavior Scale
(VABS) Socialization Subscale (p = 0.03), ABC-C SW
subscale (p = 0.07), and ABC-Cx SA subscale (p = 0.04).
Arbaclofen showed no safety issues as well.

Two large 8-week placebo-controlled trials of
arbaclofen were subsequently conducted: a flexible
dose trial in adolescents and adults (ages 12-50 years;
n =125, 119 completed) and a fixed dose (3 doses and
placebo groups) trial in children (ages 5-11 years; n
=172, 159 completed). The older trial failed to show
efficacy over placebo in the primary outcome measure,
the ABC-Cx SA) or any secondary measures (42).
However, the trial in children showed a positive trend
on the ABC-C;y in the highest dose group compared to
placebo, and found significant improvement in several
key secondary outcomes as well. Unfortunately, the
development of arbaclofen was been terminated due to
financial constraints.

Finally, acamprosate is a GABA agonist that has
properties at both GABA, and GABAj receptors.
It is FDA approved to treat alcohol withdrawal, and
showed positive results in an initial open-label trial
of 3 adults with FXS on the CGI-I and in areas of
communication (43). In a subsequent 10-week trial in
12 children with FXS (44), nine subjects met criteria
for treatment response (CGI-I score of 1 or 2 and a
> 30% improvement on the ABC-SW). There was
also significant improvement relative to baseline in
the ABC-Hyperactivity subscale (p = 0.04), Social
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Responsiveness Scale (SRS, p = 0.005), the ADHD-
Rating Scale (p < 0.0001), and in the communication
domain on the VABS (p = 0.03). Acamprosate was also
found to be safe in these participants. The study also
looked at levels of soluble amyloid precursor protein
(sAPP) and sAPPalpha in blood samples (45) as these
are known to be clevated in ASD (46-48). Treatment
with acamprosate was able to normalize elevated
levels of SAPP and sAPPalpha in these patients (45),
and the authors suggest SAPP and sAPPalpha may
be viable biomarkers to assess treatment response in
future studies. Acamprosate is currently being tested to
determine whether effects on hyperactivity and social
functioning observed in the open-label studies can
be verified in a small placebo-controlled trial in FXS
(NCTO01911455).

4. Minocycline

In addition to its involvement in both mGIluR and
GABA pathways, FMRP negatively regulates the
translation of the protein matrix metalloproteinase
9 (MMP-9), with lack of FMRP leading to elevated
MMP-9 activity in FXS (49). This dysregulation has
also been associated with immature dendritic spine
morphology (50,51). However, novel research in Fmrl/
Mmp-9 double KO mice revealed dendritic spines were
similar to those in wild-type (wt) mice (52) suggesting
MMP-9 is integral to the pathophysiology of FXS-
associated defects at the neuronal level.

Minocycline is an antibiotic of the tetracycline
class typically used to treat acne, but is known to
decrease MMP-9 activity as well. Preclinical trials
of minocycline in the Fmr/ KO mouse have induced
mature dendritic spine morphology and improved
anxiety and cognitive measures within one month of
use (50,51). However, while positive results in behavior
have been seen in both young and adult Fmr/ KO mice,
research suggests younger mice have longer-lasting
benefits, whereas improvements in adult mice disappear
soon after cessation of treatment (53).

Initial open label studies of minocycline in both
pediatric and adult populations showed positive results
in areas of language, attention, anxiety, hyperactivity,
and overall improvement (54,55). These data spurred
a 6-month double-blind, placebo-controlled crossover
trial in children with FXS (56). Sixty-six participants
were randomized in the study with 55 children
completing at least one arm and 48 finishing both arms
of the study. Significant improvements were observed
in one of the primary outcome measures, the Clinical
Global Impression-Improvement scale (CGI-I), as
well as in areas of mood and anxiety on the VAS.
Overall, minocycline was safe and well-tolerated as
most reported AEs were mild in nature. No significant
differences in AEs were found between treatment and
placebo groups, although one patient experienced a

seizure while on placebo. Continued research should
be conducted to confirm its safety profile because
long-term treatment with minocycline may darken
the skin, gums, and dentition of permanent teeth.
Minocycline has also been associated with a rare lupus-
like syndrome, and thus an antinuclear antibody (ANA)
titer should be checked within the first 6 months of
treatment and subsequently annually if stable or more
frequently if elevated. Severe chronic headache, rash, or
swollen joints should necessitate immediate cessation
of treatment. Occasionally, loose stools can occur with
minocycline treatment, so use of a probiotic daily while
on minocycline will be beneficial to replenish normal
flora in the intestine. Also, minocycline should not be
taken at the same time as milk because they interfere
with absorption when given together. One should
wait at least 30 minutes before taking milk after the
minocycline dose.

A subgroup of these study patients treated with
minocycline (8 males and 4 females) also underwent an
event related potential (ERP) study (57). Patients with
FXS have exaggerated EEG amplitudes to auditory
stimuli and lack a habituation response after repeated
stimulation (58-617). In this trial, treatment with
minocycline showed statistically significant reductions
in temporal activation due to auditory stimuli, as well
as improvements in habituation (57). There was also
a significantly increased ERP response in the central
P2 component, which correlated with improvements
on the CGI-I. Despite the low sample size, this data
suggests ERP measures may be a possible objective
measure to detect treatment response in the FXS
population. Additional studies are needed to evaluate
ERP paradigms as an outcome measure that correlates
with clinical improvement. In addition, MMP-9 levels
in FXS are elevated in blood samples and minocycline
lowered these levels in the minocycline trial (50). This
measure also appears to be a good biomarker in FXS
that can be used to monitor treatment response in future
trials of minocycline and perhaps in the use of other
targeted treatments for FXS.

5. Selective Serotonin Reuptake Inhibitors (SSRIs)

Serotonin dysfunction has been linked to some
behaviors associated with FXS and ASD. A study
in patients with FXS found that those with a 5-HT
transporter polymorphism causing hyperactive
serotonin reuptake receptors — and thus lower synaptic
serotonin availability — had increased aggression and
destructive behaviors (62). Metabolomic and PET
imaging studies also demonstrate decreased serotonin
production in patients with ASD as well (63,64).
These deficits appear to be more pronounced in young
children (< 5 years) (63), and are especially deficient in
the frontal lobe in children with ASD, which has been
associated with language impairment (65). Targeted
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treatments toward serotonin not only provide a potential
avenue to correct these behaviors in FXS, but serotonin
also increases LTP, which could enhance learning and
cognitive function (66,67). SSRIs, in particular, provide
additional benefit as they stimulate Brain-Derived
Neurotrophic Factor (BDNF) production (68), which
could help ameliorate cellular abnormalities in the FXS
brain.

An initial retrospective study of young children (12
to 50 months) with FXS who were treated with low-
dose sertraline (2.5 to 5 mg/day) revealed significant
improvement in the developmental trajectory of
expressive and receptive language as measured by the
Mullen Scales of Early Learning (MSEL) compared
to those not treated with sertraline (/8). These results
spurred a 6-month randomized, placebo-controlled trial
of low-dose sertraline (2.5 to 5.0 mg/day) in children
ages 2-6 years with FXS (Hess ef al, unpublished data).
Fifty-seven participants were randomized in the study:
27 to sertraline and 30 to placebo. Fifty-two participants
completed the study. Primary outcome measures
including the CGI-I and the receptive and expressive
language scales on the MSEL were not significantly
improved compared to placebo; however, areas of fine
motor, visual perception, and the Cognitive T score
sum did show improvement. A subset of patients with
ASD also demonstrated significant improvements in
expressive language on the MSEL when treated with
sertraline. The dosages used in this study were safe
and well-tolerated, and all families opted to continue
sertraline after the conclusion of the study.

This trial of low-dose sertraline in young children
with FXS revealed significant benefits in areas of
cognition and behavior, and was especially notable due
to sertraline's positive effect on language. Additional
trials should be conducted to replicate these results,
and there is also a trial of sertraline in children with
idiopathic ASD being conducted at the University of
California, Davis MIND Institute (NCT02385799).

6. Lovastatin

Lovastatin is an HMG-CoA reductase inhibitor used in the
treatment of hyperlipidemia and hypercholesterolemia. It
has a well-known safety profile, and has been approved
by the United States Food and Drug Administration to
treat familial hypercholesterolemia in children as young
as 10 years (69). Preclinical studies have also shown
lovastatin inhibits RAS-MAPK-ERK1/2 activation (70),
and treatment with lovastatin significantly improved
cognitive deficits in the neurofibromatosis type 1 (NF1)
mouse model through inhibition of these pathways (77).
Many of the proteins upregulated in FXS are believed
to be downstream consequences of increased ERK1/2
activity (72), and trials of lovastatin in the Fmrl KO
mouse have shown numerous benefits such as decreasing
extracellular receptor kinase-mediated protein synthesis,

correcting exaggerated mGluR-mediated LTD, blocking
mGluRS5-mediated epileptiform bursting hippocampal
neurons, dampening hyperexcitability in the visual
cortex, and reducing the incidence and severity of
seizures (73,74). Recently, a 12-week open label trial
of lovastatin in patients with FXS was completed (75);
sixteen participants were initially enrolled (mean age =
18 + 5 years), and 15 subjects finished the study. Results
showed significant benefit on the ABC-C after 4 weeks
of treatment, and further improvements were observed
with continued use throughout the study specifically
in areas of hyperactivity, lethargy, social avoidance,
and stereotypy as determined by the ABC-Cry (41).
Participants also experienced significant improvements
in communication, daily living skills, and coping skills
on the VABS. Lovastatin was well-tolerated in these
participants, and all AEs were transient and mild in
intensity.

Lovastatin appears to be a promising therapy for
patients with FXS, and future studies should continue
to assess its effects. There are two clinical trials
currently underway: one is a phase 4 trial looking at
combined lovastatin and parent-implemented language
intervention (PILI; NCT02642653) and another is a
phase II trial evaluating combined minocycline and
lovastatin (NCT02680379).

7. Additional trials

An open label trial of lithium in 15 patients with FXS
demonstrated significant benefits in several behavioral
measures and perhaps most importantly lithium treatment
lead to normalization of ERK phosphorylation rates
which is a quantitative measure of biological changes in
the targeted pathway with lithium (76). Further controlled
trials are warranted for lithium, although kidney toxicity
after long term use is worrisome for pediatric patients
with FXS, which may require prolonged treatment with
lithium.

A small randomized, double-blind, placebo-
controlled, single-dose trial of intranasal oxytocin
was recently completed in adolescent and adult males
with FXS (77). Oxytocin acts as both a hormone and
neuropeptide, and has been shown to have anxiolytic
and pro-social qualities. Eight subjects completed the
study, and oxytocin was found to ameliorate behaviors
such as anxiety and hyperarousal as suggested through
improvements in eye gaze frequency and decreases in
salivary cortisol levels. Additional studies are being
conducted, although predominantly in ASD populations.

Another promising medication in FXS is trofinetide,
a synthetic analogue of the terminal tripeptide tail of
Insulin Growth Factor-1 (IGF-1) made by Neuren.
Trofinetide demonstrated promising results in the
KO mouse with improvement in behavior and also
normalization of ERK and Akt levels (78). This led to a
multicenter controlled trial in adolescents and adults with
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Table 1. Overview of Clinical Trials in fragile X syndrome

Clinical Trial Compound Clinical Trial : . .

Registration Number (Drug Class) Phase Target Population Principal Investigator Status/Results

Metabotropic glutamate receptor 5 (mGIuR5) antagonists

NCT01357239/ Mavoglurant (AFQ056) Phase IIb/Phase  Adolescents/Adults Novartis Pharmaceuticals Completed (23)

NCT01253629 1Ib

NCT00718341 Mavoglurant (AFQ056) Phase Ila Adults Novartis Pharmaceuticals Completed (22)

NCTO01517698/ Basimglurant (RO4917523) Phase IIb (adult/  Adults and Hoffmann-La Roche Completed (24,25)

NCTO01750957 adolescents), adolescent/Children

Phase Ila
(children)

y-aminobutyric acid (GABA) modulators

NCTO01282268/ Arbaclofen Phase 111 Adults and Seaside Therapeutics Completed (87)

NCT00788073 (GABA;; agonist) adolescents/Children

NCT01013480 Arbaclofen Phase 1T Adults, adolescents E. Berry-Kravis, MD, Completed (40)
(GABA;; agonist) and children PhD

NCTO01911455 Acamprosate Phase II Adults, adolescents E. Berry-Kravis, MD, Recruiting
(GABA agonist) and children PhD & C. Erickson, MD

NCTO01725152 Ganaxolone Phase II Adolescents R. Hagerman, MD Completed/Pending
(GABA, agonist) and children

NCT02126995 Metadoxine (ion-pair salt of Phase II Adults and E. Berry-Kravis, MD, Completed (80)
pyridoxine, GABA activator) adolescents PhD

Minocycline

NCTO01053156 Minocycline (Tetracycline)  Phase II Adolescents R. Hagerman, MD Completed (56-57)

and children
Selective Serotonin Reuptake Inhibitors (SSRI)
NCTO01474746 Sertraline Phase II Children R. Hagerman, MD Completed (Hess et al,
unpublished data)
Additional Trials
NCT00054730 CX516 (Ampakine) Phase II Adults E. Berry-Kravis, MD, Completed (82)
PhD

NCT01894958 Trofinetide (NNZ-2566; Phase II Adult and E. Berry-Kravis, MD, Completed/Pending
neurotrophic peptide) adolescent males PhD

NCT01254045 Oxytocin (neuropeptide) Phase II Adults and adolescent ~ A. Reiss, MD Completed (77)

NCTO01329770 Ascorbic acid and Phase 11 Adolescents Y. de Diego-Otero, PhD Completed (83)
a-tocopherol and children & L. Pérez Costillas,

MD, PhD

NCT01120626 Donepezil (cholinergic Phase Il Adults and A. Reiss, MD Completed (84)
drug) adolescents

Combined Trials

NCT02642653 Combined Lovastatin Phase IV Children R. Hagerman, MD Open for recruitment
(HMG-CoA reductase
inhibitor) and PILI

NCT02680379 Combined Minocycline Phase II Adults and F. Corbin, MD, PhD Not yet open for
(Tetracycline) and adolescents Recruitment

Lovastatin (HMG-CoA
reductase inhibitor)

HMG-CoA = 3-hydroxy-3-methylglutaryl-coenzyme A, PILI = Parent-Implemented Language Intervention.

FXS. Although the initial study has not been published
at this time, preliminary results look promising (79), and
additional studies are planned for the future.
Metadoxine, a combination of vitamin B6 and
a 2-pyrrolidone-5-carboxylate ring, is a medication

developed for alcohol toxicity with GABA agonist
effects. Metadoxine has been beneficial in the KO
mouse by lowering ERK and Akt and has been studied
in adolescents and adults with FXS in a multicenter
controlled trial (80). The preliminary results were
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promising so it is likely to be further assessed in children
with FXS (Table 1).

8. Conclusions and future directions

Although significant improvements outside of subgroup
and post hoc analyses have yet to be reproduced, these
clinical trials highlight many salient points as we
work toward future trials in FXS. While the outcomes
measures utilized in the aforementioned studies have
been validated in multiple populations, our toolbox
of assessments is largely limited to questionnaires,
which are often subjective. Moreover, patients with
FXS may bottom out on rating scales depending on
the severity of their phenotype. There has already been
progress in developing questionnaires specifically
graded to monitor changes in patients with FXS (47),
and there is a movement toward objective measures to
monitor treatment response such as studying ERPs as
was carried out in the minocycline trial (57) or MMP-
9 levels that were lowered in the minocycline trial
(50). Upcoming trials are also studying combination
therapy, as this may be another avenue toward
unveiling beneficial effects of targeted treatments as
well (NCT02642653, NCT02680379). Nevertheless,
the positive results found in previous studies should
not be diminished, but rather should serve as a sign of
progress toward a better understanding of the pathology
and clinical treatment of patients with FXS.
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Summary

Facioscapulohumeral muscular dystrophy (FSHD) is an inherited autosomal dominant
disorder characterized clinically by progressive muscle degeneration. Currently, no curative
treatment for this disorder exists. FSHD patients are managed through physiotherapy
to improve function and quality of life. Over the last two decades, FSHD has been better
understood as a disease genetically characterized by a pathogenic contraction of a subset
of macrosatellite repeats on chromosome 4. Specifically, several studies support an FSHD
pathogenesis model involving the aberrant expression of the double homeobox protein 4 (DUX4)
gene. Hence, potential therapies revolving around inhibition of DUX4 have been explored.
One of the potential treatment options is the use of effective antisense oligonucleotides
(AOs) to knockdown expression of the myopathic DUX4 gene and its downstream molecules
including paired-like homeodomain transcription factor 1 (PITXI). Success in the suppression
of PITX1 expression has already been demonstrated systemically in vivo in recent studies. In
this article, we will review the pathogenesis of FSHD and the latest research involving the use
of antisense knockdown therapy.

Keywords: Antisense oligonucleotide therapy, DUX4, morpholino, gene therapy, PITX1, skeletal

muscle

1. Introduction

Facioscapulohumeral muscular dystrophy (FSHD) is an
autosomal dominant gain-of-function genetic disorder
involving asymmetric muscle weakness and atrophy
particularly observed in the face, shoulder, upper arms,
further extending into the trunk and legs (/). While
there are a dozen forms of muscular dystrophy, FSHD
is the third most common muscular dystrophy after
Duchenne muscular dystrophy (DMD) and myotonic
dystrophy, affecting approximately 1 in 8,000 - 20,000
individuals (2,3). However, since an individual can
remain asymptomatic or exhibit mild symptoms, the
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frequency of FSHD occurrence could be underestimated.
While several candidate genes for FSHD have been
identified and explored thus far, the role of DUX4
as the causative gene in the pathogenesis of FSHD
has predominated in the literature (4,5). Hence, the
inhibition of DUX4 expression and the suppression of its
downstream molecules can potentially offer therapeutic
benefit. The potential of antisense oligonucleotide (AO)
therapy as a therapeutic treatment for neuromuscular
diseases has recently been highlighted by several clinical
trials involving DMD and spinal muscular atrophy
(e.g. ClinicalTrials.gov identifier: NCT02193074).
Recently, in vitro studies have demonstrated success
in the suppression of DUX4 mRNA expression by
administering AOs into primary skeletal muscle cells of
FSHD patients (5). Nonetheless, desired progress has
been impeded by the lack of FSHD animal models and
inefficient uptake of AOs into FSHD skeletal muscle
fibers. This article will cover the pathogenesis of FSHD,
the applicability of antisense oligonucleotide therapy in
FSHD, as well as the limitations of antisense therapy in
neuromuscular disorders.
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2. Pathogenesis of FSHD

FSHD is a genetic and epigenetic disorder primarily
involving skeletal muscles. Unique to FSHD are
asymmetric muscle weaknesses particularly seen in
the face, shoulder and extremities (/). Typically, the
onset of symptoms observed in FSHD patients occurs
from 15-30 years of age. Depending on the genetic and
epigenetic factors, disease manifestations will differ.
Initially, FSHD phenotype involves facial muscle
weakness resulting in difficulty with labial consonants,
whistling and drinking through a straw (6). Upon
progression of the disease, atrophy involving the upper
arms, pelvic girdle, and lower limbs will occur. Hence,
10-20% of FSHD patients will progressively lose
independent ambulation and become wheelchair bound
by the age of 50 years (7). The most common presenting
symptom is shoulder abduction weakness, seen in
82% of symptomatic patients. Shoulder weakness is
the result of a more lateral positioning of the scapula
than normal leading to a winged scapula appearance.
Additionally, a clinical finding specific to FSHD is the
Beevor's sign, which describes the ascending movement
of the umbilicus when flexing the neck due to early
truncal weakness. Extra-muscular manifestations of
FSHD involve high-frequency hearing loss, and retinal
telangiectasias in 75% and 60% of patients, respectively
(8). Factors that contribute to the severity of phenotype
include the age of symptom onset and also the extent of
genetic changes.

2.1. Genetics of FSHD

Several candidate genes have reportedly been involved
in the FSHD phenotype described previously: DUX4,
FSHD region gene 1 (FRGI), FSHD region gene
2 (FRG2), and adenine nucleotide translocase 1
(ANT1) (9). Recent studies have primarily attributed
pathogenesis of FSHD to the aberrant expression of a
normally dormant gene, DUX4 (10). DUX4 is a double
homeodomain transcription factor encoded within
the D4Z4 tandem repeat. In a healthy individual, the
subtelomeric region of chromosome 4q contains 11-
100 copies of the 3.3 kb D4Z4 macrosatellite repeat,
each with a copy of DUX4 (11). However, DUX4 is not
expressed in normal functioning somatic tissues such
as well-differentiated muscles fibers. While DUX4 is
expressed in early development, it is transcriptionally
silenced during cellular differentiation of somatic tissues
by CpG methylation of D4Z4 repeats (/2). In early
development, DUX4 may play a role in activating a
stem-cell-like transcriptional pathway (10). Expression
of DUX4 is maintained in the spermatogonia of the
male testis (/3,714). While the role of DUX4 in the
seminiferous tubule is not clearly defined, it may be
involved in germ cell maintenance and development of
stem cells (/5). Snider ef al. illustrated the expression

of full-length DUX4 mRNA in induced pluripotent stem
cells (iPSCs). However, the aberrant expression of DUX4
is severely toxic to muscle tissues, resulting in oxidative
stress and apoptosis (/6-79). A recent study indicates
that expression of DUX4 in B cells was even capable of
generating leukemia in mice in vivo (20). Additionally,
DUX4-induced expression of antigenic proteins such as
ERV may be involved in the inflammatory response seen
in FSHD muscle histopathology, contributing to muscle
atrophy (13).

2.2. Epigenetics of FSHD

In FSHD patients, several epigenetic changes take
place to result in the pathogenic expression of DUX4
in skeletal muscle cells. The first is the contraction
of the D4Z4 array. Specifically, the deletion of D474
repeat array in the subtelomeric region of chromosome
4 called 435 to less than 10 units results in reduced
methylation and subsequently chromatin remodeling
(21). This defect was first described as a reduction seen
in EcoRI fragment of genomic DNA as compared to
healthy individuals. While healthy individuals possess
11 to 150 D4Z4 repeats with EcoRI fragments being
40-300 kb in size, FSHD patients have between 1 to 10
repeats and EcoRI fragments at 10-38 kb in size (22).
Following reduced DNA methylation due to contracted
D474 repeat, a more relaxed chromatin structure allows
greater expression of genes located on that locus.
The smaller the D4Z4 repeat size, the greater severity
of the disease. Secondly, the presence of pLAMI
polyadenylated mRNA site at the distal D4Z4 unit is
another condition for disease manifestation (23,24).
Interestingly, the polyadenylation site is only intact on
chromosome 4qA and not 4gB (25). As such, possible
therapeutic strategy for FSHD may include inhibition
of polyadenylation in chromosome 4gA leading to
DUX4 gene silencing. Ultimately, the deletion of D474
array leads to a combination of DNA hypomethylation
and polyadenylation allowing the aberrant expression
of DUX4. Hence, DUX4 are occasionally expressed in
skeletal muscle nuclei (/4). Detectable levels of DUX4
up-regulation in myoblast was illustrated by Snider et
al., where 1 in 1,000 nuclei was positive for DUX4 in
proliferating primary FSHD myoblasts. Tassin et al.
also confirmed low expression of DUX4 in proliferating
FSHD myoblasts via Western blot analysis. The study
demonstrated increased DUX4 protein expression
within 1 in 200 nuclei after allowing FSHD primary
myoblasts to differentiate for 4 days. Hence, DUX4
transcription can be influenced by physiological stage
of the cells and its surrounding environment (26).

2.3. Types of FSHD

Two types of FSHD exist: FSHD1 and FSHD2. The
most common form, FSHDI1, occurs in over 95% of
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Figure 1. Role of chromosome 4q35 D4Z4 repeat array
in the pathogenesis of facioscapulohumeral muscular
dystrophy (FSHD). While contraction of D4Z4 repeats in
FSHDI results in the expression of DUX4 and subsequent
myopathy, expression of DUX4 in FSHD2 is due to a mutation
in the SMCHD1 gene.

FSHD patients (27). Genetic analysis links FSHD
1 to the genetic contraction of macrosatellite D474
repeat array on chromosome 4. FSHD2, however, has
a normal number of D4Z4 repeats and instead involves
a heterozygous mutation in the SMCHDI gene on
chromosome 18p, a chromatin modifier (27) (Figure 1).
Nonetheless, patients with FSHD1 and FSHD2 share
similar clinical presentations. Over the last two decades,
progress has been made in the better understanding of the
pathogenesis of FSHD, potentially leading to therapeutic
strategies for the treatment of FSHD.

3. Therapeutic Approaches to FSHD

No definitive curative treatment for FSHD has been
established despite the recent progress made in
understanding the genetic and pathophysiologic
mechanism of the disease. Current standard clinical
management options include physical therapy, aerobic
exercise, respiratory function therapy, and orthopedic
intervention (28,29). The current guideline for the
management of individuals with FSHD is based on
a principle of improving function and quality of life.
Current drug therapy trials for the management of
FSHD include myostatin inhibitor luspatercept and
anti-inflammatory biologics (ATYR1940). The basis for
anti-inflammatory biologics is to suppress inflammation
commonly seen in muscle pathology of FSHD patients
in order to slow phenotype progression. All the while,
gene therapy has been explored to reduce pathogenic
DUX4 protein production in FSHD by controlling
D4Z4 methylation, suppressing DUX4 mRNA, and
inhibiting DUX4 pathway (5,77,30-32). Several
inhibitory tools are available for use including small
interfering RNA (siRNA), small hairpin RNA (shRNA),
microRNA (miRNA) and antisense oligonucleotides
(33,34).

3.1. RNA interference

RNA interference-based approach has been explored
by several studies as a prospective treatment for FSHD.
siRNA are small double-stranded RNA molecules
that act in the cytoplasm of cells to silence mRNA of
targeted gene via a process of transcript degradation or
translational inhibition (35). siRNA has been used to
target the 3' untranslated region transcribed from pLAM
(5). While shRNA (or artificial miRNA) shares a similar
process of silencing target genes as siRNA, it acts on
the nucleus of the cell instead. Hence, the advantage
of shRNA lies in its ability to have long lasting effects
at low doses. Wallace et al. have demonstrated in
vivo success with an artificial miRNA by delivering
miDUX4 through adeno-associated viral (AAV) vector
into an AAV-based DUX4 mouse model (32). The study
illustrates a 90% reduction in DUX4 protein and 64%
reduction in DUX4 mRNA. One of the limitations of
RNA interference approach is its high dose cytotoxicity
derived from its off-target effects (36,37). Additionally,
the negative charge, size, and rigid structure of siRNA
can complicate its passive diffusion across the target
cell. Therefore, they require viral vectors for in vivo
systemic delivery, which can cause significant side
effects such as immune response.

3.2. Antisense oligonucleotides

Antisense oligonucleotides (AOs) on the other hand are
small single-stranded DNA-like molecules of 8 to 30
base pairs in length which can be chemically modified
specifically to interfere with mRNA processing and
stability (38). AOs can either act via exon skipping,
splice modulation, or inhibition of gene expression.
Importantly they do not require viral vectors for in vivo
systemic delivery. The potential of AOs was initially
demonstrated following discovery that transfection
of short DNA sequence can inhibit gene expression
(39). Currently, antisense therapy is used in preclinical
studies and clinical trials of a variety of neuromuscular
disorders including DMD, spinal muscular atrophy
(SMA), and Fukuyama congenital muscular dystrophy
(FCMD) (40-46). Currently, Sarepta therapeutics,
Nippon-Shinyaku, and Prosensa are conducting clinical
trials involving phosphorodiamidate morpholino
oligomer (PMO) and 2'0O methyl phosphorothioate
oligonucleotide (2'0OMePS). Beyond neuromuscular
disease, antisense-mediated gene suppression therapy
has taken ground in a spectrum of disease including
cancer, thrombosis, and Ebola (47-50).

4. Antisense oligonucleotide therapy for FSHD
In light of recent success antisense therapy has in the

study of neuromuscular disorders, its application to
FSHD has been investigated in multiple studies (57).
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Antisense therapy uses antisense oligonucleotides (AOs)
which are short single-stranded DNA-like molecules
to selectively hybridize pre-mRNA via base pairing
(38). Since oligonucleotides have difficulty penetrating
the lipid bilayer of cells and are also degradable by
nucleases, several AO chemistries have been designed
to continuously improve efficacy including PMO, octa-
guanidine dendrimer conjugated PMOs (vPMO), and
peptide-phosphorodiamidate morpholino oligomer
(PPMO). Challengingly, the DUX4 open reading
frame (ORF) is located in the first exon and hence
makes disruption of its reading frame by antisense-
mediated exon skipping difficult (52). However,
effective interference of DUX4 mRNA using antisense
oligonucleotide has been illustrated by Vanderplanck
et al. in vitro (5). The study utilizes 2'OMePs to target
splice sites of exon 2 and 3 and thereby disrupts the
polyadenylation signal at the 3'UTR. Upon Western blot
analysis, no DUX4 protein can be detected following
treatment with 600 nM of AOs. As well, the 2'0OMePs
administered was able to achieve 50% reduction in
the intensity of DUX4 gene upon RT-PCR analysis
of DUX4 gene fragments. However, the 2'0OMePs
chemistry developed by Prosensa targeting DMD has
recently failed phase III clinical trial due to its toxicity
and ineffectiveness (53,54).

4.1. Phosphorodiamidate morpholino oligomer (PMO)

PMO is one of the most commonly used modified AO
chemistry to offer sequence-specific inhibition of gene
expression (55). PMO consists of short chains of 20-
30 nucleic acid bases, a morpholino ring and a non-
ionic phosphorodiamidate intersubunit linkage (56). Its
structural chemistry provides high nuclease resistance,
high affinity to target RNA, resistance to metabolic
degradation, and reduced activation of toll-like
receptors (57,58). The phosphorodiamidate backbone,
in particular, helps the morpholino evade targeting
by nucleases. The modified backbone also provides
additional stability by helping the molecule evade
immune responses. As well, compared to equivalent
DNA-based antisense oligonucleotides, morpholino
also has a higher binding affinity (56,57,59). Hence,
morpholinos lead to less off-target effects. In addition,
morpholinos have longer effective half-life due to its
substitution for a six-membered morpholine ring. In
vivo DMD studies have shown the efficacy of PMO by
illustrating its ability to penetrate dysfunctional muscle
fibers, increase dystrophin expression and ultimately
improve muscle function (60-63). Marsollier ef al. have
shown the efficacy of transfecting PMO in immortalized
FSHD cells to target DUX4 mRNA polyadenylation
signal in order to suppress the expression of DUX4.
One of the challenges in building a therapeutic
strategy around PMOs is its difficulty in crossing the
lipid bilayer of cells and thereby resulting in reduced

delivery to skeletal muscles (38). While the leaky
muscle membrane of DMD assists in the uptake of AOs
into a target cell, FSHD myofibers lack this leakiness
(64-66). Hence, to achieve and maintain therapeutic
efficacy, PMOs may need to be administered in large
and repeated doses. However, a higher dose could result
in harmful effects.

4.2. Octa-guanidine dendrimer-conjugated vivo-
morpholinos (vPMO)

In order to improve the cell-penetrating ability
of antisense oligonucleotides, second-generation
oligonucleotide such as octa-guanidine dendrimer-
conjugated vivo-morpholinos (vPMO) have been used.
Vivo-morpholinos essentially conjugates with a triazine
core scaffold of eight guanidinium head groups to help
penetrate the cell membrane and improve delivery
of the morpholino (66-68) (Figure 2). The positive
charge that accompanies vPMO assist in uptake and
competes with splicing factors. /n vivo studies with
vPMO carried out by Yokota ef al. have demonstrated
greater efficacy in inducing exon 6-9 multiple exon
skipping in dystrophic dogs compared to unconjugated
PMO. In addition, no vPMO toxicity has been recorded
upon systemic injection into mice up to 12 mg/kg (69).
However, the positive charge does increase the risk of
blood clot formation (70).

4.3. Peptide-conjugated phosphorodiamidate morpholino
oligomer (PPMO)

Another candidate antisense oligonucleotide that has
improved delivery efficacy while also minimizing
toxicity is peptide-conjugated phosphorodiamidate
morpholino oligomer (PPMO). Multiple peptide-
conjugated oligonucleotide derivatives have been
explored in recent studies, including arginine-rich
peptide B-peptide, Pip-5e, Pip-6 and Pip6a (7/-74). In
particular, the newest modification, Pip-6a demonstrates
improved stability and cardiac muscle penetration (71).
Recent studies involving administration of PPMO into
the mdx mouse model of DMD have shown promising
results characterized by restored dystrophin at low
doses, increased uptake and prolonged functionality
(65,74-77). Specifically, an intramuscular injection of
2 ng of PPMO resulted in 85% dystrophin-positive
fiber expression compared to only 14% observed
in PMO treatment (65). Similarly, > 95% of exon-
skipped RNA transcript was observed after IV
injection of 20 mg/kg PPMO. Additionally, functional
improvements were observed in various skeletal
muscles after administration of PPMO (75). The
improved effectiveness of PPMO compared to PMO
is attributable to its active uptake process involving
caveolae-mediated endocytosis (7). While access to
the target cell has improved over the years, challenges
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antisense chemistries such as 2'O-methylated antisense oligonucleotides (2'OMePS) and octa-guanidine dendrimer conjugated PMOs
(vPMO) are artificially modified to improve delivery into target cells.

remain in promoting the internal distribution of PMO to
the nucleus for it to be active (65). Most of the PPMO
are nonetheless distributed in the cytoplasm away
from its site of action. As well, the toxicity of PPMO
remains a challenge. PPMO however, benefits from its
low therapeutic dose and sustained effects on the target
cell. An ideal oligonucleotide therapy will be one that
demonstrates long-term effects, sufficient efficacy at a
low dose, and low toxicity.

5. AO-based therapy targeting PITX]

Since the aberrant expression of DUX4, a transcription
factor, can lead to pathogenic deregulation of multiple
genes in muscle, targeting of a downstream gene
regulated by DUX4 has also been explored recently.
PITXI, a homeobox transcription factor, is a direct
transcriptional target of DUX4 (24). PITXI has
previously been illustrated to be elevated in muscle
fibers of FSHD patients and is understood to be

involved in the myopathy characterized in FSHD.
Studies have found that the PITX] gene is 10-20 times
up-regulated in the muscle fibers of FSHD patients.
The role of PITX] in myopathy was shown in vivo
via a tet-repressible muscle-specific PITX] transgenic
mouse model (78,79). The PITXI transgenic mouse
model with overexpression of P/ITX/ in skeletal
muscles demonstrates a similar disease phenotype
to the muscular dystrophy seen in FSHD patients.
Specifically, mice with over-expressed PITX] display
reduced muscle fiber size and muscle strength. Hence,
up-regulation of PITXI via DUX4 overexpression
contributes to the atrophy and wasting of skeletal
muscles in FSHD patients. All in all, the downstream
molecular changes due to ectopic DUX4 expression
are cytotoxic. Padley et al. have also illustrated the
feasibility of suppressing P/TX] using morpholinos in
vivo (78). The study involves administration of 10 mg/
kg of vPMOs into a tet-repressible muscle-specific
PITX1 overexpressing transgenic mouse model for 6

www.irdrjournal.com



173 Intractable & Rare Diseases Research. 2016, 5(3):168-176.

weeks. The vPMOs is used to inhibit the translation
of PITXI by targeting the 25 base sequence at the
translation start site of the P/I7X7 mRNA transcript (78).
Immunochemistry results illustrated 70% reduction
in PITXI expression in triceps and 60% expression
reduction in quadriceps. Muscle pathology results
also illustrated a reduction in PITX] positive nuclei in
muscle fibers as evidenced by 44% reduction in the
number of angular shaped atrophic myofibers seen.
Antisense targeting of the PITX/ gene involved in
myopathy is, therefore, an efficient therapeutic strategy
for FSHD.

6. FSHD animal model

Despite advances in the design of oligonucleotide
chemistry to promote increased uptake and efficacy, we
still lack an adequate FSHD animal model to evaluate
functional benefit and toxicity of antisense therapy.
Namely, DUX4 transgenic mouse model has not been
able to capture the full disease phenotype of FSHD.
For instance, the D474-2.5 mice have normal histology
of the limb, grip strength and creatine kinase (/2,17).
The challenge in generating a proper animal model for
FSHD stems from the fact that D4Z4 macrosatellite
encoding DUX4 is unique to primates (8§0). Hence,
introducing DUX4 expression into natural laboratory
models will be challenging. Currently, the best available
system for in vivo study is the AAV-model developed
by Wallace et al., which demonstrates myopathy
consistent with FSHD. The model is established by
using adeno-associated viral vectors to deliver DUX4
into mouse muscle fibers (34). Successful establishment
of an FSHD animal model based on DUX4 expression
will assist in the understanding of the pathogenesis of
disease and development of therapeutic approaches for
FSHD.

7. Conclusion

Over the last two decades, progress has been made in
our understanding of FSHD pathogenesis. As a gain-of-
function disease characterized by the aberrant expression
of DUX4, a knock-down approach involving antisense
oligonucleotide has been explored. In particular, AOs
have been especially useful by selectively inhibiting
translation of target mRNA. Application of antisense
oligonucleotide in the treatment of neuromuscular
disorder has progressed in recent years, and its
potential benefit has been observed from in vitro
studies demonstrating successful suppression of DUX4
expression. Additionally, promising benefits have been
observed in the treatment of transgenic mouse model
expressing PITX] with AOs. With the advancement of
modified oligonucleotides providing enhanced delivery
and increased efficacy, the movement towards gene
therapy seems plausible.
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Summary

Heart failure is one of the leading causes of death in developed nations. End stage heart
failure often requires cardiac transplantation for survival. The left ventricular assist
device (LVAD) has been one of the biggest evolvements in heart failure management often
serving as bridge to transplant or destination therapy in advanced heart failure. Like
any other medical device, LVAD is associated with complications with infections being
reported in many patients. Endocarditis developing secondary to the placement of LVAD is
not a frequent, serious and difficult to treat condition with high morbidity and mortality.
Currently, there are few retrospective studies and case reports reporting the same. In our
review, we found the most common cause of endocarditis in LVAD was due to bacteria.
Both bacterial and fungal endocarditis were associated with high morbidity and mortality.
In this review we will be discussing the risk factors, organisms involved, diagnostic
tests, management strategies, complications, and outcomes in patients who developed

endocarditis secondary to LVAD placement.

Keywords: Endocarditis, left ventricular assist device (LVAD)

1. Introduction

Heart failure is one of the leading causes of death
in developed nations (/). As per Center for Disease
Control, in 2013 around 5.1 million people were
reportedly diagnosed with heart failure in the United
States. Management of heart failure costs approximately
32 billion dollars each year. In 2009, 1 in 9 deaths were
reported with congestive heart failure as the underlying
cause of death. Cardiac transplantation is a widely
known management for end-stage heart failure patients.
But the patients who demand a transplant exceeds
the donor pool and thus the time spent on the waiting
list is too long. The introduction of a left ventricular
assist device (LVAD) made a drastic evolvement
in management of heart failure. It can be used as a
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bridging therapy while waiting for the recovery of the
donor (2) and also can be used as destination therapy
(3). Thus, it serves as an excellent solution to overcome
the constraints of a limited donor pool and improves
the overall survival of the patient. LVAD is reported to
influence and improve myocardial contractility (4). It
also reduces the ongoing hypertrophy and fibrosis, thus
resulting in the reversal of remodeling (35).

As any other device-oriented medical therapy,
LVAD has its own limitations and complications, with
infections being reported in 60% of the patients (6).
Patients who develop endocarditis secondary to LVAD
placement have a very high mortality rate (7). Early
diagnosis and management will help in reducing this
mortality. The primary objective of this review is to
outline and discuss the different types of endocarditis
associated with LVAD, risk factors, diagnostic methods,
management, complications, and outcomes.

2. Methodology
A systematic review of the MEDLINE database was

conducted using the PubMed search engine. We included
all articles published between January 1, 1990, and May
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1, 2016. In PubMed, the combination of medical text
terms used included "endocarditis", "left ventricular
assist device" and "LVAD". We included all prospective
or retrospective studies, review articles, case series and
case reports. We found in our search that there was a total
of 9 studies reporting endocarditis in patients with LVAD.
3 of the studies were retrospective reviews and 6 of them
were case reports. We also searched the reference lists
of the manuscripts by this strategy and selected those
found to be relevant. All pertinent reports and reference
lists were searched to identify any additional studies
that could be included. All data were accessed between
February and May 2016.

3. Left ventricular assist device

The approach towards end stage heart failure has been
revolutionized with the introduction of LVAD therapy,
which acts as a mechanical pump to improve the patient's
circulatory status. The Randomized Evaluation of
Mechanical Assistance for the Treatment of Congestive
Heart Failure trial (REMATCH), randomized 129
end-stage heart failure patient's ineligible for cardiac
transplant to medical therapy versus pulsatile LVAD
therapy and demonstrated a significant improvement in
one-year survival of patients with LVAD (53% in LVAD
arm versus 25% in medical therapy arm) with a hazard
ratio for LVAD being 0.5 compared to medical treatment.
It was thus concluded that LVAD can serve as a long-
term treatment therapy in patients with end-stage heart
failure and an effective bridge or alternative therapy to
cardiac transplantation (8). Over time, the device has
now evolved into an efficient flow pump with smaller
size and lighter weight specifications in comparison with
the older heavy, large and fill to empty devices (9). The
two types of devices available currently are continuous
flow (Heartmate 11 LVAD and Heartware HVAD) and
pulsatile flow (Heartmate XVE) LVAD. Continuous flow
LVAD weighs 390 gm while pulsatile flow weighs 1250
gm. Both devices significantly enhance the functional
capacity as well as the quality of life. Commonly, the
pumps are implanted through a median sternotomy
incision. The pump is textured to prevent thrombus
formation (/0). It consists of inflow duct, unidirectional
valve and outflow duct. The implanted LVAD pumps
draw blood from the left ventricle and delivers it to the
ascending aorta. The pumps are connected to an external
power source and controller which delivers electricity via
percutaneous leads (/,/7). By the year 2013, the number
of mechanical circulatory support device implants in
the United States was more than the number of heart
transplants (12).

4. Infections in LVAD

Infection is a commonly associated complication of any
implanted cardiac device. As mentioned previously,

it has been reported that 60% of patients undergoing
LVAD develop some sort of infection (6). These include
bloodstream infection, sepsis, and endocarditis (/).
The major cause of readmission in LVAD patients is
an infection (/3). In the REMATCH trial, infection
and device failure in ventricular assist device patients
were reported to be the dominant factors contributing
to the drop in 2-year survival rates from 53% to 23%.
The trial also listed sepsis, pump infection and peri-
operative bleeding as the main predictors of cost-
effectiveness (8). The pump pockets, drive line, and
cannula/intravascular pump are susceptible to biofilm
formation and acts as a nidus for chronic infection and
bacteremia. Surgical site infection can also occur. Less
common infections include peritonitis, mediastinitis,
and pseudoaneurysms. Poor prognosis is associated
with bloodstream infection, which can be complicated,
by cerebral emboli and multiple organ failures (7). It
has also been reported that few patients who underwent
cardiac transplantation followed by removal of LVAD
device developed late onset driveline infection leading
to complications (/4).

5. Endocarditis in LVAD

Endocarditis in patients with LVAD has a 50% mortality
rate (7). LVAD-associated endocarditis is defined as
clinical evidence of pump and/or cannula infection along
with the presence of vegetation on echocardiography or
a vascular phenomenon as defined by modified Duke's
criteria (15).

5.1. Risk factors

LVAD devices usually get infected during or after
implantation (/). Commonly the pathogens colonize the
internal surface of LVAD via bloodstream infiltration
and the external surface via local infiltration (70).
The colonization of organisms on the device depends
on multiple factors such as turbulence of flow, the
device surface and the adherent nature of the pathogen.
The surface of the device is commonly a textured
polyurethane membrane, which is coated with a pseudo-
neointimal layer. Platelets and fibrinogen adhere here
and form a fibrin matrix, which acts as a trap for
other types of cells. Connective tissue cells such as
myofibroblasts attach here and form a collagenous
matrix. This serves as a potential site for the adherence
of pathogens, thus leading to infection (/6-19).

5.2. Bacterial Endocarditis

In our review, bacterial endocarditis has been reported
by 2 retrospective studies and 4 case reports (Table
1). The microbiological profile of LVAD endocarditis
is very diverse. The common pathogen includes
Staphylococcus, Pseudomonas and Streptococcus
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Table 1. Studies reporting Bacterial Endocarditis in patients with LVAD

Reference  Study Date Type of study NP'(n) NPE°(n) Diagnostic method Organism Management Outcome
Riaz 1/2005  Retrospective 247 3 Blood cultures, TEE Pseudomonas Removal of 1 patient survived
etal.(22) to review aeruginosa, MRSA, LVAD, antibiotics and 2 patients
12/2011 Coagulase negative expired
Staphylococci
Mendes 4/2011 Case report 1 1 Blood cultures, TEE MR Staphylococcus  Linezolid, Patient expired
etal.(24) epidermis, Vancomycin, from other
linezolid-resistant daptomycin. complications
Streptococcus
sanguinis ,
Pseudomonas
Aeruginosa
De Jong 5/1998 Case report 1 1 Immunoscintigraphy  Staphylococcus Exchange of Patient survived
etal.(25) with Tc-99m labeled aureus valves in the
anti-NCA 95 anti inflow and outflow
granulocyte antibodies tracts, oxacillin
Hill 9/2014 Case report 1 1 Positive blood cultures, Pseudomonas Ceftazidime and ~ Patient developed
etal. (2) Ultrasonography aeruginosa oral ciprofloxacin  intraparenchymal
showing small fluid hemorrhage due
collections in the to a mycotic
driveline aneurysmof the
brain and expired
eventually
Motomura ~ 6/2011 Case report 1 1 Positive blood cultures, Coagulase-negative  Vancomycin, Patient expired
etal. (26) negative TEE, positive ~ gram-positive cocci  micafungin, due to multiple
CT scan for SMA and piperacillin and brain lesions and
hemorrhagic lesions in tazobactam cerebral edema
the brain
Lahpor 3/1993  Retrospective 38 1 Positive blood cultures, NA Long term Patient survived,
etal. (23) to review (suspected) negative TEE antibiotics, explantation of
12/2001 explantation of device revealed
device no vegetations

*NP, Number of patients; "NPE, Number of patient with endocarditis.

species (20). Staphylococcus aureus is the most
common pathogen in LVAD endocarditis, which has the
propensity to adhere itself due to possession of Microbial
Surface Components Recognizing Adhesive Matrix
Molecules (MSCRAMM) (21). In a retrospective review
done at the Mayo Clinic by Riaz et al, which included
247 patients who underwent LVAD implantation,
three patients developed endocarditis. All cases had
either concurrent or prior LVAD infection apart from
endocarditis. The microbiology revealed the agents to
be pseudomonas aeruginosa in one case, methicillin-
resistant staphylococcus aureus (MRSA) in another and
coagulase negative staphylococcus in the third. The
diagnosis was confirmed by means of positive blood
cultures and positive transesophageal echocardiography
(TEE). All patients underwent removal of the LVAD
and were treated with a prolonged course of antibiotics.
Only one patient survived (22). In another retrospective
review done in the Netherlands, which included 38
patients who received LVAD between 1993 to 2001,

12 patients had complications due to infections.
Endocarditis was suspected in one patient who required
prolonged antibiotics. However, explantation of the
device revealed no vegetation and the patient survived
(23). Mendes et al. reported a case of a patient who
had an LVAD placed for ischemic cardiomyopathy
and eventually developed endocarditis. The culture
revealed methicillin-resistant staphylococcus epidermis
(MRSE) and the patient was treated with linezolid with
no significant improvement. A repeated microbiological
study with PCR and sequencing revealed linezolid-
resistant streptococcus sanguinis with a 23S rRNA
mutation leading to the development of cross-resistance
to rRNA-targeting drug agents including linezolid made
the treatment even more challenging. The patient was
treated with different antibiotics and later blood cultures
also revealed he developed pseudomonas acruginosa
bacteremia. Eventually, his blood cultures came
back negative after a prolonged course of antibiotics
but the patient died due to other complications (24).
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Table 2. Studies reporting Fungal Endocarditis in patients with LVAD

Reference  Study Date Type of study NP*(n) NPE°(n) Diagnostic method Organism Management Outcome
Nurozler 7/1991  Retrospective 165 5 1 patient had positive ~ Candida 1 patient had LVAD 4 patient survived
etal. (29) to review fungemia, parapsilosis, changed and and 1 patient
12/1999 Candida albicans, transplant, 3 patients expired
Syncephalastrum had transplant and
racemosum 1 patient had LVAD
explanted
Barbone 11/2004 Case report 1 1 Postmortem revealed ~ Aspergillus species  NA Patient Expired in
etal. (31) friable material with 21 days after
fungal hyphae in the implant of LVAD
inflow and outflow
valves, negative blood
cultures
Maly 3/2011 Case report 1 1 Explanted LVAD Aspergillus species, LVAD was Patient survived
etal.(20) revealed thrombotic Candida albicans explanted due to after heart

like obstruction of

worsening function transplant

the outflow cannula, and patient
negative TEE and underwent urgent
blood cultures heart transplant

“NP, Number of patients; "NPE, Number of patient with endocarditis.

De Jonge et al. presented a case of a patient who
developed high-grade temperatures after three years
of LVAD implantation with blood cultures growing
staphylococcus aureus. The routine investigation did not
reveal any source of infection. T99m labeled anti-NCA
95 anti-granulocyte antibodies found a suspected focus
of infection at the outflow tract. The patient underwent
a successful exchange of the inflow and outflow tract
and experienced accelerated recovery (25). Hill et al.
reported a patient on LVAD who initially developed an
abscess in the driveline with blood cultures growing
pseudomonas aeruginosa requiring prolonged antibiotic
therapy. This patient eventually developed a small
mycotic aneurysm in the brain which was inoperable
and eventually died (2). Motomura et al. reported a
case of superior mesenteric artery mycotic aneurysm
secondary to LVAD endocarditis. The patient was a
31-year-old male who underwent LVAD placement
for non-ischemic cardiomyopathy and had a previous
history of intravenous drug abuse. Seven months' post
implant he was admitted to the hospital for sepsis
and blood cultures grew coagulase-negative gram-
positive cocci. During his hospital course, he developed
a superior mesenteric artery mycotic aneurysm and
eventually he developed multiple hemorrhagic lesions in
his brain leading to death (26).

5.3. Fungal Endocarditis

Fungal endocarditis is a rare but fatal complication of
LVAD placement (27). We came across 1 retrospective
study and 2 case reports discussing LVAD fungal
endocarditis (Table 2). Opportunistic fungal infections
commonly occur in these patients due to diverse

factors, which include poor nutritional status and
reduced immunity. Long-term antibiotic use makes
these patients susceptible to fungal infection flourishing
(28). Candida is reported to be the most common fungal
agent involved in LVAD endocarditis (29). 50-70%
of fungal endocarditis present with a positive blood
culture (30). In a retrospective review by Nurozler
et al. involving 165 patients with LVAD, he reported
that 22% of the patients developed some sort of fungal
infection out of which 5 patients (3%) had fungal
endocarditis. One of the five patients had a positive
blood culture while the other patients had negative
blood cultures. The organisms in the other four patients
were identified as fungal growth during explantation
of the LVAD due to persistent fever and leukocytosis.
The organism's reports were Candida parapsilosis,
Candida albicans, and Syncephalastrum racemosum.
All the patients had their LVAD explanted and four
of them had cardiac transplants. The microbiology of
the material found in the LVAD revealed the above-
mentioned organisms. 4 out of the 5 patients survived
(29). Barbone et al. reported a patient who died on
postoperative day 21 following the implant of a
LVAD due to LVAD dysfunction and intractable high
temperature. The patient had normal white blood
cells and negative blood cultures. The patient was
treated with empiric antibiotics with no response. The
postmortem study revealed friable fungal (aspergillus)
vegetation in inflow and outflow valves (37). Multiple
authors recommend the use of empiric antifungal
therapy in culture negative sepsis unresponsive to
broad-spectrum antibiotics in patients with LVAD (31).
Maly et al. reported a patient on LVAD who developed
outflow tract obstruction secondary to fungal infection
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thrombus formation. Months after the LVAD implant
procedure, the patient presented with a dry cough and
fatigue. He was afebrile. Lab abnormalities included
hemoglobinuria and elevated inflammatory markers.
Initial blood cultures were negative and TEE did
not reveal any vegetation. During this readmission,
a donor's heart became available and Cardiac
transplantation was successfully done. The explanted
LVAD revealed the fungal thrombus obstructing the
outflow track with histopathology showing aspergillus.
This emphasizes the fact that a normal TEE does not
always rule out endocarditis (20).

6. Diagnosis

When LVAD driveline or pump pocket infection is
suspected, blood cultures with gram stain should
be obtained before the initiation of broad-spectrum
antibiotic therapy (32). LVAD endocarditis is similar to
prosthetic valve endocarditis, which can lead to a series
of complications such as LVAD dysfunction, LVAD
thrombosis and septic embolization (/,6). The patient
can present with persistently elevated temperature,
positive blood culture, skin signs of endocarditis such
as Osler's nodes, Janeway lesions and mycotic emboli
to systemic organs such as brain or kidneys. Certain
patients also present with mild symptoms such as
cachexia, low-grade temperature or anorexia (33). Also,
there have been reports of asymptomatic patients who
had an incidental diagnosis of LVAD endocarditis made
through the histopathological study of the explanted
device (/). Modified Duke criteria for diagnosis of
Infective endocarditis is found to be more sensitive than
Duke criteria or Von Reyn criteria (34). Implementing
echocardiography to the modified Duke criteria has
increased its sensitivity to 100% (35). Emphasis
on signs, symptoms, and identification of causative
pathogen using serological markers, additional cultures,
recent molecular techniques and histological studies
increased the therapeutic specificity and sensitivity of
Modified Duke's criteria. Thus finding it to be more
effective in diagnosing endocarditis even in patients with
negative blood cultures (36). In the case of bloodstream
infections, transesophageal echocardiography (TEE) is
done to look for any vegetation on the LVAD surface.
But TEE need not necessarily rule out the possibility of
seeding at the reflective internal blood contacting metal
surface of the device. TEE should be also considered
in patients with negative blood cultures possibly due
to recent antibiotic use (/5) There have been reports
of using Immunoscintigraphy with Tc-99m labeled
anti-NCA 96 anti-granulocyte antibodies for the
diagnosis of the infective focus (25) and also the use of
ultrasonography to detect abscesses along the surfaces
of the LVAD (2). Despite absent vegetation on TEE and
the other tests, inability to clear bloodstream infection
with appropriate antibiotics should raise concern for

LVAD endocarditis (/5).
7. Management

Initial management of LVAD driveline or pump pocket
infection involves the use of broad-spectrum antibiotics
after blood cultures have been obtained. In addition to
systemic antibiotics, driveline infection also requires
surgical drainage and incision of the driveline site with
driveline revision, which allows for removal of dead
tissue for faster recovery. Vacuum-assisted closure
devices can also be used in driveline infection (32,37).
In the case of pump pocket infection, if there is fluid
collection around the device, exploration of the site with
surgical incision and drainage is required. Antibiotic
beads can also be used in these types of infections
(38). Severe cases of pump pocket infection must be
aggressively managed as LVAD endocarditis. The
driveline or pump pocket infection in patients with LVAD
can be managed with device removal and a limited
course of antibiotic therapy but it's insufficient in case of
LVAD endocarditis. The endovascular surface of LVAD
must be presumed seeded in cases of implant device
infection complicated by endocarditis. These cases
should be managed with chronic suppressive antibiotic
therapy until the infected LVAD is removed and replaced
with a new device or until the patient undergoes cardiac
transplantation (22). Conservative management of
endocarditis without lead removal is reported as an
ineffective treatment approach. Failure of treatment is
strongly associated with failure to remove the infected
LVAD (). Currently, there is no data regarding specific
approaches in the management of LVAD endocarditis,
device exchange or explantation is generally based on
the patient's overall clinical status. In our review, out of
the 8 patients reported with bacterial endocarditis among
all the studies, all of them received a prolonged course of
antibiotics, 2 patients had explantation of the device and
one patient had an exchange of the inflow and outflow
valves (2,22-26). Aggressive management of infection,
with prompt device removal and prolonged antibiotic
therapy targeting the specific organism, is crucial to
prevent catastrophic events (/).

The same approach applies to fungal endocarditis
as well. Early detection of non-specific signs and
symptoms as well as appropriate antifungal treatment
in a timely manner is highly demanded to treat this
deadly complication (29). The risk of opportunistic
fungal infection is extremely high in patients who are
immunosuppressed and it is recommended to administer
prophylactic antifungal therapy to these patients (27).
All high-risk patients on LVAD should be treated
with fluconazole prophylaxis. Patients diagnosed
with candida endocarditis should be treated with an
echinocandin (20). Prophylaxis for aspergillosis is not
routinely administered. Voriconazole is the first drug
choice to treat the suspected invasive aspergillosis in
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these patients (37). Out of the 7 patients reported with
fungal endocarditis, 6 of them had anti-fungal treatment
and LVAD explantation. Heart transplantation was done
in 5 of the patient due to the availability of donor's heart
(20,29,31). But it's strongly emphasized that eradication
of fungemia with drugs alone without LVAD removal
is an impossible task (/5). In summary, the effective
treatment methodologies for positive outcomes in
patients with LVAD endocarditis were documented to be
treating a patient with systemic antibiotic suppression
therapy alone, LVAD replacement, LVAD transplantation
and LVAD explantation without transplantation (7).
More clinical data is required for a specific treatment
approach for LVAD endocarditis regarding the use of
just antibiotics versus device exchange and explantation.

8. Similarities and differences in prosthetic valve
endocarditis and LVAD endocarditis

In both prosthetic valve endocarditis and LVAD
endocarditis, there are signs of bloodstream infection
causing symptoms such as fever, cachexia, low-grade
temperature or anorexia, positive blood cultures, skin
signs of endocarditis such as Osler's nodes, Janeway
lesions and mycotic emboli to systemic organs such
as brain or kidneys. However, in prosthetic valve
endocarditis, TEE has a higher sensitivity in diagnosing
the condition compared to that of LVAD endocarditis.
Similar to LVAD endocarditis, immunoscintigraphy
with indium-111 is useful in detecting myocardial
abscesses or diffuse tissue infiltrations in prosthetic valve
endocarditis (39). Treatment of both prosthetic valve
endocarditis and LVAD endocarditis requires the use of a
prolonged course of antibiotics. The primary difference
in treatment of the two endocarditis situations is that in
LVAD endocarditis, explantation of the device is always
indicated along with antibiotic treatment. However, in
prosthetic valve endocarditis, surgical intervention is
required only if it meets one of the following criteria
which includes large vegetation (> 10 mm), mobile
vegetation, thromboembolic events with the presence
of vegetation, persistent sepsis despite 48 hours of
antibiotic treatment, congestion not relieved with medical
treatment, and acute renal failure (40). Another important
difference is the need for prophylaxis. Currently, there
is no literature indicating the need for prophylaxis
antibiotics in patients with LVAD to prevent endocarditis
for procedures, however, antibiotic prophylaxis has
been indicated for patients with a prosthetic valve for
procedures involving the oropharynx, gastrointestinal
tract, and urogenital tract (39).

9. Complications
Complications associated with the device implant

include infection, bleeding, right ventricular failure,
septic emboli, thromboembolism, and stroke (/). In

bacterial endocarditis, the reported complications
include mycotic embolism causing intraparenchymal
bleeding and systemic mycotic emboli (2,22-26). In
fungal endocarditis, the reported complications include
vegetation obstructing the inflow and outflow valves
and also obstruction of the outflow cannula (20,29,31).

10. Outcomes

The extensive review of the literature revealed only
limited results on the outcomes of LVAD endocarditis. In
our review, out of the 8 patients reported with bacterial
endocarditis 3 patients survived (37.5%) and 5 patients
died (62.5%). Two patients (25%) were reported to have
peripheral emboli from the endocarditis. Among the
7 patients reported with fungal endocarditis 5 patients
survived (71.4%) and 2 patients died (28.5%) (2,22-
26). There is no significant difference in survival of
transplanted patients with or without perioperative
infection whereas patients with LVAD endocarditis
are reported to have increased risk of morbidity and
mortality (47). Overall mortality from sepsis in patients
with LVAD is 4%. Other causes of death in patients
with a continuous-flow left ventricular assist device
are hemorrhagic stroke (9%), right heart failure (5%),
external power interruption (4%), bleeding (3%),
respiratory failure (3%), and cardiac arrest (3%). Among
patients with a pulsatile flow LVAD, the leading causes
of death are hemorrhagic stroke (10%), right heart failure
(8%), multisystem organ failure (7%), and ischemic
stroke (5%) (/1). The overall estimated survival at the
end of the Ist and 2nd year in the case of continuous
flow LVAD is found to be 68% and 58% respectively
while with pulsatile flow LVAD is found to be 55% and
24% (11).

11. Conclusion

In conclusion, endocarditis secondary to LVAD
placement is a serious and difficult to treat condition
with high morbidity and mortality. Both bacterial and
fungal endocarditis have been reported in patients
with LVAD. A negative TEE does not always rule out
endocarditis associated with LVAD and persistent
bacteremia should raise suspicion of endocarditis in
these patients. Complications include systemic mycotic
embolization and vegetation causing obstruction of the
inflow or outflow tract leading to LVAD dysfunction.
Explantation of the LVAD along with prompt antibiotic
or antifungal therapy is needed for the treatment of
endocarditis associated with LVAD.
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Summary

Peripheral T-cell lymphoma (PTCL) is a set of rare and highly heterogeneous group of
mature T- and NK-cell neoplasms associated with poor outcomes and lack of standard and
effective therapies. The total number of newly diagnosed cases of PTCL yearly in China is
estimated about 50,000. Chidamide (CS055) is a novel and orally active benzamide class
of histone deacetylase (HDAC) inhibitor that selectively inhibits activity of HDACI, 2, 3
and 10, the enzymes that are involved and play an important role in tumor initiation and
development in both tumor cells and their surrounding micro-environment. Functioning
as a genuine epigenetic modulator, chidamide induces growth arrest and apoptosis in
tumor cells and enhances cellular antitumor immunity. Based on the overall results from
preclinical and phase I clinical studies, exploratory and pivotal phase II trials of chidamide
for relapsed or refractory PTCL were conducted from March 2009 to May 2012, and the
results led to CFDA approval of chidamide for the indication in December 2014, being the
first approved orphan drug according to the research & development approach of orphan
drugs in China, as well as the first orally active drug for PTCL in China and worldwide.

Keywords: Chidamide, HDAC inhibitor, epigenetic, T-cell lymphoma, orphan drug

1. Introduction

Peripheral T-cell lymphoma (PTCL) is a set of rare and
heterogeneous groups of mature T- and natural killer
(NK)-cell neoplasms associated with poor outcomes.
The median overall survival (OS) is about 1 to 3 years
for various types of PTCL (/-3). PTCL makes up 25-
30% of all NHL cases in China, with an estimated
50,000 new patients diagnosed annually. Subtype
distribution of PTCL is significantly different between
China and North American or European countries
(4). According to the WHO classification, the most
common subtype of PTCL in China is extranodal NK/
T-cell lymphoma, nasal type (ENKL), followed by
PTCL not otherwise specified (PTCL NOS), anaplastic
large-cell lymphoma (ALCL), and angioimmunoblastic
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T-cell lymphoma (AITL) (4,5).

Worldwide, there is still no consensus on first-line
therapy for patients with PTCL due to the rarity of
the disease and the lack of randomized clinical trials.
For relapsed or refractory chemotherapy sensitive
patients, autologous or allogeneic stem cell transplant
(SCT) following high-dose therapies is the treatment
goal. To obtain this goal, clinical trials or second-line
chemotherapies are suggested. The treatment options
for patients who are in two or more relapses are clinical
trials, best supportive care, alternative chemotherapy
and palliative radiotherapy (6).

In Western countries, the development of new
agents for the treatment of chemorefractory PTCL as
second-line therapy has made great progress in recent
years. Pralatrexate (an antifolate agent), romidepsin
(a cyclic peptide HDAC inhibitor), and belinostat (a
hydroxamate pan HDAC inhibitor), were approved
by the US Food and Drug Administration (FDA) for
patients with relapsed or refractory PTCL in September
2009, June 2011, and July 2014, respectively. The
overall response rates (ORR) by independent central
review for those three approved drugs were 29%, 25%
and 26% for pralatrexate, romidepsin and belinostat,
respectively (7-9).
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Epigenetic modifications, including DNA
methylation, histone modification and nucleosome
remodeling, function cooperatively to determine
chromatin configuration and unique transcriptional
profiles in cells. Disruption of epigenetic processes may
cause altered gene function and play an essential role
in malignant cellular transformation and progression
(10). These findings have provided the rationale for
epigenetic agents targeting DNA methyltransferases
(DNMT) and histone deacetylases (HDAC) for cancer
treatment (/7).

Chidamide (CS055), discovered and developed
by Chipscreen Biosciences, is a novel orally active
HDAC inhibitor with subtype selective activity against
HDACI, 2, 3 and 10. Functioning as a genuine
epigenetic modulator, chidamide induces growth arrest
and apoptosis in tumor cells and enhances cellular
antitumor immunity. In the current article, we present the
main results from preclinical and clinical studies, with
emphasis on the single agent chidamide for PTCL and
its development and regulatory path as the first approved
orphan drug according to the research & development
approach of orphan drugs in China, as well as the first
orally active drug for PTCL in China and worldwide.

2. Discovery and preclinical development
2.1. Discovery and mechanisms of action

HDAC:S are involved in the remodeling of chromatin
and play a key role in the epigenetic regulation of
gene expression. At least 18 human HDACs have been
identified and are grouped into four classes, including
class I (HDACI, 2, 3, and 8), class II (HDAC4, 5, 7,
and 9 as Ila, and HDAC6 and 10 as IIb), and class IV
(HDACI11) (12). Elevated expression or activity of
HDAC: is implicated in the development and progression
of cancer (/3). Inhibition of HDAC enzymes results in
increased histone acetylation, thereby inducing an open
chromatin conformation and transcription of previously
dormant genes. Although the precise biological functions
of individual HDACs are still largely unknown, the
importance of HDAC enzymes in the malignant
phenotype has been most closely associated with Class I
HDACs 1-3 (12-14).

Back in 2001, when Chipscreen was set up, we
initiated an exploratory program in discovery of novel
HDAC inhibitors with high subtype selectivity and oral
bioavailability. Based on the large members of HDAC
enzyme families and variety of enzyme structures of
individual subtypes, we hypothesized that the existing
HDAC inhibitors at the time with different chemical
structures should have had different selectivity in
HDAC subtypes, and thus elicit different biological
responses. We carried out chemical genomic analysis
to differentiate whether these chemically divergent
inhibitors were biologically different. As a result, we

found that among the HDAC inhibitors evaluated, only
the benzamide class compounds, but not hydroxamic
acid-based ones, exhibited induction of expression of
epithelial differentiation related genes (e.g., EMPI,
EPLIN), T-cell receptor (TCR) and MHC I cluster
genes, and death receptor 6 (DR6)-related apoptosis
genes. Preferential repression of genes related to drug
resistant and protein modification/degradation pathways
was also observed in benzamide class compounds
(15). These findings led us to focus on the chemical
scaffold of benzamide class of HDAC inhibitors, and
CS055 (later named chidamide) was discovered from
a variety of benzamide-prototype compounds based
on computational and medicinal chemistry, and further
evaluated by chemical genomic-based analysis and
other molecular biological means both in vitro and
in vivo. In summary, chidamide has demonstrated to
selectively inhibit activity of HDACI, 2, 3 and 10,
and to perform its anti-cancer functions as a genuine
epigenetic modulator by the following mechanisms:
induction of growth arrest and apoptosis in blood and
lymphoid-derived tumor cells, reversal of epithelial—
mesenchymal transitions and drug resistance of tumor
cells, and importantly, enhancement of NK-cell and
antigen-specific CD8+ cytotoxic T-lymphocyte-
mediated cellular antitumor immunity (/5-19).

2.2. Preclinical studies

Chidamide was initially assessed in preclinical animal
studies that employed a daily dose regimen. Chidamide
exhibits a broad-spectrum of anti-tumor activity in
vivo, including activities against lung, colon, breast and
liver carcinoma, evaluated by using athymic nude mice
subcutaneously inoculated with different human tumor
cell lines (/6). Using a daily dose regimen, the EDy, in
average for those animal models was 11.5 mg/kg.

Nonclinical pharmacokinetic studies were conducted
in rodent and non-rodent animals after single and
multiple oral dosing with a daily dose regimen. Plasma
concentrations in animals were observed to be slightly
less than dose-proportional across the species. Oral
dosing was characterized by variable plasma elimination
half-lives in different animal species, ranging from 21
to 38 hours, that was apparently independent of dose
levels/exposure. In rat studies, chidamide was shown to
mainly distribute to the gastrointestinal tract, pancreas,
lungs and immune organs.

IND-enabling safety studies of chidamide were
conducted in rats and dogs with repeat dosing for
28 days with a daily dose regimen. In rats, an every-
three-day dosing regimen was also employed. All
the studies incorporated toxicokinetic analyses.
Overall target organ toxicities were similar in rats
and dogs, regardless of dosing regimens employed.
Typical findings included dose-dependent reductions
in body weight and food consumption, hematologic
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abnormalities, and changes in clinical chemistry
parameters. In repeat toxicity studies, rats tolerated 10
times more dose exposure in animals with an every-
three-day dosing regimen compared with those under a
daily dose regimen, although significant accumulation
of plasma drug substance was seen for both regimens
from single-dose to the last dose administration in 28
days. Interestingly to note, there was no significant loss
of efficacy in mice when chidamide was administered
with regimens of either every-other-day or every-three-
day dosing compared with a daily dose regimen when
the total dose-exposure was similar with different
dosing regimens in a total 28-day period of evaluations.
Taken together, the efficacy and tolerance window was
dramatically increased by interval dosing regimens,
which formed a good foundation rationale for a phase I
trial in humans.

3. Phase I study

A phase I clinical study was conducted in patients with
advanced solid tumors or lymphomas (20). A total of 31
patients were enrolled who received oral doses of 5, 10,
17.5, 25, 32.5, or 50 mg chidamide twice weekly (BIW),
or 32.5 or 50 mg chidamide three-times weekly (TIW)
for four consecutive weeks, followed by a two-week
drug-free holiday. A complete treatment cycle was 6
weeks. Treatment-related adverse events (AE) were
mostly grade 1 (72%), with 17% grade 2 and 11% grade
3. The most common AEs were fatigue (35%, limited
to grade 1), thrombocytopenia (26%), anorexia (26%),
leucopenia or neutropenia (23%), reduced hemoglobin
(19%), nausea (16%), and diarrhea (16%). In general,
the number and severity of AEs increased with drug
exposure, particularly with respect to myelosuppression
and GI events. No dose-limiting toxicities (DLT) were
identified in the BIW cohorts up to 50 mg. DLTs were
grade 3 diarrhea and vomiting in two patients in the
TIW cohort at 50 mg, respectively.

Out of the 25 patients who had measurable lesions
for efficacy evaluation, there were 5 patients with
partial response (PR). Four of the 5 patients (80%) with
PRs were T-cell non-Hodgkin's lymphoma (T-NHL)
patients assigned to the 5, 32.5, and 50 mg BIW
cohorts and the 32.5 TIW cohort. The other PR patient
was enrolled with adenoid cystic carcinoma of the
submandibular gland and was treated in the 32.5 mg
BIW cohort.

Single-dose PK studies were performed in patients
who received 25, 32.5, and 50 mg chidamide, regardless
of dosing schedules. Peak plasma concentrations for
the majority of patients were observed within 0.5-2 h
of drug administration and returned to close to baseline
level within 48 h, but remained quantifiable at 72 h
after a single dose. Systemic exposures (Cmax and
AUC) were generally dose dependent across the 25-
50 mg dose range. The elimination half-life (t,) was

similar among the different dose groups, with mean
values ranging from 16.8 to 18.3 h. Preliminary multi-
dose PK analysis suggested an increased systemic
exposure on the TIW dosing schedule.

Inhibition of HDAC enzymes results in increased
histone acetylation, which is usually considered as an
important parameter for a pharmacodynamics (PD) study
on HDAC inhibitors (27). PD analysis was carried out
by examining histone H3 acetylation in peripheral white
blood cells (WBCs) from 19 patients. In general, peak
induction of H3 acetylation in WBCs was observed
between 24 and 48 h after treatment, with increased
acetylation persisting for up to > 72 h after a single dose
of chidamide at 25, 32.5, and 50 mg.

Microarray gene expression studies were performed
on peripheral WBCs from patients with T-cell
lymphoma before and after administration of the first
dose of chidamide. The expression of genes involved
in immune cell-mediated antitumor functions was
significantly up-regulated by chidamide dosing. Further
laboratory studies have demonstrated that ex vivo
treatment with nanomolar concentrations of chidamide
enhances immune cell-mediated cytotoxicity by
human peripheral mononuclear cells, accompanied by
increased expression of proteins involved in NK-cell
activities (16).

In conclusion, the phase I study showed that
chidamide was generally well tolerated in patients
with advanced solid tumors or lymphomas in tested
regimens. Favorable PK and PD profiles were also
demonstrated. Encouraging preliminary anti-tumor
activity was observed, particularly from patients with
T-cell lymphomas.

4. Clinical development for PTCL as an orphan
drug

4.1. Exploratory phase II trial

The exploratory phase II trial was a multi-centered,
open label, non-randomized study. Eligible patients with
PTCL NOS subtype were assigned randomly to receive
either 30 mg or 50 mg twice per week for 2 consecutive
weeks in a 3-week-cycle. The total drug exposure for
the two dosing cohorts in a 3-week period was 120
and 200 mg, respectively. Response assessment was
performed once every 6 weeks, using the International
Workshop to Standardize Response Criteria for Non-
Hodgkin's Lymphoma (IWC). The primary endpoint
was ORR, and secondary endpoints included duration
of response (DOR) and progression free survival (PFS).
Safety was evaluated once every 3 weeks, and AEs were
graded by the National Cancer Institute (NCI) Common
Terminology Criteria for Adverse Events v3.0 (CTCAE).

A total of 19 patients were enrolled in the exploratory
phase II trial, including 9 patients in the 30 mg
cohort and 10 patients in the 50 mg cohort. Baseline
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Table 1. Baseline characteristics of the exploratory phase II trial

Characteristics 30 mg cohort (n=9) 50 mg cohort (n = 10) All (n=19)
Gender

Male 6 (66.7%) 8 (80.0%) 14 (73.7%)

Female 3(33.3%) 2 (20.0%) 5(26.3%)
Age (years)

Median 51.0 52.0 51.0

Mean 532 51.9 52.5
Disease stage

I 2(22.2%) 1 (10.0%) 3 (15.8%)

111 3(33.3%) 2 (20.0%) 5(26.3%)

v 4 (44.4%) 7 (70.0%) 11 (57.9%)
Years since first diagnosis

Median 1.5 1.1 1.4

Range 0.2-8.1 0.2-2.5 0.2-8.1
Table 2. Adverse events in > 2 patients in the exploratory phase II trial

30 mg cohort (n =9) 50 mg cohort (n = 10) All (n=19)

Event Total (%) > Grade 3 (%) Total (%) > Grade 3 (%) Total (%) > Grade 3 (%)
Thrombocytopenia 3(33.3) 2(22.2) 6 (60.0) 4 (40.0) 9(47.4) 6(31.6)
Leucopenia 1(11.1) 1(11.1) 4 (40.0) 1(10.0) 5(26.3) 2(10.5)
Fever 1(11.1) 0 3(30.0) 0 4(21.1) 0
Fatigue 0 0 3(30.0) 0 3(15.8) 0
Anemia 1(11.1) 1(11.1) 1(10.0) 0 2 (10.5) 1(5.3)
Nausea 0 0 2(20.0) 0 2 (10.5) 0

characteristics of patients are presented in Table 1, which
did not show a significantly different distribution in these
two cohorts.

One patient obtained complete response (CR) in the
30 mg cohort. Four patients responded to the treatment
in the 50 mg cohort, including 1 patient with CR, 1
patient with complete response unconfirmed (CRu)
and 2 patients with PR. The ORR was 11.1% (95% CI:
0.3%-48.2%) and 40.0% (95% CI: 12.2%-73.8%) for
the 30 mg and 50 mg cohort, respectively. The DOR for
the patient with CR in the 30 mg cohort was 1,091 days
at the data cutoff date, and continued with the treatment
after that. The median PFS for the 30 mg cohort was
84 days. As for the 50 mg cohort, the DORs for the
4 responding patients were 59, 259, 440 and 1,010
days. The patient with the longest DOR (1,010 days)
continued the treatment after the data cutoff date. The
median PFS for the cohort was 44 days.

Fourteen patients (73.7%) out of the 19 patients had
at least one AE. The most common AEs (> 2 patients
in the two cohorts in total), as listed in Table 2, were
thrombocytopenia (9, 47.4%), leucopenia (5, 26.3%),
fever (4, 21.1%), fatigue (3, 15.8%), anemia (2, 10.5%)
and nausea (2, 10.5%). Most AEs were grade 1-2.
Grade 3 AEs included thrombocytopenia (2 patients
in each cohort), leucopenia (1 patient in each cohort),
anemia (1 patient in the 30 mg cohort), and edema (1
patient in the 30 mg cohort). The only two Grade 4 AEs
of thrombocytopenia were reported from the 50 mg
cohort.

4.2. Pivotal phase II trial

Based on the overall results from the phase I study on
patients with solid tumors/lymphomas and exploratory
phase II trial in patients with PTCL NOS, together with
the progress that pralatrexate was approved by FDA
for relapsed or refractory PTCL under the orphan drug
designation in December 2010, we initiated the process
to communicate with and had positive feedback from
the Center for Drug Evaluation (CDE) of the China
Food and Drug Administration (CFDA) to explore the
possibility to design and conduct a pivotal phase II trial
for chidamide in relapsed or refractory PTCL.

The pivotal phase II trial was an open-label, single-
arm, multicenter study of chidamide monotherapy.
Patients with relapsed or refractory PTCL of any
subtype that investigators considered as suitable
were eligible for this study, but underwent a central
pathology review to evaluate final eligibility. By overall
evaluation of efficacy and safety profiles from the two
dosing cohorts in the exploratory phase II trial, patients
in the pivotal trial were administered 30 mg chidamide
twice weekly without 1-week-drug-free breaks, which
accounted for a total dosage of 180 mg in a 3-week
period. Patients continued to receive chidamide
treatment until progression of the disease, unacceptable
toxicity, or patient/investigator discretion. The primary
endpoint was ORR as assessed by an independent
review committee. Of the 83 patients enrolled, 79 with
eligible PTCL histology were for efficacy assessments.
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Table 3. Baseline characteristics of the pivotal trials from the four approved drugs

Characteristics Pralatrexate (n = 111) Romidepsin (n = 130) Belinostat (n = 120) Chidamide (n=79)
Age (years)

Median 58.0 61 64.0 53.0
Mean 57.7 / / 49.6
Gender

Male 76 (68%) 88 (38%) 62 (52%) 53 (67%)

Female 35 (32%) 42 (32%) 58 (48%) 26 (33%)
Years since first diagnosis 13 13 1.0 1.1
Prior systemic therapy

Median 3
Range 1~ 13 1~8 1~8 1~9
Subtype n (%)

PTCL NOS 59 (54) 69 (53) 77 (64) 27 (34)

ALCL 17 (15) 22 (17) 15(13) 17 (22)

ALK negative 11(10) 21 (16) 13 (11) 11 (14)
ALK positive/unknown 6(5) 1 (1%) 2(2) 6(8)

AITL 13 (12) 27 (21) 22 (18) 10 (13)

ENKL 2(2) 1(1) 2(2) 16 (20)
Others 18 (17) 11(8) 4(3) 9 (11)

PTCL NOS, PTCL not otherwisespecified; ALCL, anaplastic large cell lymphoma; AITL, angioimmuoblastic T-cell lymphoma; ENKL,

extranodal NK/T-cell lymphoma, nasal type.

Table 4. Efficacy parameters of the pivotal trials from the four approved drugs

Parameter Pralatrexate (n = 109) Romidepsin (n =130)  Belinostat (n = 120) Chidamide (n=79)
PR, n (%) 20 (18) 14 (11) 18 (15) 11 (14)
CR + CRu, (%) 12 (11) 19 (15) 13 (11) 11 (14)
ORR, 7 (%) 32 (29) 33 (25) 31 (26) 22 (28)
DOR > 3m, n (%) 13 (12) / / 19 (24)
PFS (month)

Median 35 4.0 1.6 2.1

Range 1 day-23.9 / / 1 day-44.9
OS (month)

Median 14.5 1.3 7.9 21.4

Range 1-24.1 / / 0.3-50.1
Response rates for individual subtypes, %
PTCL NOS 32 (19/59) 29 (20/69) 23 (18/77) 22 (6/27)
ALCL 35 (6/17) 23 (5/22) 13 (2/15) 41 (7/17)

ALK negative NA 24 (5/21) 15 (2/13) 45 (5/11)

ALK positive/unknown NA 0 (0/1) 0 (0/2) 33 (2/6)
AITL 8 (1/13) 30 (8/27) 45 (10/22) 50 (5/10)
ENKL 0 (0/2) 0 (0/1) 50 (1/2) 19 (3/16)
Others 33 (6/18) 0 (0/11) 0 (0/4) 11 (1/9)

PR, partial response; CR, complete response; CRu, complete response unconfirmed; DOR, duration of response; PFS, progression free survival;
OS, overall survival; PTCL NOS, PTCL not otherwisespecified; ALCL, anaplastic large cell lymphoma; AITL, angioimmuoblastic T-cell

lymphoma; ENKL, extranodal NK/T-cell lymphoma, nasal type.

The ORR was 28% (22 of 79) including 14% (11 of 79)
with CR/CRu. Median PFS and OS were 2.1 and 21.4
months, respectively. Patients with AITL tended to have
a higher response rate and more durable responses to
chidamide treatment. The most common AEs > grade 3
were thrombocytopenia (22%), leucopenia (13%), and
neutropenia (11%), respectively. Results led to CFDA
approval of chidamide in relapsed or refractory PTCL
in December 2014.The full report of the pivotal phase
II study can be found in a recent publication (22).

It would be interesting to compare the results of
chidamide with the other three FDA approved PTCL
drugs, all derived from their pivotal phase II trials

(7-9,22). While there were similar patient baseline
characteristics from these trials in terms of age, gender,
years since first diagnosis and prior systemic therapy
numbers, a significant difference presented in the
pathological subtypes of patients enrolled between the
chidamide trial and the others (Table 3). Four major
subtypes of PTCL (PTCL NOS, ALCL, AITL and
ENKL) accounted for 83-97% of patients for all four
trials. However, the chidamide trial enrolled a lower
percentage of PTCL NOS patients, but significantly
higher numbers of NKTL patients. Patients enrolled
with ENKL in this study were 20% in total, whereas
only1-2% of patients with this subtype were included
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in other trials, reflecting a significant difference in
geographic or racial population of this PTCL subtype in
China compared with the studies carried out in Western
countries for romidepsin, pralatrexate or belinostat.

Although the ORRs were very similar in general
among these drugs at a range of 25-29%, there were
remarkable differences in response rates in some
individual PTCL subtypes (Table 4). For instance,
patients with chemorefractory AITL tended to have
higher response rates in response to treatment with
chidamide, as well as romidepsin and belinostat,
the three HDAC inhibitors. In contrast, only 8% of
patients (1 of 13 patients) responded to the pralatrexate
treatment. Chidamide showed an apparently longer
OS in relapsed or refractory PTCL including 20% of
patients with ENKL known usually to have very poor
prognosis. However, we should be cautious to look at
this potential benefit for chidamide and make a direct
comparison with other drugs, because of limited patient
numbers, different geographic or racial populations, as
well as different subtype distributions, all account for
the efficacy profiles in these different trials.

We believe that the successful development of
chidamide in PTCL in China, may have significance in
the field: first, chidamide is the first HDAC inhibitor
with subtype-selectivity and oral availability approved
for PTCL worldwide. The results summarized in
the current article not only form the foundation for
providing a much needed treatment option for PTCL
patients in China, but also have made a significant
scientific contribution to the field. Second, subtype
distribution of PTCL patients enrolled in our pivotal
phase II trial, which was the largest clinical trial in a
Chinese PTCL population to date, was significantly
different compared with studies in Western countries,
particularly in the ENKL subtype. The subtype
distribution profiles in different trials not only reflect
the significant differences in geographic or racial
population, but also may have impacts on interpretation
of overall results of efficacy from different trials for
the indication. Our study on chidamide would be
very important for and an essential addition to new
drug clinical trials for PTCL patients worldwide.
And third, PTCL patients treated with chidamide
showed a potential long-term survival benefit even
compared with recently approved drugs, particularly
to patients of certain subtypes, such as AITL, which
may be associated with unique epigenetic modulating
mechanisms of chidamide (23,24).
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Summary

Rare diseases with a low prevalence are a key public health issue because the causes of those
diseases are difficult to determine and those diseases lack a clearly established or curative
treatment. Thus, investigating the molecular mechanisms that underlie the pathology of
rare diseases and facilitating the development of novel therapies using disease models is
crucial. Human induced pluripotent stem cells (iPSCs) are well suited to modeling rare
diseases since they have the capacity for self-renewal and pluripotency. In addition, iPSC
technology provides a valuable tool to generate patient-specific iPSCs. These cells can
be differentiated into cell types that have been affected by a disease. These cells would
circumvent ethical concerns and avoid immunological rejection, so they could be used in
cell replacement therapy or regenerative medicine. To date, human iPSCs could have been
generated from multiple donor sources, such as skin, adipose tissue, and peripheral blood.
However, these cells are obtained via invasive procedures. In contrast, several groups
of researchers have found that urine may be a better source for producing iPSCs from
normal individuals or patients. This review discusses urinary iPSC (UiPSC) as a candidate
for modeling rare diseases. Cells obtained from urine have overwhelming advantages
compared to other donor sources since they are safely, affordably, and frequently obtained
and they are readily obtained from patients. The use of iPSC-based models is also discussed.
UiPSCs may prove to be a key means of modeling rare diseases and they may facilitate the
treatment of those diseases in the future.

Keywords: iPSCs, "urine cells", rare disease models

1. Introduction

yet to be identified and they are difficult to manage
since there are currently no curative or disease-modified

A rare disease is defined by the World Health
Organization (WHO) as a disease with a prevalence of
less than 0.65%o-1%o, but it is seriously debilitating even
life-threatening (/). Because of its large population,
China has the largest rare disease population in terms of
prevalence. However, the causes of rare diseases have
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treatments available (2). More than 80% of intractable
and rare diseases involve a genetic cause (3). Thus,
disease models are indispensable tools for studying
molecular mechanisms of rare diseases and developing
therapeutic approaches. Such models would need to
recreate the phenotypic and pathological variants of the
disease in vitro.

Human embryonic stem cells (ESCs) can
differentiate into all somatic cells and they can be
grown indefinitely in culture. This is why human ESC
technology has garnered worldwide attention for its
therapeutic applications in vivo (4). However, human
ESC treatment is plagued by immune rejection and
ethical concerns. Prior to 2006, Japanese researchers
induced four transcription factors (OCT3/4, SOX2,
c-MYC, and KLF4) in murine fibroblasts with
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Table 1. Human iPSCs can be generated from different donor sources

Donor sources Cell types Obtained process Ref.
Fibroblasts Facial dermal fibroblasts, periodontal ligament fibroblasts, and gingival fibroblasts Invasive (biopsy) (11,12)
Keratinocytes Keratin-dense epithelial cells Not strictly noninvasive (13)

Melanoma cells
Adipose stem cells
Cord blood
Peripheral blood
Neural cells

Skin melanocytes

Cord blood-derived stem cells and endothelial cells
Mononuclear, T- , and myeloid cells
Neural stem cells

Astrocytes Human astrocytes
Hepatocytes Primary human hepatocytes
Amniocytes Human amniotic fluid-derived cells

White preadipocytes and adipose-derived mesenchymal stem cells

Invasive (skin punch biopsies)  (/4)

Invasive (liposuction) (15-17)
Noninvasive (18,19)
Minimal invasion (venipuncture) (20-22)
Invasive (23)
Invasive (24)
Invasive (25)
Invasive (amniocentesis) (26,27)

Table 2. Human iPSCs can be induced without viral integration

Integration-free methods Cell types Reprogramming factors™ Efficiency (%) Ref.
Sendai viruses Fibroblasts OSKM ~1 (42)
Adenoviruses Fibroblasts and liver cells OSKM ~0.001 (43)
Plasmids Fibroblasts OSNL ~0.001 (44,45)
Episomes Fibroblasts OSNL ~0.1 (46)
Transposons Fibroblasts OSKM ~0.1 47)
Proteins Fibroblasts oS ~0.001 (48,49)
Chemicals or small Molecules ~ Umbilical vein endothelial cells OCT4 + small molecules ~0.01 (50-53)
mRNA Fibroblasts OSKM or OSKML + VPA ~1-44 (54)
MicroRNA Adipose stromal cells and dermal fibroblasts =~ miR-200c, miR-302s or miR-369s ~0.1 (55)

*Abbreviations represent a combination of reprogramming factors: K, KLF4; L, LIN28; M, ¢c-MYC; N, NANOG; O, OCT4; S, SOX2; VPA,

valproic acid.

retroviruses and they generated the first induced
pluripotent stem cells (iPSCs) (5). Human iPSCs
are highly similar to ESCs: they display ESC-like
morphology, they express pluripotency markers, the
share a similar level of gene expression and epigenetic
states (6,7), and they possess the capacity to develop
into three germ layers in vitro and in vivo (8). Given
these facts, iPSCs could provide a valuable model to
study germ cell determination in vitro, but they could
also serve as a promising way to differentiate stem cells
into diseased cells in order to model disease, screen
drugs, and examine the effects of cell therapy. Several
groups of researchers have indicated that iPSCs might
be derived from urine samples (9,7/0). Compared to
the procedures used to obtain other donor cells, urine
collection is safe, affordable, ubiquitous, and readily
accepted by patients. This article aims to present the
benefits of iPSCs derived from urine for the study
of rare diseases, and this article also highlights the
applications of rare disease models.

2. Urine as an efficient source of cells for generation
of iPSCs

Human iPSCs can be generated from a large variety of
donor sources (Tablel). However, the ideal cell source
would be obtained non-invasively, simple and cost-
effective to obtain, and obtained universally (from
patients of any age, sex, ethnic group, or body type)
(28). The first successful culture of urinary tract cells

occurred in 1972 (29), and that feat was repeated by
many researchers (30-37). Zhou et al. generated iPSCs
from urine-derived cells (9). Here, urine-derived
cells will be referred to simply as urine cells. UiPSCs
are advantageous in many ways. First, UiPSCs can
be generated at a low cost. Urine is merely a body
waste, so the only cost is the culture medium. Second,
obtaining cell samples from patients, and especially
young children with rare diseases, is difficult, but this
can be avoided by repeated urine collections without
medical assistance. Third, UiPSCs may have fewer
genetic alterations than iPSCs from the skin due to
less direct exposure to radiation (38,39). Moreover,
UiPSCs have a high level of reprogramming efficiency,
between 0.1% and 4% in general (40). This is because
most urinary cells of an epithelial origin do not require
mesenchymal-to-epithelial transition (MET) during
reprogramming, unlike fibroblasts.

Different types of somatic cells are used to generate
iPSCs, and different reprogramming techniques with
varying levels of efficiency are used to reprogram cells
with different origins (4/). Avoiding viral integration
and accomplishing safe and efficient reprogramming
is the main goal. iPSCs can be generated without viral
integration for basic applications (Table 2). Taking
safety and workload into account, Xue et al. described
a useful method of generating 93 iPS cell lines from
20 individuals with various backgrounds; their method
reprogrammed human urine-derived cells without using
a virus, serum, feeder, or oncogene ¢-MYC (56). This
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non-viral iPSC bank with genetic information from
different individuals revealed that UiPSCs could serve
as a powerful in vitro model for the study of the disease.
As their research continued, they found that different
batches of cells derived from the same person's urine
had dramatically different levels of reprogramming
efficiency. In addition, half of the cells isolated from
urine proliferated only to a limited extent, posing a
major hurdle to the generation of iPSCs. Thus, Xue et
al. developed three methods of reprogramming urine
cells with diverse properties through the use of small
molecules and autologous urine cells as feeders. iPSCs
can be generated from almost any batch of cells isolated
from urine, resulting in further advances in the banking
of patient-specific iPSCs (57).

3. Modeling rare diseases using UiPSCs

Patient-specific iPSCs can differentiate into large
numbers of affected cell types with the same genetic
background as the patient since they are immortal
and pluripotent (58). Using these cells to construct
rare disease models will prove highly useful in the
discovery of effective and safe drugs and in the study of
cell replacement therapies. Many groups of researchers
have successfully generated patient-specific UiPSCs.
These cells are derived from patients with conditions
such as renal disease (59), pediatric disease (60), a
bleeding disorder (6/), neurological disease (62), and
a bone disorder (63,64). Obtaining these cells is the
critical first step to elucidating the mechanisms that
underlie the pathology of those diseases.

As UiPSC generation has become more efficient,
many patient-specific UiPSCs have been successfully
generated. Cryptorchidism is the most frequent
congenital anomaly in human males. Cryptorchidism
involves multiple causes, such as genetic mutations
and environmental factors (65,66). Researchers have
established cryptorchid-specific iPSC lines with
genetic variations and they have found that urine cells
may represent a better source for generation of iPSCs,
especially in the study of pediatric diseases (60). Most
patients with complex disorders are treated with various
medications over a prolonged period, which may
have an impact on donor cell propagation and nuclear
reprogramming. Expansion of fibroblasts from patients
with end-stage renal disease was problematic since cell
division stopped after several passages (67). In contrast,
use of immunosuppressive drugs has little effect on
urine cell propagation and generation of iPSCs. Thus,
urine-derived cells appeared to be a valuable donor
source for patients with systemic lupus erythematosus
(SLE) (59). Whether these drugs substantially impact
the generation of iPSCs needs to be explored further
under different conditions.

Although cells of multiple origins may be involved
in the pathogenesis of rare diseases, specific cell types

could be used to recreate a phenocopy of the disease in
vitro so that the cell type could be identified as where
the disease originates. Investigating a rare disorder
presents many challenges, but UiPSCs represent a world
of potential applications — for recreating the phenotypic
and pathological variants and also for identifying drug
candidates and transplanting autologous cells into
patients. Two studies have posited that new treatments
for rare diseases can be developed in the future using
UiPSCs-based models with integration-free episomal
vectors (61,64).

The first study derived iPSCs from patients with
hemophilia A (HA), which is a rare bleeding disorder
with a prevalence of 1%0-2%o caused by clotting factor
VIII (FVIII) mutations resulting in deficient production
of FVIII protein (68,69). HA-iPSCs are generated
from patients' urine cells using an integration-
free transfection technique (46,70). Differentiated
hepatocyte-like cells derived from HA-iPSCs (HA-
iPSC-Hep) display the phenotype of the defective
FVIII found in selected patients. At the genetic level,
HA-iPSC-Hep carry the mRNA of the defective FVIII
gene. FVIII protein is absent on a protein level as well.
Furthermore, FVIII activity in the culture supernatant is
much lower than that in the reference group. Therefore,
this new model is remarkable for two main reasons.
Previous researchers investigated the mechanisms
underlying HA in animal models. However, different
species have differing physiologies, which may partly
explain why many novel drugs are not effective in
patients when tested in clinical trials (7/). Models like
HA-iPSC-Hep will help to explain the pathogenesis
of disease and facilitate the development of new
therapeutics. In patients with a bleeding disorder, an
invasive procedure can be life-threatening, so an easily
accessible source of donor cells must be obtained in
a completely non-invasive manner. Urine cells can
be obtained non-invasively and safely, so those cells
are a useful source of iPSCs. A novel model using
integration-free episomal vectors could be used in cell
therapy along with gene editing.

The second study generated iPSCs from patients
with fibrodysplasia ossificans progressiva (FOP).
FOP is caused by a recurrent heterozygous missense
mutation in activin receptor-like kinase 2 (ACVRI1/
ALK?2) (72). FOP is a rare genetic disease characterized
by congenital malformation of the halluces and by
progressive heterotopic ossification (HO), and FOP is
the most catastrophic disorder of HO in humans (73).
Endothelial cells (ECs) and pericytes derived from
FOP iPSCs can recreate some aspects of the disease
phenotype in vitro. Researchers found that ECs were
not readily generated from FOP iPSCs and had limited
proliferation, which may be related to the crosstalk
between bone morphogenetic protein (BMP) signaling
and vascular endothelial growth factor (VEGF)
signaling. This issue needs to be further explored.
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Researchers have also found that FOP iPSC-pericytes
are prone to mineralization. Moreover, use of ALK2
inhibitor led to a reduction in alkaline phosphatase
(ALP) activity. Models such as FOP iPSCs provide a
useful tool to determine the underlying mechanisms
of endothelial-mesenchymal transition (EndMT), to
explore the bioactivity of ALK2 inhibitors, and to
screen drugs (64).

The variability between iPSC clones and the
intrinsic epigenetic features of donor cells may have
an impact on the properties of iPSCs. Reliable control
iPSC clones could be generated via gene editing
to eliminate any potential confounding effects of
variations in genetic background. In other words,
isogenic iPSCs may differ only at specific loci while all
other locations remain identical (74,75).

4. Applications of iPSC-based models

These two models described indicate that UiPSCs
have opened new avenues for modeling rare disorders
and they offer proof of principle for basic biological
research in the short term. In the long term, the clinical
use of UiPSCs in drug discovery and cell replacement
therapies will also receive a great deal of attention.
With reliable disease models, researchers will be able to
dissect the pathophysiological basis of rare diseases and
screen drugs in affected cell types. Furthermore, these
models will advance the field a step closer to patient-
matched cells or tissues for clinical transplantation,
which may represent the ultimate goal of stem cell
therapy.

4.1. Disease pathogenesis and drug discovery

Many rare human diseases are still poorly understood,
with a complicated pathogenesis and multiple
causes. Patient-specific iPSC models can recreate the
phenotypic and pathological variants of the disease in
vitro and can then be used to identify drugs to rescue
these phenotypes. Thus, disease models offer an
unprecedented opportunity to understand underlying
mechanisms of disease and to develop therapeutic
candidates.

Some genetic mutations underlying human
diseases may affect the generation of patient-specific
iPSCs or the maintenance of their pluripotent state
(76,77). Nonetheless, iPSCs provide a unique human
system for understanding molecular mechanisms of
reprogramming and pathogenesis and can thus be used
to develop effective drugs. Researchers have recently
identified two molecular mechanisms responsible for
inhibition of the generation of FOP-iPSCs from patient
fibroblasts: incomplete reprogramming of pluripotent
and fibroblastic genes and the forced differentiation
of cells during and after reprogramming (78). This
inhibition was due to the constitutive activation of ALK2

and was mostly overcome by specific suppression of
ALK?2 expression. While screening a library of chemical
substances, the researchers identified a new ALK2
inhibitor candidate to restore generation of FOP-iPSCs.
As mentioned earlier, ALP activity was reduced by use
of an ALK inhibitor, and this may represent a potential
treatment for FOP. Two mechanisms were involved
in the pathology of FOP: ligand-independent BMP
signaling and ligand-dependent hyper-responsiveness
to BMP stimulation. A landmark study by Toguchida's
research group generated induced mesenchymal stromal
cells (iMSCs) from FOP-iPSCs that, when implanted
into immunodeficient mice with Activin-A-expressing
cells, induced bone and cartilage formation in vivo
(79). In vitro treatment with TGF-B and BMP inhibitors
eliminated increased chondrogenesis in FOP-iMSCs.
In addition to the two molecular mechanisms that were
involved in the pathology of FOP, Toguchida's research
group identified a novel third mechanism: Activin-A
activates TGF-f and aberrant BMP signaling that results
in increased chondrogenesis in FOP-iMSCs. Based on
the role and mechanism of action of Activin-A in HO,
Activin-A triggers increased chondrogenesis in FOP-
iMSCs, but this action can be inhibited by several
Activin-A inhibitors. Therefore, Activin-A inhibitors
could be a novel therapy for patients with FOP.

Taken together, these findings provide proof of the
principle that new effective treatments for FOP can
be discovered. In addition, iPSC-based models can
be useful in identifying novel drug compounds and in
testing drug toxicity and responsiveness (80).

4.2. Cell therapy

With the recent development of gene editing tools, the
idea of patient-personalized therapies and replacement
of diseased or damaged organ tissues has come closer
to becoming a clinical reality. In the two models
mentioned thus far, iPSCs were generated from urine
cells using interation-free episomal vectors, so the two
models could be used in cell therapy in combination
with gene editing. A mutation causing a disease could
be corrected in patient-specific iPSCs.

Approximately half of the severe cases of HA
are caused by chromosomal inversions in the portion
of the FVIII gene. Given this fact, Park ef al. used a
transcription activator-like effector nuclease (TALEN)
to revert the inverted 140-kbp segment in an iPSC-
based model of hemophilia (8/). Endothelial cells
derived from FVIIl-corrected iPSCs produced FVIII
protein in vitro. Interestingly, the iPSC-based model of
hemophilia was created using the same TALEN pair that
induced chromosomal inversions affecting the FVIII
gene in wild-type iPSCs. This approach could be used
in autologous stem cell therapy and to provide a method
of disease modeling. However, the challenge is to invert
a much larger region that is eight times more prevalent
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than aforementioned 140-kbp inversion. Park et al.
successfully used the clustered regularly interspaced
short palindromic repeat (CRISPR)/CRISPR-associated
(Cas) system to correct these regions in patient-specific
iPSCs (82). Combining these gene editing tools with
iPSC technology would provide a source of endothelial
progenitor cells for transplantation therapies.

A recent study suggested that a one-step procedure
can generate gene-corrected ALK2-iPSCs, and the
advantages of this approach are that it saves time,
labor, and money (83). Activated BMP signaling
by an FOP R206H mutation adversely affects the
generation of FOP iPSCs since BMPs can induce
differentiation of human ESCs (84). Previous studies
indicated that iPSCs from FOP-derived skin fibroblasts
were generated inefficiently and were also unable to
maintain their pluripotent state (85). Therefore, a one-
step strategy to concurrently perform reprogramming
and gene correction in the CRISPR/Cas9 system
would circumvent the iPSC stage. Matsumoto et al.
successfully established gene-corrected FOP-iPSCs
through the use of bacterial artificial chromosome
(BAC)-based homologous recombination (86).

Chronic granulomatous disease (CGD) is a rare
genetic disease with a single point mutation (T > G)
at the end of intron 1 of CYBB in most patients (87).
iPSCs were generated from a patient with mutant
CYBB, and the mutations were corrected using a
CRISPR-Cas9 site-specific nuclease system (88).
Phagocytes derived from these CYBB-corrected iPSCs
restored the oxidative burst.

Thus, a combination of iPSC technology and gene
editing could provide an autologous source of corrected
iPSC-derived cells for transplantation therapies.
Natronobacterium gregoryi Argonaute (NgAgo) is the
newest tool with which to edit the genes of human cells
(89). No studies have used this tool to model disease
in iPSCs thus far, but it has potential advantages
over Cas9 such as lower off-targeting levels. Further
research is needed to prove that NgAgo can be used
effectively with iPSC technology in cell replacement
therapy and to expand the clinical use of UiPSCs to
model rare diseases.

5. Advantages of and barriers to the study of rare
diseases using UiPSCs

Urine is merely a body waste, but it can reproducibly
be used as an efficient source of cells with which to
generate human iPSCs. A point worth noting is that the
isolation of urine cells is completely non-invasive and
is readily accepted by patients, and especially young
children. In addition, researchers have used a non-
viral episome system to compare the reprogramming
efficiency of fibroblasts and epithelial cells from
foreskin and urine. iPSCs derived from urine were
generated with an efficiency of approximately 1.5%,

which is two orders of magnitude higher than the
efficiency with which fibroblasts were generated
(0.01%) (90). This significant difference may be due
to the fact that epithelial cells do not have to undergo
the MET that fibroblasts must undergo. Nonetheless,
researchers have contended that human iPSCs may
have remnants of epigenetic memory of donor origin,
resulting in biased differentiation towards lineages
related to the donor cell type (97,92). iPSCs derived
from fibroblasts favor differentiation towards the
mesodermal lineage, but an interesting fact is that such
a tendency has not been found in UiPSCs.

Rare diseases can profoundly affect humans, so
the study of those diseases has garnered worldwide
attention. Nonetheless, the causes of those diseases
are difficult to determine and those diseases are
difficult to diagnose and treatment. The presence of
additional complications also increases the difficulty
of their treatment. Therefore, a human model of these
complex and varying conditions may serve as a useful
platform for understanding disease pathogenesis and for
developing new therapeutics. Because iPSCs resemble
ESCs in terms of pluripotency and the potential for
self-renewal, patient-specific iPSCs could represent
a promising strategy for investigating the molecular
mechanisms of disease and discovery of drugs to
treat them (93,94). Recent studies have reported that
generating UiPSCs from patients with rare diseases
would provide insight into the mechanisms of those
diseases (59-64). The availability of limitless amounts
of diseased cells from patients with a rare disease
could, along with gene editing, prove useful in clinical
practice (Figure 1). These cells represent a potential
boon to regenerative medicine: cells from a patient's
urine sample can be reprogrammed into iPSCs and
then differentiated into diseased cells or tissues needed
to treat the disease. This customized therapy would
overcome the hurdles — immune rejection and ethical
concerns — faced by cells derived from embryos.
Researchers have indicated that UiPSCs can be used
for further regenerative therapies. Urine cells have been
used to generate iPSCs in a non-viral episome system
and those iPSCs have been differentiated into epithelial
sheets. Those sheets developed into ameloblasts in a
tooth-like structure with a success rate of up to 30%
(95). Moreover, this approach demonstrated that human
UiPSCs could be an ideal source for the regeneration of
patient-specific teeth.

Clinical studies of rare diseases face severe
challenges since patients are often geographically
dispersed or are not readily available. One solution
to this problem is to use gene editing to introduce
mutations associated with a disease into iPSCs from
healthy donors. A recent study efficiently introduced
specific point mutations with CRISPR/Cas9 and it
edited just one copy of a gene, rather than both copies
(96). Another crucial point in disease modeling is what
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Figure 1. Creation of models and applications of UiPSCs in the study of rare diseases. A diagram showing the creation
of models of specific rare diseases using UiPSCs and their applications. Cells are isolated from patient urine samples and
reprogrammed into iPSCs. Isogenic controls are created with gene-editing tools and then differentiated into diseased cells that can
recreate crucial aspects of the disease in vitro. Patient-specific disease models can be used to identify new diagnostic biomarkers and
to screen effective and novel drugs as well as to replace cells or tissues in regenerative medicine.

to use as a control. In many cases, researchers compare
a patient's iPSCs with those from a healthy individual.
However, the cells behave too differently in culture
because of differences in the genomic background or
gene expression. Researchers have turned to a refined
method of gene editing — gene targeting — to produce
genetically-matched controls.

There are several issues that need to be addressed
in more detail before UiPSCs can be successfully used
in clinical practice, but the creation of faithful disease
models will aid in further clinical use of UiPSCs. The
generation of UiPSCs is universal except in some
rare cases, such as renal failure or cancer requiring a
cystectomy (40). Some genetic mutations underlying
human diseases could affect the generation of patient-
specific iPSCs or the maintenance their pluripotent
state. Further study is needed to determine what effect
these mutations have. In addition, several iPSC clones
generated from the same patient's cells should be
assessed for consistent functional readout in order to
minimize the risk of acquired genetic (or epigenetic)
abnormalities. Moreover, differentiation protocols
are inefficient and produce only impaired and/or
heterogeneous cell populations in many cases. The
challenge is to obtain mature cell types. Furthermore,
a wide range of growth factors and specific culture
conditions need to be used to differentiate iPSCs.
Clinical trials must first thoroughly assess whether

the use of different molecules is safe (97). Given that
undifferentiated iPSCs can cause teratomas in vivo,
the crucial step is to remove residual undifferentiated
cells before transplantation. Therefore, researchers
are now working to ensure the identity and safety of
cell lines in terms of genomic variability, patterns of
gene expression, and the aspects mentioned earlier.
One way to resolve these issues is to devise a set
of clinical-grade practices of quality control for the
banking of allogeneic iPSCs. These practices would
ensure that donor cells in large-scale collections are
immunologically compatible and they would provide a
foundation for the treatment of rare diseases. Banking
of iPSCs would have numerous advantages for patients,
no matter when or where those cells are needed.

6. Conclusion

In summary, the use of patient-specific UiPSCs offers a
novel strategy for modeling disease, and this approach
has already demonstrated its potential to provide a
better understanding of the molecular mechanisms of
disease. Some exemplary applications mentioned here
can be expanded to study countless other rare diseases
using UiPSCs. As generation of patient-specific UiPSCs
becomes more routine and more scalable, the models
they allow will serve as a useful tool to determine the
mechanisms of disease, to identify drug candidates,
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and to develop personalized regenerative medicine.
Further study is needed to develop therapeutic
applications of UiPSC technology for treatment of rare
diseases. Further technical improvements, particularly
in generation and differentiation of patient-specific
UiPSCs and increased banking of allogeneic iPSCs, will
further advance the field. That said, extreme caution is
required when considering use of UiPSC technology
in clinical practice. Many challenges still need to be
overcome and a great deal more knowledge is needed
before UiPSC technology can become a routine clinical
approach to the treatment of rare diseases.
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Summary

A number of persons with an intractable disease (ID) experience work-related problems
that could lead to job loss. The aim of this study was to ascertain perceptions regarding a
range of work-related issues and corresponding support needs of individuals with an ID.
Potential participants were people ages 15 to 64 with one of the 130 intractable chronic
diseases designated in the Act to Comprehensively Support the Daily and Social Activities
of Persons with Disabilities (Comprehensive Support for the Disabled Act). Participants
completed a self-administered questionnaire. With the assistance of patients' organizations,
3,000 questionnaires were mailed to potential participants. Questions included demographic
characteristics, family concerns, employment/supported employment, work accommodations,
and other aspects of life. Responses were received from 889 (29.6%) participants, and
respondents had 57 IDs. Forty-six-point-seven percent of respondents reported being
unemployed due to fatigue and/or long-term treatment. Nearly half of the unemployed
respondents reported that they had been unable to work despite their willingness to do so.
Common requests for accommodation included flexible work hours, working at home, and
job/workplace modifications. Only 30% of respondents knew about job training programs
and supported work available for persons with disabilities. The results of the study are
relevant for employees, employers, and occupational health/human resource professionals.
The issue of reasonable accommodations for persons with an ID needs to be addressed in
future research in order to promote continued work by those persons.

Keywords: Intractable disease, chronic disease, employment, supported, social welfare

1. Introduction

Intractable diseases (IDs) are defined in the Principles
of Policy for Intractable Diseases issued in 1972 by

the Ministry of Health, Labour, and Welfare of Japan
as: i) diseases that have resulted from an unidentifiable
cause and, without a clearly established treatment, have
a considerably high risk of disability, or i7) diseases
that chronically develop and that require a significant

Released online in J-STAGE as advance publication August 1,
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amount of patient care, causing a heavy burden on their
family members both financially and mentally. Some of
the characteristic problems of IDs include development
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of multiple disorders in addition to the main symptoms
of a specific ID (/,2), an unstable general condition as
symptoms worsen over several years, and variance in
symptoms depending on patient's physical condition
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on a given day as well as the medication the patient
is taking (3,4). In addition to these problems, some
patients have symptoms that preclude them from living
a regular life, such as fatigue (5,6), pain (7), and diarrhea
(8). That said, many IDs have become chronic but
manageable conditions because of advances in treatment,
rehabilitation, and preventive medicine.

The needs of patients with an ID vary significantly
since their treatments continue for years and their
physical and mental status changes with age. These
patients' need for employment has become an important
issue in recent years (9) since patients need to lead a life
with dignity in the community (/0). Employment support
(ES), including support provided via social welfare
services, has therefore become an urgent issue for Japan
to address.

An ES system for patients with an ID in Japan has
yet to be fully implemented (/7), but patients with an ID
are clearly categorized as persons with a disability under
the Act to Comprehensively Support the Daily and Social
Activities of Persons with Disabilities (Comprehensive
Support for the Disabled Act), which was implemented
in 2013. People who use welfare services will now
presumably increase. In 2013, a study examined the
use of employment-related welfare services (EWS) by
persons with an ID in Japan (/2). Major findings of that
study were that ES services under the Comprehensive
Support for the Disabled Act had not adequately reached
the public and that only 16% of service providers had
provided services to patients with an ID. However,
patients, i.e. users of those services, were not included
in that study, so those findings only depict part of the
situation. The current study should be able to depict
the rest of the situation. As a complement to the
previous study, the current study has sought to ascertain
perceptions regarding a range of work-related issues and
corresponding support needs of individuals with an ID.

2. Materials and Methods

Potential participants in this study were patients
with one of the 130 intractable chronic diseases
(Supplementary Table S1, http.//www.irdrjournal.com/
docindex.php?year=2016&kanno=3) designated in the
Comprehensive Support for the Disabled Act. According
to the Act, the 130 designated chronic diseases must meet
3 requirements: the lack of an established cure, the need
for long-term treatment, and the existence of diagnostic
criteria. Therefore, an intractable chronic disease may not
necessarily be a rare disease. Since this study focused on
work-related issues, potential participants were patients
between the ages of 15 and 64, the legal working age and
the general retirement age in Japan, respectively.
Potential participants were sent an anonymous
self-administered questionnaire. The participants
were provided with instructions that including the
following: an explanation of this study and its purpose,

contact information, a statement on anonymity and
confidentiality, and a note indicating that returning
the questionnaire by mail would constitute consent
to participation in this study. The questionnaire asked
participants to report their status as of Oct 1, 2014.
Since the mailing addresses of patients are nonpublic
personal information, prefectural patients' associations
were asked for their cooperation. These associations
are organized by region, not by disease type. With
the assistance of those patients' associations, 3,000
questionnaires were mailed. The questionnaire included
questions regarding demographic characteristics, family
concerns, employment/supported employment, work
accommodations, and other aspects of life.

The Ethics Committee of the National Rehabilitation
Center for Persons with Disabilities approved this study.

3. Results
3.1. Demographic data

Responses were received from 889 (29.6%) participants
with 57 IDs (Table 1) living in 41 of 47 prefectures
in Japan. The most frequently reported diseases were
connective tissue diseases such as systemic lupus
erythematosus and takayasu arteritis, followed by
nervous system disorders such as Parkinson's disease
and myasthenia gravis, digestive system disorders such
as Crohn's disease and ulcerative colitis, and visual
disorders such as retinitis pigmentosa. The demographic
characteristics of respondents are shown in Table 2.

3.2. Employment status

Of the 889 respondents, 459 (51.6%) reported that they
were employed, 415 (46.7%) were unemployed, and
15 (1.7%) were did not respond. The most frequently
reported reasons for unemployment were "physical
decline" such as fatigue, mobility problems, and "Time
commitments for treatment" such as long-term treatment
and frequent hospital appointments (Table 3A).

Asked about their willingness to work (Table 3B),
over half (56.6%) of the respondents who reported
that they were "unemployed" also reported that they
had been "unable to work despite [their] willingness to
do so." Typical comments included "I want get a job
when my physical strength has improved," "I would
like to consider getting a job when my systemic pain is
relieved," and "I would like to work at home so I can
work at my own pace."

Common requests for accommodation included
flexible working hours, working at home, and job/
workplace modifications. The most common needs at
work (Table 3C) were "a workplace that understands
my condition" and "employment support." Furthermore,
many of the comments on needs at work concerned
working/the workplace such as "working conditions
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Table 1. The number of respondents and percentage of 889 participants with 57 intractable chronic diseases

Diseases Number of respondents %
Systemic lupus erythematosus 195 21.9
Parkinson's disease 101 11.4
Myasthenia gravis 81 9.1
Takayasu arteritis 80 9.0
Sjogren's syndrome 63 7.1
Malignant rheumatoid arthritis (rheumatoid vasculitis) 56 6.3
Retinitis pigmentosa 48 5.4
Spinocerebellar degeneration 44 4.9
Polymyositis-dermatomyositis 35 39
Multiple sclerosis 29 33
Mixed connective-tissue disease 29 33
Ulcerative colitis 23 2.6
Scleroderma, dermatomyositis, or polymyositis 22 2.5
Crohn's disease 20 22
Behcet's disease 16 1.8
Ossification of the posterior longitudinal ligament 13 1.5
Periarteritis nodosa 11 1.2
Antiphospholipid syndrome 11 1.2
Moyamoya disease 9 1.0
Chronic inflammatory demyelinating polyneuropathy 9 1.0
Adult-onset Still's disease 7 0.8
Primary pulmonary hypertension 7 0.8
Allergic granulomatous angiitis 5 0.6
Idiopathic chronic pulmonary thromboembolism with pulmonary hypertension 5 0.6
Idiopathic necrosis of the femoral head 4 0.4
Idiopathic osteonecrosis of femoral head 4 0.4
Ossification of the ligamentum flavum 3 0.3
Primary biliary cirrhosis 3 0.3
Hypopituitarism 3 0.3
Shy-Drager syndrome 2 0.2
Amyotrophic lateral sclerosis 2 0.2
Syringomyelia 2 0.2
Striatonigral degeneration 2 0.2
Aplastic anemia 2 0.2
Mitochondrial disease 2 0.2
Autoimmune hepatitis 2 0.2
Wegener's granulomatosis 2 0.2
HTLV-1-associated myelopathy 2 0.2
Guillain-Barré syndrome 1 0.1
Spinal muscular atrophy 1 0.1
Spinal and bulbar muscular atrophy 1 0.1
Lysosomal storage diseases 1 0.1
Subacute sclerosing panencephalitis 1 0.1
Ossification of the anterior longitudinal ligament 1 0.1
Age-related macular degeneration 1 0.1
Sudden sensorineural hearing loss 1 0.1
Idiopathic bilateral sensorineural hearing loss 1 0.1
Syndrome of abnormal secretion of prolactin 1 0.1
Syndrome of abnormal secretion of antidiuretic hormone 1 0.1
Addison's disease 1 0.1
IgA nephropathy 1 0.1
Refractory nephrotic syndrome 1 0.1
Dilated cardiomyopathy, congestive cardiomyopathy 1 0.1
Severe acute pancreatitis 1 0.1
Neurofibromatosis type 1 1 0.1
Neurofibromatosis type 2 1 0.1
Epidermolysis bullosa 1 0.1

where I can feel free to request a short break when I don't
feel well," "a workplace where a protocol is in place
in case I unexpectedly fall sick," and "I am hesitant to
use employment support services because coworkers
might begin to resent my occasionally taking time off for
treatment and doctor's visits."

3.3. Awareness of employment-related welfare services
(EWS)

Providers of EWS offer transition support, i.e. job

training/placement, or continued support, i.e. job
opportunities, for persons with a disability in Japan. Of
889 respondents, 260 (29.2%) reported that they knew
of EWS while 611 (68.7%) reported that they have never
heard of EWS (Table 4A). Approximately 20% of the
respondents who reported that they had "never heard of
EWS" were asked if they wanted to know about those
services but responded that they had "no need" or "no
opinion" (Table 4B). In contrast, more than half of the
respondents had a favorable view of EWS. Typical
comments were that "Although I don't intend to get a job,
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Table 2. Demographics and baseline characteristics of 889 Table 3. Reasons for unemployment (A), willingness to

respondents work (B), and needs at work (C) among 415 respondents
who answered that they were "unemployed"
Characteristics n=_889 %
(A) Response n=415* %
Age (mean: 49.5, S.D.: 10.7)
Physical decline 219 52.8
Sex Time commitments for treatment 151 36.4
Male 249 28.0 Unable to find a right job 107 25.8
Female 635 714 Concentrating on studying/housekeeping 102 24.6
N/A 5 0.6 No need to work 46 11.1
Need ongoing care 39 9.4
Families and Living Arrangements (multiple Aged 35 8.4
answers allowed) Other 74 17.8
living alone 121 13.6 -
living with spouse or partner 490 55.1 "Multiple answers allowed.
living with parents 265 29.8
living with children, and children-in-law 265 29.8 (B) Response n=415" %
living with siblings 62 7.0 - —
living with grandparents 18 2.0 I 'am unable to work despite my willingness to do so 235 56.6
living with grandchildren 15 1.7 I don't want to work/I don't need to work 78 18.8
living with others 31 3.5 I am secking a job 44 106
Other 25 6.0
Primary caregivers (multiple answers allowed) No response 33 8.0
living independently 555 62.4
spouse or partner 172 19.3 (C) Response n=415* %
parents 87 9.8
children, and children-in-law 33 3.7 A workplace that understands my condition: 232 56
siblings 20 22 Exemption from physically demanding tasks such
grandparents 1 0.1 as handling heavy objects and after-hours work
grandchildren 0 0.0
home care services (public) 57 6.4 Employment support: Support to find a job that 193 47
home care services (private) 15 1.7 meets my requirements or employers/co-workers
other 30 34 are informed about my condition
there is no one to ask for help 16 1.8
Flexible work hours and break time: Permission 166 40
Ability to go out (multiple answers allowed) to adjust work hours, Time off for hospital
able to go out alone 736 82.8 appointments or care
need an attendant 145 16.3
need to be dropped off and picked up 104 11.7 Right career/Rewarding career 118 28
other 40 4.5
Telecommuting 111 27
Current residence
self/family-owned housing 686 77.2 Barrier-free workplace 87 21
rented public/private housing 176 19.8
housing for company/government employees 14 1.6 Assistance with travel to work 77 19
hospital 2 0.2
group home/welfare facility 1 0.1 Inclusion in the employment quota system 54 13
other 6 0.7
no response 4 0.4 Work-sharing 44 11
Primary source of income (multiple answers Attendant care in the workplace: suction 17 4
allowed)
salary, wages, or fees for labor 454 51.1 Self-care accommodations in the workplace: 10 2
pension 285 32.1 stoma care
benefits 47 5.3
welfare payment 24 2.7 Other 20 5
allowance from family 20 2.2 = -
business/assets 40 45 Multiple answers allowed.
other 156 17.5

Table 4. Awareness of employment-related welfare services
(EWS) among 889 participants (A), and the desire to know
about EWS among 611 respondents who answered that
"I've never heard of EWS" (B)

knowing about those services is a good thing," "I don't
need the information at this moment, but I may want

it if I need it in the future," and "I want to use EWS to (A) Response n=889 %
find out ’I'IOW long I can work and how much work I can L knew of EWS 260 202
manage. I've never heard of EWS 611 68.7
No response 18 2.0

4. Discussion (B) Response n=6l1 %
This study analyzed 889 responses from individuals {\Iwan“(‘i)know about those services ig(l) ;ig

. . 0 nee .
with an ID. Responses were collected from patients No opinion 120 196
with 57 different diseases out of designated 130 IDs. Other 9 1.5
No response 9 1.5

To survey patients with the remaining 73 diseases,
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other questionnaire distribution channels, such medical
institutions or academic societies, need to be explored
separately. According to representatives of some of the
patients' associations, lists of patients' mailing addresses
do usually not include patient ages, so the questionnaire
could have been unintentionally mailed to patients
outside the targeted age range, thus leading to the low
response rate.

Approximately half of the respondents were
employed at the time of the survey, and half of the
unemployed respondents reported difficulties in getting
a job despite their willingness to work. The main
reasons for their unemployment were "physical decline"
and "time commitments for treatment." Analysis of
the reasons for unemployment indicated that some of
the respondents' perceptions stemmed from a lack of
information on the support services available to them.
Respondents reported several areas where they desired
special accommodations, such as working hours, job
tasks, the workplace, and time off for hospital visits/
care. These areas coincided with the areas where
providers of EWS made special arrangements, as
indicated by the survey of those providers in 2013 (/2).

Results of the current survey indicated that awareness
of EWS is as low as 30%, and respondents were also
not sufficiently aware of general welfare services for
the disabled, either. Since half of the respondents who
had been unaware of those services reported that they
wanted to know more about those services, medical/
welfare institutions need to have a system that reliably
informs patients of available welfare services during
their diagnosis and treatment.

Detailed interviews need to be conducted to
ascertain the needs of individuals with an ID and the
accommodations that providers of EWS actually make
in order to recommend what welfare services individuals
with an ID need to facilitate their employment in Japan.

In conclusion, an understanding of the perceptions
regarding work-related issues and the corresponding
support needs of patients with an ID is essential not only
for people providing support but for all relevant parties.
The results of this study, therefore, are relevant for
employees, employers, and occupational health/human
resource professionals. Placing an excessive burden on
co-workers and employers would result in the loss of
employment opportunities for patients with an ID. Thus,
the issue of reasonable accommodations for persons with
an ID needs to be addressed in future research in order to
promote continued work by those persons.
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Summary

Alcohol use disorders (AUDs) have been reported in a limited number of individuals with

cognitive impairment but rarely in those with fragile X syndrome (FXS). However, in
Colombia, culturally, alcohol consumption is very common. Here, we report eight cases of
patients with FXS who have frequent alcohol consumption in Ricaurte, Colombia. Some of
these patients have also used tobacco and illegal substances, including cocaine, which use
has not been previously reported in those with FXS. Alcohol and substance use dependence
is associated with exacerbation of their behavioral problems, such as increased impulsivity
and aggression, as well as of medical problems such as an increased frequency of seizures.

Keywords: Alcohol use disorders, fragile X syndrome

1. Introduction

Fragile X syndrome (FXS) is the most common
inherited form of intellectual disability (ID) and the
most common single gene cause of Autism Spectrum
Disorder (ASD) (/). The prevalence is approximately
1 per 5000 in the general population (2), although in
Colombia, South America the prevalence is higher than
in other parts of the world (3). A very high prevalence
of FXS has been found in a small agricultural rural
village, Ricaurte, which is close to Cali and this
is thought to relate to a founder effect from the
Conquistadores originally from Extremadura region
of Spain. In Ricaurte, with a population of just under
1,500 people, there are approximately 20 adults with

Released online in J-STAGE as advance publication July 3,
2016.
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FXS. There are only two main institutions in Ricaurte,
the church and the bar where socialization occurs and
the individuals with FXS often go to the bar. Many
individuals with FXS also work in the fields where it is
the custom to drink alcohol.

Alcoholism has rarely been described in those with
FXS in the US and in Europe, although occasional cases
have been reported in higher functioning individuals
with FXS (4). Those with ID or ASD and FXS usually
do not frequent bars and those that take care of
individuals with FXS typically do not allow the use
of alcohol. However, in Colombia particularly in this
village those with FXS usually decide for themselves
where to go and the social center of the village is the
local bar. The use of alcohol is part of the culture in
Colombia and the use of cocaine products is a frequent
problem because it is easy to obtain. Thus, although
alcoholism has only rarely been reported in individuals
with FXS, it is common in Ricaurte, Colombia.

Alcohol use disorders (AUDs) are associated with
an approximate 6-fold increase in all-cause mortality
and is associated with behavior dysregulation including
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an increase in aggression (35). In this study, we report
eight cases of frequent alcohol consumption, six
of them meeting criteria for alcoholic dependence
syndrome in adult males with FXS. Three additional
individuals with FXS that we encountered have had
alcohol consumption problems in the past, however
they do not consume at present because of family
interventions.

2. Patients and Methods

This study was conducted from January, 2016 to May,
2016. The protocol was reviewed and approved by the
Ethical Committee of Universidad del Valle; informed
consent was provided by the legal guardian of each
of the participants. All 20 FXS patients in Ricaurte
had DNA testing for FMRI mutations as previously
described (6). All of them had their medical history
gathered and their physical examination performed
by a member of the research team. We used the DSM-
5 criteria to define the severity of ID on the basis of
adaptive functioning and not IQ scores, classifying
each patient into mild, moderate, severe or profound
ID. By using a clinician-administered version of The
Alcohol Use Disorders Identification Test (AUDIT),
a screening tool developed by the World Health
Organization (WHO) derived from a cross-national data
set, we assessed three domains: hazardous alcohol use,
dependence symptoms, and harmful alcohol use (7,8).
We interviewed a family member that resides in the
same house with each of the reported cases, since a self-
report version of the AUDIT could not be used due to
the patients’ intellectual disabilities and lack of reading
faculties. We found that 8 out of the 20 FXS in Ricuarte
drink alcohol regularly; the data pertinent to substance
use is included under each of the cases we report.
Following the assessment of the AUDIT we applied
the International Classification of Diseases (ICD-
10) (WHO) criteria (9) for the alcohol dependence
syndrome (ADS) to those scoring 8 or more points in
the AUDIT obtaining that 6 of 8 met criteria for alcohol
dependence syndrome. See Table 1 for results of the
AUDIT.

Case 1, a 27-year-old Hispanic male with a full
mutation of > 200 CGG repeats. He has a long history
of significant alcohol, marijuana and bazuco (cocaine
paste) abuse, starting approximately ten years ago.
Cocaine paste is a crude extract of the coca leaf which
contains cocaine sulfate along with coca alkaloids
and varying quantities of benzoic acid, kerosene and
methanol. It is inexpensive and therefore widely used
by low-income populations in Colombia. He has also a
medical history of behavioral disorders including severe
anxiety, angry outbursts and impulsivity, experiencing
repeated aggression episodes. At present he is managed
with pipotiazine 100 mg, a long lasting antipsychotic,
every two weeks. He has severe intellectual disability

and his verbal language is very limited. However,
family members report him to also be involved in
risky sexual encounters with males and homosexual
tendencies. After alcohol and drug use he experiences
episodes of uncontrollable rage and turns violent with
family members. During his medical evaluation he
reports hematochezia as a new symptom. He scored
22/40 on the AUDIT and met criteria for ICD-10 ADS
(Table 2).

Case 2, a 40-year-old Hispanic male with a full
mutation of > 200 CGG repeats. He has a long history of
significant alcohol and tobacco abuse that started when
he was 18 years old. He prefers to consume alcohol
every other day to drunkenness and smokes two packs
of cigarettes daily. He does not report any pathologic or
surgical history, however reports to have experienced
hematemesis once after an alcohol intake. He has a
moderate ID, partially attended first grade only but he
holds a fair verbal language skill. He works as a farmer.
His family members state he is involved in unprotected
sexual encounters with prostitutes associated with
alcohol intake; he scored 17/40 on the AUDIT and met
criteria for ICD-10 ADS (Table 2).

Case 3, a 26-year-old Hispanic male with a full
mutation of > 200 CGG repeats. He experiences
impulsivity, anxiety and hyperactivity. At present he
takes risperidone 2 mg/day. However, his mother says
that he sometimes refuses his medication. He has a
moderate ID and good verbal communication skills;
when interviewed he reported drinking alcohol two or
three times a week. He does not smoke or consume
illegal drugs. He has never shown aggression or
apparent secondary effects associated to drinking, he
scored 5/40 on the AUDIT which did not meet cutoff
criteria for ADS of 8/40 (Table 2).

Case 4, a 32-year-old Hispanic male with a full
mutation of > 200 CGG repeats. He has a history
of seizures from childhood. He currently uses
carbamazepine 200 mg/day and valproic acid 1 gram/
day. He has a moderate ID and works as a helper in a
cattle ranch. He had a long history of heavy alcohol
consumption that started during his teenage years and
stopped a year ago. His family had to intervene by
contacting his friends and acquaintances and requesting
them not to provide him with liquor since he experienced
more frequent seizure episodes while under the influence
of alcohol as well as angry outbursts and aggression. He
scored 15/40 on the AUDIT and met criteria for ICD-10
ADS (Table 2).

Case 5, a 68-year-old Hispanic male with a full
mutation of > 200 CGG repeats. He has a severe 1D,
meets criteria for ASD and has functional limitations
in effective communication. Medical history does not
report any pathology or surgical procedure. Family
members describe moderate alcohol consumption,
about twice a week. However, they cannot precisely
say how many drinks he takes because he drinks the
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Table 1. The alcohol use disorders identification test (AUDIT)

Items

Cl C2 C3 C4 Cs C6e C7 C8

1. How often do you have a drink containing alcohol?
(0) Never
(1) Monthly or less
(2) 2 to 4 times a month
(3) 2 to 3 times a week
(4) 4 or more times a week
2. How many drinks containing alcohol do you have on a typical day when
you are drinking?
(0)lor2
(1)3or4
(2)Sor6
3)7,8,0r9
(4) 10 or more
3. How often do you have six or more drinks on one occasion?
(0) Never
(1) Less than monthly
(2) Monthly
(3) Weekly
(4) Daily or almost daily
4. How often during the last year have you found that you were not able to
stop drinking once you had started?
(0) Never
(1) Less than monthly
(2) Monthly
(3) Weekly
(4) Daily or almost daily
How often during the last year have you failed to do what was normally
expected from you because of drinking? **
(0) Never
(1) Less than monthly
(2) Monthly
(3) Weekly
(4) Daily or almost daily
6. How often during the last year have you needed a first drink in the morning
to get yourself going after a heavy drinking session?
(0) Never
(1) Less than monthly
(2) Monthly
(3) Weekly
(4) Daily or almost daily
7. How often during the last year have you had a feeling of guilt or remorse
after drinking?
(0) Never
(1) Less than monthly
(2) Monthly
(3) Weekly
(4) Daily or almost daily
. How often during the last year have you been unable to remember what
happened the night before because you had been drinking? **
(0) Never
(1) Less than monthly
(2) Monthly
(3) Weekly
(4) Daily or almost daily
9. Have you or someone else been injured as a result of your drinking?
(0) No
(2) Yes, but not in the last year
(4) Yes, during the last year
10. Has a relative or friend or a doctor or another health worker been
concerned about your drinking or suggested you cut down?
(0) No
(2) Yes, but not in the last year
(4) Yes, during the last year
Total score

v

oo

22/40 21/40 5/40 15/40 13/40 16/40 8/40 7/40

**Questions 5 and 8 could not be answered. Question 5: the cases do not hold a steady job or other responsibilities to be measured by this
question. Question 8: the patients were unable to understand the question and it could not be answered by a family member.

left overs of other people at the bar, and this behavior
goes on for as long as the bar stays open during the
weekend. He does not experience aggressive behavior
with the consumption but he becomes more anxious

with alcohol intake. He scored 13/40 on the AUDIT
and met criteria for ICD-10 ADS. At the time of the
medical examination a heart arrhythmia was found and
a mucosal wound that his family says he has had for
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Table 2. Patients with FXS (> 200 CGG repeats)

Case 1. A 27-year-old male has severe
intellectual disability and meets criteria
for ICD-10 alcohol dependence syndrome.
After alcohol and drug use he experiences
increased aggression and impulsivity.

Case 2. A 40-year-old male with a long
history of significant alcohol and tobacco
abuse. He has a moderate intellectual
disability and meets criteria for ICD-
10 alcohol dependence syndrome. He
experiences exacerbation of his behavioral
problems and medical issues related to
alcohol consumption.

Case 3. A 26-year-old male has a moderate
intellectual disability and has never shown
aggression or apparent secondary effects
associated to drinking.

Case 4. A 32-year-old male with a history
of epilepsy. He has a moderate intellectual
disability and meets criteria for ICD-
10 alcohol dependence syndrome. He
experiences more frequent seizure episodes
while under the influence of alcohol and
increased aggression.

Case 5. A 68-year-old male has a severe
intellectual disability, meets criteria for
autism spectrum disorder and alcohol
dependence syndrome. He experiences
increased anxiety with alcohol intake.

Case 6. A 57-year-old male has a moderate
intellectual disability and meets criteria
for ICD-10 alcohol dependence syndrome.
He has had two arm fractures as a result of
falling while drinking.

Case 7. A 67-year-old male has a severe
intellectual disability, meets criteria for
autism spectrum disorder and alcohol
dependence syndrome.

Case 8. A 47-year-old male has a moderate
intellectual disability and a history of
epilepsy. Currently seizures occur only with
alcohol consumption. He does not meet
criteria for alcohol dependence syndrome.

over a year (Table 2).

Case 6, a 57-year-old Hispanic male with a full
mutation of > 200 CGG repeats. He has a moderate ID
and meets criteria for ASD. His verbal language has
limited sentence structure and is very repetitive. He
is not followed by a physician and he has never been
hospitalized. His mother describes moderate alcohol
intake every weekend. He has had two arm fractures as
a result of falling while drinking. During the medical
examination he was found to have hypertension. He
scored 16/40 on the AUDIT and met criteria for ICD-10
ADS (Table 2).

Case 7, a 67-year-old Hispanic male with a full
mutation of > 200 CGG repeats. He has severe ID and
meets criteria for ASD. His verbal language has very
reduced vocabulary. He lacks family support and does
not have any medical records. He works in agriculture.
At medical examination a fungal skin infection,
compatible with tinea versicolor, was found that covered
approximately 50% of his body surface. Using basic
language he says he drinks alcohol regularly and his
friends confirm his statements. He scored 8/40 on the
AUDIT and met criteria for ICD-10 ADS (Table 2).

Case 8, a 47-year old Hispanic male with a full
mutation of >200 CGG repeats. He has moderate
ID and deficits in the comprehension and verbal
communication. He was diagnosed with epilepsy at
the age of 17, currently using phenobarbital 3 mg/kg/
day; keeping seizures under control, occurring only
related to drinking. His medical records report divergent
strabismus in his left eye and a cataract surgery
performed in his right eye. In addition, he suffered an
arm fracture while consuming alcohol two years ago. No
symptoms were reported during the medical evaluation.
He referred weekly low/moderate alcohol consumption.
Scoring 7/40 on the AUDIT, which does not meet
criteria for ADS (Table 2).

3. Results and Discussion

In this study, we report that 8 of 20 men with FXS,
who were evaluated in Ricaurte, had significant alcohol
consumption and 6 of them met criteria for alcohol
dependence syndrome. The high rate of alcoholism in
men with FXS in Ricaurte Colombia is likely related
to several issues. The culture in this region includes
the use of alcohol with social gatherings and the main
area to gather is the bar in this small village or in the
fields where many individuals work. There is a lack of
medical care in this region so psychiatric medications
are usually not available, whereas alcohol can dull the
most common behavioral problem of FXS, specifically
anxiety and hyperactivity. However, the consequences
of alcohol use can include an increase in aggression
which is a problem in approximately 30% of those with
FXS and many of these cases have had aggression and
falls with alcohol consumption.
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Agriculture is the base of the economy in the region
and most of the people of Ricaurte work in the fields,
including those with intellectual disabilities who can
function independently. Farmers have been associated
with alcohol abuse in many rural regions of the world
including Australia (/0), India (/1), Africa (12,13),
China (/4), North America (/5) and the same is true in
Colombia.

Childhood learning disorders or ID is also seen in
fetal alcohol syndrome when the mother consumes
alcohol during pregnancy which may have exacerbated
some of the ID seen in the cases reported here although
we did not obtain this history in the cases above. It is
also known that individuals with ADHD tend abuse the
use of alcohol and other substances (/6) and typically
all the cases of FXS have ADHD.

Slayter 2010 (/7), reviewed Medicaid healthcare
billing claims and concluded that 2.6% of all people
with ID had a diagnosable substance abuse disorder.
Other estimates using different methodologies vary
widely, ranging as high as 26% (/8). Individuals with
ID who are substance abusers share some traits. They
tend to begin drinking alcohol a couple years later
than their peers without ID, they are less likely to be
Caucasian (/7) and they are less likely to seek help for
their problem. Additionally, this group is at greater risk
of complications from drinking because they tend to
be prescribed medications for other conditions, such as
seizures, metabolic disorders, and co-occurring mental
illness that might negatively interact with alcohol and
drugs. No previous reports have reported or reviewed
the prevalence of alcoholism in FXS.

Kendler et al. 2016 observed that heritable factors
contributed in AUD mortality in early to middle
adulthood (5). Also, Wrase et al. 2008 observed
alterations of cortical and limbic structures in individuals
during the development of alcohol dependence (/9);
these structures are closely related with emotions and
decision making (20,21). Such alterations combined
with genetic behavioral factors found in individuals
with FXS, such as impulsivity, could contribute to drug
dependence (22) as well as the involvement in risk-
taking sexual behavior observed in some of the cases we
report. In addition, elevated rates of alcohol-associated
aggression are found in individuals with AUD (23) and
may lead to fatal outcomes. On the other hand, long-
term alcohol use together with increasing age, tobacco
use, poor nutrition and absent health care are furnishing
factors for high alcohol-associated mortality rates in late
adulthood (5,24).

In FXS, the silencing of the FMRI gene results
in the absence of FMRP causing the over expression
of many post synaptic proteins and upregulation of
the mGluR5 pathway which can also predispose to
substance abuse (25,26). The lack of inhibition of the
glutamatergic signaling, especially the dysfunction of
mGluR1 and mGluR5 in the absence of FMRP, has been

also related to abnormal dendritic morphology, reduced
seizure threshold, excess hippocampal and cerebellar
long term depression (LTD) and excess a-amino-3-
hydroxy-5-methyl-4- isoxazolepropionic acid (AMPA)
receptor internalization found in fmrl knockout animal
model (27). This glutamatergic dysfunction is proposed
to be involved in the pathophysiology of FXS. Many
of the clinical findings in FXS patients including
ID, anxiety, seizures and repetitive behaviors among
other characteristics can be secondary to diminished
inhibitory control of mGIluR (27,28,29). Furthermore,
mGluRS5 signaling is involved in behavioral actions of
ethanol including alcohol-induced withdrawal (AW),
sedative effect and impaired motor activity (30).

In this report we describe several cases of FXS who
are alcoholic likely because of social factors but also
predisposed to alcoholism from intrinsic behavioral and
molecular factors. Since alcoholism is associated with
many health problems (5) in addition to exacerbating
behavioral problems such as aggression and impulsivity
leading to self-injury as described here. Then it is
critical to treat this problem. Although an alcohol
treatment program can be effective (3/) and there is
an urge to find improved medications to treat alcohol
dependence (32) this may not be available in a rural,
poor setting such as seen in Ricaurte. Acamprosate, an
FDA-approved drug for the maintenance of abstinence
from alcohol use in adults is also a targeted treatment
for FXS (33). Acamprosate has pleiotropic effects
impacting glutamate and GABA neurotransmission (34).
Its mGluR5 antagonist effect has been demonstrated
in animal models of alcoholism (30,35,36) followed
by two pilot clinical trials conducted by Erickson et al.
2011 and 2013 in patients with FXS + ASD finding that
75% of the sample responded to treatment exhibiting
improvement in social behavior, hyperactivity and
communication skills (33). This medication should be
studied further not only in those with FXS but also to
treat the alcoholism that can occur in this disorder.
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Summary

Allan-Herndon-Dudley syndrome (AHDS) is an X-linked disorder caused by impaired thyroid
hormone transporter. Patients with AHDS usually exhibit severe motor developmental
delay, delayed myelination of the brain white matter, and elevated T3 levels in thyroid tests.
Neurological examination of two patients with neurodevelopmental delay revealed generalized
hypotonia, and not paresis, as the main neurological finding. Nystagmus and dyskinesia were
not observed. Brain magnetic resonance imaging demonstrated delayed myelination in early
childhood in both patients. Nevertheless, matured myelination was observed at 6 years of
age in one patient. Although the key finding for AHDS is elevated free T3, one of the patients
showed a normal T3 level in childhood, misleading the diagnosis of AHDS. Genetic analysis
revealed two novel SLC16A42 mutations, p.(Gly122Val) and p.(Glyl47Arg), confirming the
AHDS diagnosis. These results indicate that AHDS diagnosis is sometimes challenging owing
to clinical variability among patients.

Keywords: Thyroid function, delayed myelination, monocarboxylate transporter 8 (MCTS)

1. Introduction

Allan-Herndon-Dudley syndrome (AHDS; MIM
#300523) is an X-linked disorder caused by impaired
thyroid hormone transporters (monocarboxylate
transporter 8: MCT®8) (/). Patients with this syndrome
exhibit severe motor developmental delay and
radiological examination using magnetic resonance
imaging (MRI) reveals delayed maturation of brain
white matter (2,3). An abnormal thyroid hormone profile
is another key finding for clinical diagnosis of AHDS
(1). However, thyroid hormone abnormalities are not
common among AHDS patients (4). The severity of
delayed myelination in patients is also variable (5).
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Therefore, clinical diagnosis of patients is sometimes
challenging, and the disorder is often under-diagnosed.
A final and complete diagnosis requires detection of a
mutation in the solute carrier family 16 member 2 gene
(SLC16A2) (5). This requirement also contributes to
under-diagnosis.

Previously, we identified some SLC/642 mutations
(6,7). In this study, we identified a new SLCI6A42
mutation in additional patients.

2. Patients and Methods
2.1. Patients

Case report 1 A 19-year-old male patient is a third-born
child and had a birth weight of 2,940 g (25-50" centile).
His elder brother (1I-2) showed developmental delay
from infancy, and required a tracheotomy at 12 years of
age due to respiratory dysfunction (Figure 1A). He died
suddenly at 14 years of age owing to bleeding from
a trachea brachiocephalic artery fistula. The patient's
elder sister is healthy and has a healthy son. The
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Figure 1. Clinical information for patient 1. (A) Family
tree of patient 1. CI; cerebral infarction, HD; heart disease.
(B) Serial results of thyroid hormone examinations in patient
1. Normal ranges are shown on the left. Free T3 gradually
increased.

paternal aunt and the maternal uncle died in childhood
from unknown etiology.

At 5 months of age, developmental delay was
suggested due to head lagging. Subsequently, he showed
failure to thrive as evidenced by his weight, which was
consistently under the 3rd centile (7,150 g at 12 months
old, 7,950 g at 3 years old, 8,420 g at 6 years old, 8,435
g at 9 years old, 10.2 kg at 12 years old, and 12.0 kg at
19 years old). Gross motor development was severely
delayed and he was bedridden. His maximum motor
ability was rolling over to the right lateral decubitus
position. Developmental deterioration was not noted. At
the age of 9 years, tube feeding was initiated owing to
insufficient water intake. At 19 years old, he received a
tracheostomy owing to recurrent respiratory infections.
At night, he used a respirator. At this age, a gastric fistula
was constructed.

At 10 years, a low free T4 level of 0.28 ng/dL (normal
range: 0.71-1.52 ng/dL) was noted. Thyroid stimulating
hormone (TSH) of 1.478 plU/mL (normal range: 0.541-
4.261 WlU/mL) and free T3 of 2.67 pg/mL (normal range:
2.39-4.06 pg/mL) were within normal limits. Then,
thyroid hormone was prescribed and TSH level was
decreased. Free T3 level was gradually increased from
12 years old (Figure 1B). Brain MRIs were regularly
examined (Figures 2A-F). At 2 years and 6 months of
age, subcortical white matter showed a high T2 signal
(Figures 2A and 2B), indicating delayed myelination.

Since then, dilatation of the lateral ventricles and
extracerebral spaces were observed (Figure s2E and 2F).

At present, his height is 129 cm (< 3rd centile) and
his weight is 12 kg (< 3rd centile). He shows emotional
reactions, characterized by various expressions, to
environmental stimuli, but does not convey meaningful
words or gestures. He occasionally nods in question and
vocalizes during songs. He still shows head lagging.
Neurological examination indicates generalized
hypotonia. His upper and lower extremities show flexion
and extension with scoliosis and knee contractures.

Case report 2 A 6-month-old male baby is the first
born to healthy parents by emergency caesarian section
at 41 weeks of gestation, with a birth weight of 3,820
g (> 97" centile). Apgar score was 8/8 at 1/5 minutes.
His mother had a past history of spontaneous abortion.
Family history was not remarkable. In early infancy, poor
sucking was noted. At 6 months, owing to uncontrolled
head, he was referred to the hospital. At that time, his
weight was 7.75 kg (25-50" centile), length was 66.2
cm (10-25" centile), and occipitofrontal circumference
was 44.2 cm (50-75" centile). Neurological examination
showed generalized hypotonia. There was no nystagmus.
Blood examination showed elevated TSH (4.720 plU/
mL) and free T3 (10.74 pg/mL) and a low level of free
T4 (0.59 ng/dL). Conventional G-banding showed
normal males karyotype of 46,XY. Brain MRI showed
remarkable hypomyelination and reduced volume of the
cerebrum (Figures 2G, H). Auditory brainstem response
showed normal latency time. Due to poor sucking, tube
feeding was initiated.

2.2. Genetic examination

A genetic study was performed in accordance with the
Declaration of Helsinki and approval by the Ethics
Committee at the Tokyo Women's Medical University.
Based on clinical and radiological examinations,
we suspected AHDS as a candidate diagnosis for
both patients. After obtaining written informed
consent from the patient's family, Sanger sequencing
of the SLC16A42 coding exons was performed and
single nucleotide alterations were identified; for
patient 1 in exon 1: NM 006517.4 (SLC16A2
v001):¢.365G>T [p.(Glyl22Val)] and for patient 2
in exon 2: NM_006517(SLC16A2 v001):c.439G>A
[p.(Gly147Arg)]. Both variants were not reported in the
Human Genetic Variation Database (http.://www.genome.
med.kyoto-u.ac.jp/SnpDB). The affected amino acids
were conserved among species (Figures 3A and 3B).
Functional effects of these variants were predicted using
Polyphen2 (http://genetics.bwh.harvard.edu/pph2/),
SIFT (http://sift.jevi.org/www/SIFT help.html), CADD
(http://cadd.gs.washington.edu/info), and MutationTaster
(http://www.mutationtaster.org/). All scores predicted a
damaging effect. Because the identified two mutations
were not reported previously, those were considered as
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Figure 2. Brain magnetic resonance imaging. (A-F) Serial T2-weighted axial images for patient 1. Delayed myelination is
demonstrated at 2 years and 6 months for the deep white matter (A, B; arrows). At 6 years and 1 month, myelination is mature (C,
D). Diffuse brain atrophy is exhibited at 7 years and 8 months (E, F). (G, H) Axial images for patient 2 examined at 6 months.
T1(G)- and T2(H) axial images demonstrate hypomyelination and brain volume loss.
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Figure 3. Results of Sanger sequencing and conservation
among species. (A) Electropherogram demonstrates
hemizygous G>T nucleotide change in patient 1. The
affected codon is conserved among species (below). (B)
Electropherogram demonstrates hemizygous G>A mutation
in patient 2. His mother is heterozygous for the mutation,
indicating an obligate carrier. The affected codon is conserved
among species (bottom).

novel mutations (8).

The mother of patient 2 was heterozygous for the
mutation, indicating an obligate carrier. The mother of
patient 1 declined to be genotyped.

3. Results and Discussion

In this study, neurological findings of both patients were
mainly generalized hypotonia, not paresis. Nystagmus
and dyskinesia were not observed. Delayed myelination
was observed during childhood. The difference between
the two patients was the result of thyroid functions.
The key finding for AHDS is an elevated free T3 level
(7). Patient 2 showed the typical free T3 elevation in
infancy. Thus, AHDS was easily suspected as a tentative
diagnosis. On the other hand, patient 1 did not show free
T3 elevation in childhood. Rather, free T3 was gradually
elevated in adolescence.

Familial occurrence in patient 1 suggested an X-linked
recessive disorder; however, there are many X-linked
disorders associated with intellectual disability. Thus,
we could not list AHDS as a candidate diagnosis for
this patient. A final diagnosis of AHDS was eventually
suspected for this patient based on gradually elevated
free T3 levels and retrospective MRI evaluations
suggesting transient delay of white matter maturation.
Finally, a novel mutation in SLC16A42 was identified at
19 years of age.

Tsurusaki et al. reported a patient with white matter
abnormalities (9). Because an elevated T3 level was
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not detected in the patient, they did not suspect AHDS
as a candidate diagnosis. The exome sequencing
identified an SLC16A42 mutation in this case, and a final
diagnosis of AHDS was made (9). This finding supports
our inference that AHDS diagnosis is sometime
challenging. Patterns of thyroid dysfunction vary
among patients with AHDS (4). Although an elevated
T3 level is listed as a necessary finding (8), we should
consider AHDS as a candidate diagnosis when patients
show generalized hypotonia and developmental delay,
irrespective of thyroid function abnormalities.

Generally, growth impairment is not observed in
early childhood, but later in patients with AHDS (7).
Only a few reported children with AHDS showed
growth impairment in early childhood (6,70). In this
study, severe growth impairment and psychomotor
developmental delay were the main symptoms in
patient 1.
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Summary

Colonic polyps are usually asymptomatic, and are commonly detected during screening

colonoscopy. Severe hypokalemia secondary to secretory diarrhea is a rare presentation of
rectal polyps. We present a 70 years old female with hypokalemia and acute kidney injury
secondary to secretory diarhea due to moderately differentiated adenocarcinoma of rectum,
all of which is syndromically sometimes referred to as McKittrick and Wheelock syndrome.
The case is presented because McKittrick-Wheelock syndrome is still more uncommon
with malignancy. The syndrome may be associated with other features of hypersecretory
diarrhea. Though very rare, clinical suspicion would often lead to diagnosis and appropriate
management. We also review the previously published reports of this entity.

Keywords: Diarrhea, rectal adenoma, colorectal cancer, hypokalemia

1. Introduction

Colonic polyps are usually asymptomatic or lead to
nonspecific gastrointestinal complaints. They are mostly
diagnosed during screening programmes for prevention
of colon cancer. McKittrick and Wheelock syndrome is
a rare disorder characterised by a rectal villous adenoma
leading to chronic secretory diarrhea which in turn leads
to severe dehydration, hypokalemia, hyponatremia and
acute kidney injury (/). Occasional reports also describe
the presence of underlying malignancy or other histologic
entities as a cause of this syndrome. We present a 70
years old female who was admitted with hypokalemia
and acute kidney injury, and finally diagnosed to have
rectal malignancy.

2. Case Report

Released online in J-STAGE as advance publication May 30,
2016.

*Address correspondence to:

Dr. Vishal Sharma, Department of Gastroenterology,
Postgraduate Institute of Medical Education and Research,
Chandigarh, India.

E-mail: docvishalsharma@gmail.com

A 70 years old female presented to the emergency clinic
with generalized weakness and reduced urine output for
three days. She also complained of diarrhea for 7 months.
The patient described frequency of diarrhea to be five
to eight episodes per day, large volume, non-bloody,
not improving with fasting and often led to nocturnal
awakenings. She also gave a history of tenesmus and
crampy lower abdominal pain. She received multiple
courses of antibiotics from local practitioners with no
relief in diarrhea. She denied any nausea or vomiting.
Her symptoms worsened over last 1 week prior to
presentation. On examination, she had signs of volume
depletion; her pulse rate was 106/min and regular, with
dry mucous membranes and blood pressure was 96/60
mm of Hg at presentation. Laboratory tests showed
serum creatinine as 2.6 (normal: 0.5-1.2) with blood
urea being 70 mg/dL. Serum potassium was 2.4 mmol/
L (normal: 3.6-5 mmol/L), sodium 142 mmol/L (normal:
135-143 mmol/L), phosphate 1.4 mg/dL (normal: 2.4-
4.1 mg/dL) and magnesium levels were 1.53 mg/dL
(normal: 1.7-2.2 mg/dL). Her gastroduodenoscopy was
normal. Serum IgA-tissue transglutaminase antibody
was negative. Stool workup did not show any pus
cells, RBC's, ova or cysts. Stool culture was negative.
Urine examination did not reveal any active sediment
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Figure 1. Asymmetrical mural thickening in the recto-

sigmoid.

Figure 2. 2A Rectal polyp 2B Polypoidal malignant
appearing lesion.

and the ultrasound for kidneys was normal. After her
renal functions improved a contrast enhanced CT scan
of abdomen and pelvis revealed asymmetrical mural
thickening along with polypoidal growth involving recto-
sigmoid colon (Figure 1). Sigmoidoscopic examination
revealed a small polyp at 15 cm and a large polypidal
friable lesion at 18 cm from anal verge (Figure 2A and
2B). Rest of the colonic mucosa was normal and free
of polyps. Biopsy taken from the larger lesion was
consistent with adenocarcinoma. Hypokalemia was
corrected by oral and intravenous correction. The patient
was referred to surgical services for further management.

3. Discussion

Rectal growth presenting as chronic diarrhea with
hypokalemia is a rare cause of hypokalemia which was
first described by McKittrick and Wheelock in 1954
(1). The disease classically presents as a triad of chronic
diarrhea, dyselectrolynemia, and renal failure (2-7).
We did an extensive PubMed search for all the cases
of McKittrick and Wheelock syndrome reported in the
English language up to March 2016. We used search
terms "McKittrick", "AND" "Wheelock". Of the 44
results, four results were irrelevant and of the other 40 we
excluded 9 because they were not in English language.
The other 31 papers reported about 35 patients. We
report the data on 35 cases of this syndrome in English
literature (Table 1).

The mean age of presentation of these patients was
65.8 = 10.11years. The youngest age of presentation
was a 30 years old male and the oldest case was an
82 years old female (8-9). There have been 17 female
patients and 18 males reported indicating that the
phenomenon is equally common in either gender. The

Table 1. Features of 35 cases of McKittrick-Wheelock
syndrome reviewed

Feature Result

Mean Age (years) 65.8+10.11

Gender (Male: Female) 18:17

Etiology Villous adenoma - 21

Carcinoma - 7
Tubulovillous adenoma - 5
Neuroendocrine tumor -1

Hyperplastic polyp -1

Duration of symptoms (months) 22.9+33.9
Pattern of diarrhea Watery - 28
Bloody - 7
Renal failure 30
Hypokalemia Present - 26/27
Data NA - 8
Hyonatremia Present - 22/23
Data NA - 12
Shock 7
Outcome Recovery - 34
Data not available - 1
Complications 6

mean duration of symptoms prior to presentation was
22.9 + 33.9 months with a minimum and maximum
interval prior to presentation ranged between one month
and ten years (/).

Our patient had all the features of the classical
triad. Although the diarrhea is classically watery in
nature, seven cases out of all the 35 reported cases had
associated blood in stools (/0-14). This can be expected
as rectal bleeding is an important clinical feature
of rectal cancer and polyps. Of seven patients with
bleeding, only two patients had underlying malignancy
while five had rectal villous adenoma. Renal failure
was found to be present in 30 out of 35 reported cases
at presentation with 3 patients not having renal injury
and data was not available for 2 patients (/5-7/7). The
mean blood urea nitrogen and creatinine values at
presentation were 106.1 £ 60 mg/dL and 5.1 + 2.96
mg/dL respectively. The maximum value of BUN and
creatinine reported were 220 and 11.7 respectively (/8-
19). Most of the patients achieved complete recovery
with adequate hydration and surgical/endoscopic
removal of lesions. Twenty nine cases achieved full
recovery from renal failure, one patient did not undergo
treatment and her outcome was not known (/9). Our
patient's renal failure also improved with hydration.
Dyselectrolynemia is generally universal and was seen
in all the patients. The mean values of potassium and
sodium were 2.57 + 0.78 meq/L and 118 + 11 meq/L
respectively. All the patients improved with medical
and later surgical management. Most patients had
chronic diarrhea and are fluid replete with increased
compensatory fluid intake, however, a few cases
presented with hypovolemic shock. Seven out these
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35 cases were in hypovolemic shock at presentation
(8,11,18-21).

The pathogenesis of diarrhea is due to the secretory
activity of villous adenoma. Around 3% of villous
adenoma has secretory activity and it is proportional to
its size (22). The reason why only rectal (distal colonic)
lesions are implicated in hypokalemia is because the
distal location of lesion prevents compensatory colonic
absorption leading to diarrhea, which even persists with
fasting. Rectal location was the most common seen in
30 cases. Four patients had a large adenoma extending
into sigmoid colon (7,16,23,24) and one patient had
an extremely large adenoma extending from rectum
into descending colon (/7). The electrolyte depletion
causes hypokalemia, hyponatremia, dehydration and
metabolic acidosis. Our patient had severe hypokalemia
at presentation which required a high dose of potassium
correction daily. Prostaglandins (PGE2) has been
postulated as a secretagogue responsible for this diarrhea
(25). A study demonstrated markedly increased levels in
diarrheal fluid (26). In a recently reported case, strong
COX-2 expression was shown in goblet glands using
immunohistochemical staining (23).

Majority of reported cases are due to a villous
adenoma, however, rarely it can be secondary to an
adenocarcinoma or even a neuroendocrine tumor
(7). Out of 35 cases, 22 had a villous adenoma, eight
cases had an underlying adenocarcinoma (8,11,14,21-
22,27-29) one each had a hyperplastic polyp (30) and
neuroendocrine tumor of rectum with liver metastasis
(7). Histological details were not available for 3 cases
(15). Management includes correction of dehydration
and electrolyte abnormalities followed by a definitive
therapy for removal of polyp. Medical therapy with
indomethacin and somatostatin have been tried to reduce
secretion from polyps (25). Endoscopic and surgical
methods of polyp removal can be used. Our patient
had an underlying adenocarcinoma which has so far
been reported only in eight cases. Out of the 36 cases,
one patient refused all treatment modalities (/9); only
one was managed with an endoscopic method using
endoscopic submucosal dissection (29). Two patients
refused surgery and were managed with medical therapy
alone (7,15). The other 32 patients underwent surgery.
Seven patients underwent laparoscopic anterior resection
and the rest were managed with open surgery. It is likely
that in the future many patients will be managed without
surgery due to advancements in the field of endoscopic
resection with use of endoscopic mucosal resection and
endoscopic submucosal dissection.

Some of the patients suffer from underlying
comorbidities and complications making management
difficult. The various comorbidities reported so far
are Cronkhite Canada syndrome (22), thalassemia (8),
hypothyroidism (/6), cirrhosis (9), deep vein thrombosis
(31), diabetes mellitus (29), dermatomyositis (/3)
and even monoclonal gammopathy of undetermined

significance (24). The role of the above comorbidities
in being the causative factor or just chance association
is unclear. The reported complications in the literature
included associated endocarditis (/9), pseudoobstruction
(32), thabdomyolysis (20), clostridium difficle induced
diarrhea (33), intussception and rectal prolapse (/2).
Postoperative complications such as postoperative
stricture (29) have been reported which require multiple
sessions of rectal dilatations.

To conclude, McKittrick and Wheelock syndrome
although uncommon, is an important differential
diagnosis in patients presenting with electrolyte
abnormalities, renal failure and secretory diarrhea. If
promptly diagnosed and treated, it is a reversible illness.
Definitive treatment requires excision of adenoma after
correction of electrolyte abnormalities which can be
lifesaving.
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Summary

Coffin-Siris syndrome (CSS) (MIM 135900) is characterized by developmental delay, severe
speech impairment, distinctive facial features, hypertrichosis, aplasia or hypoplasia of the
distal phalanx or nail of the fifth digit and agenesis of the corpus callosum. Recently, it was
shown that mutations in the ARIDIB gene are the main cause of CSS, accounting for 76% of
identified mutations. Here, we report a 15 year-old female patient who was admitted to our
clinic with seizures, speech problems, dysmorphic features, bilaterally big, large thumb, café-
au-lait (CAL) spots, obesity and hyperinsulinism. First, the patient was thought to have an
association of neurofibromatosis and Rubinstein Taybi syndrome. Because of the large size of
the VF1 gene for neurofibromatosis and CREBBP gene for Rubinstein Taybi syndrome, whole
exome sequence analysis (WES) was conducted and a novel ARIDIB mutation was identified.
The proband WES test identified a novel heterozygous frameshift mutation ¢.3394_3395insTA
in exon 13 of ARID1B (NM_017519.2) predicting a premature stop codon p.(Tyr1132Leufs*67).
Sanger sequencing confirmed the heterozygous ¢.3394_3395insTA mutation in the proband
and that it was not present in her parents indicating de novo mutation. Further investigation
and new cases will help to understand this phenomenon better.

Keywords: ARIDI1B gene, café-au-lait spots, Coffin-Siris syndrome, phenotypic expansion

1. Introduction

Coffin-Siris syndrome (CSS, MIM 135900) is
characterized by mild-to-moderate intellectual disability
(ID), severe speech impairment, coarse facial features,
hypertrichosis, hypoplastic or absent fifth fingernails or
toenails and agenesis of the corpus callosum (/,2).
Recently, mutations in the genes ARIDIA, ARIDIB,
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SMARCA4, SMARCBI, and SMARCE]1, all of them
encoding proteins belonging to the BAF complex which
is one of the ATP-dependent chromatin remodeling
complexes, were determined to be causative of CSS
(3,4). It is now clear that mutations in different genes
cause the differences in the phenotypes of patients with
CSS. Among these genes, it was shown that mutations
in ARIDIB are the main cause of CSS, accounting for
68%, 83%, and 76% of identified mutations in different
studies (3,5). Before the molecular basis of CSS was
known, the diagnosis of CSS was based rigorously
on clinical findings. After molecular diagnosis of the
patients with CSS, the phenotypic spectrum of CSS is
becoming wider especially in patients with ARIDIB
mutations (6).

Here, we report a child with a novel ARIDIB
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Figure 1. (a) Facial view of the patient (b) multiple café-au-lait spots on the left gluteal area.

mutation identified by whole-exome sequencing
(WES) that presented with obesity and hyperinsulinism
supporting earlier studies (6). Also she has café-au-
lait (CAL) spots expanding the phenotypic spectrum of
patients with CSS.

2. Case Report

A 15 year-old female patient was admitted to child
neurology outpatient clinic with a speech problem
and seizures. She was born to first-cousin parents as a
second child after term pregnancy and normal delivery.
At 2 months old, she had generalized tonic clonic
seizure with fever during lung infection. She was able
to sit at 1 year and walk independently at 2.5 years.
She could speak single words at 10 years. Now, she can
make sentences with two words. She had been evaluated
at another clinic and had started a rehabilitation
program for 5 years, also Ecocardiography (ECHO)
revealed an atrial septal defect at that time. At the age of
13 years, afebrile generalized tonic-clonic seizures had
started 3-4 times monthly and oxcarbazepine therapy
was added. At that time, her weight was 32 kg (50-75%);
height 150 ecm (25-50%), head circumference was 54
cm. After the 6 month period, she has been seizure
free for three years. At the age of 12 years, stereotypic
movements have started. At 14 years old, she was
operated for autism spectrum disorder (ASD).

At the age of 15: her weight was 68.5 kg (97%),
height 150 cm (3%), BMI: 32.14. Physical examination
showed craniofacial abnormalities including coarse
face, low frontal hairline, synophrys, thick eyebrows,
broad nose, thick, anteverted alae nasi, large mouth,
thin upper vermillion, thick lower vermillion, short
philtrum, short neck and large ears (Figure la). Other
dysmorphic features included bilaterally big, large
thumbs and short second finger on food, hallux valgus
and pes planus. There are 9-10 numbers of CAL lesions
on the left gluteal area and internal side of the femur

(with sizes between 2-6 centimeters) (Figure 1b).
Also she has truncal obesity and excessive body hair
especially on the lumbar and sacral region but all of
the body. Neurological examination was normal except
for mental and motor retardation. There are no other
manifestations of NF in the girl and also there are not
any other family members with CAL spots and Lisch
nodules in the family.

Laboratory investigation including hemogram,
biochemical and metabolic investigations including
lactic acid, ammonia, urine and blood amino acids,
and tandem MS were normal except for high TSH
(6.46 TU/mL), insulin (29,4 mIU/mL, N: 2.6-24.9)
levels and PTH levels (122.2 pg/mL, N:15-65) and low
Vitamin D (5.1microgr/L). Cranial MRI showed small
cerebellum, thin corpus callosum, and right lateral
temporal periventricular (subependymal) nodular
heterotopia. One year later, cranial MRI was repeated
for evaluation of the cerebellum. There was no change
in size. So, it was accepted as cerebellar hypoplasia.
The Spinal MRI showed flat cervical lordosis. Renal
doppler USG revealed bilateral Grade I increased echo.
Pelvic ultrasonography was normal. Ophthalmological
examination was first made at another center and
Lisch nodules were reported on the left eye. According
to these findings patient's prediagnosis was thought
to be neurofibromatosis and Rubinstein Taybi
syndrome. Because of the big size of the NFI gene for
neurofibromatosis and CREBBP gene for Rubinstein
Taybi syndrome, we decided to perform a whole exome
sequence analyses.

3. Genetics

Cytogenetic analyses showed 46,XX. There is no
translocation or chromosomal rearrangement that
involves both genes. After karyotype analyses, we
decided to perform a WES analyses on this patient.
We especially paid attention to NF/ and CREBBP
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Figure 2. Electropherogram of the ARID1B mutation identified in our case compared with her parents electropherogram.

gene sequences during WES data analysis in terms
of mutation. However we found nothing in these
genes. After variant prioritization in the WES
data, we identified the ARIDIB (ARID-containing
protein 1B [MIM 614556]) mutation, which was
located on chromosome 6, involving a TA insertion
(c.3394 3395insTA [NM_017519.2]) leading to
p.(Tyr1132Leufs*67) (RefSeq NP_059989). Our case
was heterozygous for this mutation, and the parents
were normal indicating de novo mutation (Figure 2).
This mutation caused the frameshift mutation which
possibly caused the truncated protein formation.
ARIDIB mutation in this study was not annotated in
databases of human variation [Exome Variant Server
(http://evs.gs.washington.edu/EVS/), 1000 genomes
(http://www.1000genomes.org/), dbSNP (http://www.
nchbi.nlm. nih.gov/projects/SNP/)]. Additionally,
the mutation was not seen in the IGBAM in-house
exome database (n = 777). To determine the predicted
consequences of the mutations on AR/DIB function,
we used an in silico prediction method. Mutation
Taster indicated that the mutation would be harmful.
The ARID1B variant ¢.3394 3395insTA identified in
this study was submitted to the Leiden Open Variation
Database (LOVD) at www.lovd.nl/ARIDIB. The
mutation was confirmed by Sanger sequencing. We

Tyr1132Leufs*67

1049
1168
1939
2195
2249

Figure 3. The protein domain organization of ARIDIB
and the localization of ARIDIB mutation associated with
Coffin-Siris syndrome.

also sequenced the mutation site for both parents and
determined that mutation to be de novo (Figure 3).

We wanted to confirm Lisch nodules after molecular
diagnosis in our hospital (AR/D/B mutation) and
it revealed that the patient has no Lisch nodules on
her eyes. So it is especially important that molecular
diagnosis changed from the first diagnosis. Also, so we
believe that it is a phenotypic expansion rather than the
probability of co-occurrence.

4. Discussion

CSS is characterized by developmental delay, severe
speech impairment, distinctive facial features,
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hypertrichosis, aplasia or hypoplasia of the distal
phalanx or nail of the fifth digit and agenesis of
the corpus callosum (2). This definition was based
completely on clinical findings and was made before
the molecular basis of CSS was well known. With the
recent detection of truncated heterozygous mutations
in the BAF complex in some individuals with CSS, it
is an inevitable requirement that diagnostic criteria and
definition for CSS must evolve.

In line with this view, most common features of
CSS patients with an ARID1B mutation are determined
to have intellectual disability, speech delay, coarse
facial features, and hypertrichosis in a recent study.
Other findings, present in a smaller subgroup of CSS
patients are determined to have small 5th finger or toe
nails, short fifth finger, feeding difficulties, agenesis
of the corpus callosum, seizures, myopia, and growth
delay in the same study (7).

Our case has no fifth digit involvement similar to
some earlier CSS cases with AR[D1B mutations (3,8,9).
Although microcephaly has been mentioned as a
feature of CSS (/0), we did not observe it in our patient
compared to some larger CSS cohort studies (/7).

Our patient presented with obesity and
hyperinsulinism supporting Vals et al. They suggest that
these features may be associated with ARID/B gene
mutations, further broadening the phenotypic spectrum
of CSS, and they may be added to the list of clinical
features of ARID 1B mutations (6). These results reinforce
the view that reevaluation of individuals with a broader
phenotype is needed to determine the frequency of this
finding in persons with molecularly confirmed CSS.

To the best of our knowledge this is the first report
of a patient with CSS who also has CAL spots. CALs
are present as well-circumscribed, evenly pigmented
macules and patches that range in size from 1 to
2 mm to greater than 20 cm in greatest diameter.
CAL macules are common in children. Although
most CAL is present as 1 or 2 spots in an otherwise
healthy child, the presence of multiple CAL, large
segmental CAL, associated facial dysmorphism, other
cutaneous anomalies, or unusual findings on physical
examination should suggest the possibility of an
associated syndrome. Neurofibromatosis type 1 is the
most common syndrome seen in children with multiple
CAL. Other associated multisystemic genetic disorders
include McCune Albright Syndrome, Tuberous sclerosis,
Fanconi anemia, Bloom syndrome, Ataxia telangiectasia,
Russell-Silver Syndrome, Multiple endocrine neoplasia
type 2b, Bannayan-Riley- Ruvalcaba syndrome, and
Multiple lentigines (LEOPARD) syndrome (/2). Also
the presence of multiple CAL has been described in
patients with ring chromosome syndromes involving
chromosomes 7, 11, 12, 15, and 17 (13).

As can be seen from the above discussion and
earlier studies, there is a big variation in phenotype
between patients with CSS. The underlying mechanism

of this variation has yet to be answered. Different
functional effects on the BAF complex consists of
over 25 core and interchangeable protein subunits by
ARID1B haploinsufficiency and SMARCBI/SMARCE]I
missense mutations could give rise to broad variation
in the clinical phenotypes (/4).Also, the set of genes
transcriptionally changed due to mutations in the BAF
complex genes like ARID1B could modify the phenotype
and determine how severely affected a patient with
ARID 1B haploinsufficiency will be.

Also our data supports the view by Dixon-Salazar
et al. that not only is whole-exome sequencing a useful
tool for identifying disease-causing genes, but it is
also able to redefine or modify the diagnosis for some
patients (15).

5. Conclusions

We report a patient with diagnosed CSS with WES.
Clinically, in addition to classic features of CSS,
the patient presented with CAL spots, obesity and
hyperinsulinism. To the best of our knowledge this
is the first report of a patient with CSS who has CAL
spots. Further investigations and new cases will help to
understand this phenomenon better.
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Summary

We report an unusual case of recurrent encephalopathy due to acquired hemophagocytic
lymphohistiocytosis (HLH) in a patient with propionic acidemia (PA). PA is an inherited
metabolic disorder in which patients often present with encephalopathy and pancytopenia
during metabolic decompensation. However, these patients may rarely develop HLH
with similar presentation. This case illustrates the need to distinguish HLH induced
encephalopathy from the one secondary to metabolic decompensation in these patients, as
early diagnosis and treatment of HLH improves prognosis. This case also highlights the
importance of considering HLH in patients presenting with unexplained encephalopathy,
as early diagnosis and treatment is lifesaving in this otherwise lethal condition. To
our knowledge this is the first case report of acquired HLH presenting as recurrent
encephalopathy followed by complete recovery, in a metabolically stable patient with PA.

Keywords: Inherited metabolic disorders, propionic acidemia, pancytopenia

1. Introduction

Hemophagocytic lymphohistiocytosis (HLH) is a
hyper-inflammatory condition caused by impaired
function of natural killer cells (NKC) and cytotoxic
T lymphocytes (CTL) leading to poor regulation of
immune response. There is hypercytokinemia and
abnormal proliferation of histiocytes and macrophages,
which engulf hematopoietic cells (/). Diagnostic criteria
for HLH includes fever, splenomegaly, pancytopenia,
increased serum ferritin, triglycerides, soluble CD25,
decreased fibrinogen levels and hemophagocytosis.
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HLH can be familial with genetic etiology or acquired,
associated with infections, autoimmune disorders,
immune suppression and malignancies. It has been
increasingly reported in various inherited metabolic
disorders. Herein, we report a patient with propionic
acidemia (PA) who presented with recurrent episodes of
encephalopathy and pancytopenia. The presentation of
encephalopathy was initially attributed to the metabolic
decompensation. However once the diagnosis of
acquired HLH was established, it became evident that
encephalopathy and pancytopenia were related to HLH
presentation and responded well to treatment.

2. Case Report

A 16-year-old boy, a known case of PA and mild
cognitive impairment, presented to the emergency
room in May 2014 with three days history of fever,
vomiting, diarrhea, lethargy and confusion. On
examination, he was drowsy, and febrile (38.5°C).
Spleen was palpable 4 cm below the costal margin.
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Table 1. Correlation of the level of consciousness with blood ammonia levels and HLH markers

Items Level of Ammonia umol/L WBC Platelet Hemoglobin Ferritin mg/L  CD25 pg/mL
consciousness (ref: <50) (count x 10%) (count x 10”) (g/L) (ref. 30-400)  (ref. 458-1997)

First admission

Day 1 Drowsy 66 1.4 123 83

Day 3 Drowsy 77 2.0 14 72 1,845 > 5,000
Second admission

Day 1 Alert 70 12.4 196 103

Day 4 Drowsy 60 3.5 21 83 2,159
Third admission

Day 1 Alert 75 3.6 102 117

Day 4 Drowsy 121 1.7 44 54 1,430 2,987

Day 26 Alert 134 428 271 78

HLH, hemophagocytic lymphohistiocytosis; WBC, white blood cell.

He had pancytopenia and marginally raised plasma
ammonia levels (Table 1). Blood tests including renal,
liver function and venous blood gas (VBG) analysis
were unremarkable. Computerized tomographic (CT)
scan of brain did not show edema or intracranial
bleeding. Clostridium difficile toxin was positive in
stool. He received antibiotics and fluid resuscitation.
His other medications were carnitine and sodium
bicarbonate. On the third day of admission he had
more marked pancytopenia and continued to be
encephalopathic. However, his blood ammonia level
was never high enough to account for the severity of
the encephalopathy (Table 1), which raised suspicion
of another underlying disorder like HLH causing
reduced consciousness. He was found to have raised
serum ferritin and soluble CD 25 levels (Table 1). A
bone marrow aspiration showed active erythropoiesis,
granulopoiesis and normal looking megakaryocytes.
Histiocytes were significantly increased in number and
many of them demonstrated hemophagocytosis (Figure
1B). No clonal chromosomal abnormality was detected
by interphase fluorescence in vitro hybridization (FISH)
DNA probes. Sequencing of the known familial HLH
genes (PRF1, MUNCI13-4, STX11, and STXBP2) was
negative. This fulfilled the HLH 2004 diagnostic
criteria (fever, pancytopenia, splenomegaly, low plasma
fibrinogen, high serum ferritin, soluble CD25 levels
and hemophagocytosis). He was treated according
to the HLH 2004 protocol with methylprednisolone,
vinblastine and gamma globulins. The patient recovered
with complete resolution of encephalopathy and was
discharged to home after 5 weeks.

He was readmitted three months later, with sepsis
secondary to Port-a-Cath infection. He was alert on
admission in spite of severe metabolic acidosis (VBG:
pH 7.2; base excess -16.9 and bicarbonate 9 mmol/L).
He had leukocytosis and blood ammonia level was 70
umol/L (Table 1). Blood culture grew Escherichia coli.
He was treated with intravenous antibiotics and sodium
bicarbonate. His metabolic acidosis resolved. On day
4 of admission, he became drowsy. A relapse of HLH
was suspected as evident by pancytopenia and raised

Figure 1. Radiological and hematological abnormalities.
(A), Brain MRI showing T2 hyperintensity with edema of
putamen; (B) Bone marrow aspirate showing a phagocytic
histiocyte with ingested hematopoietic cells: a nucleated
red cell precursor and a lymphocyte, highlighted by black
arrows; (C) Bone marrow aspirate showing two dysplastic
neutrophils, black arrow heads and one dysplastic erythroid
precursor, black arrow. Wright-Giemsa staining x500.

serum ferritin concentrations (Table 1). He responded
promptly to methylprednisolone with full recovery and
was discharged in two weeks.

His third admission was with community acquired
pneumonia in June 2015. He was fully conscious and
metabolically stable on admission. Sputum culture grew
Streptococcus pneumoniae. He received parenteral
antibiotics. On day 4, he became confused, disoriented
with severe pancytopenia (Table 1). He was treated
with methylprednisolone. He remained encephalopathic
requiring ventilator support over the next two weeks. A
magnetic resonance imaging (MRI) of the brain showed
edema of putamen and cerebellum (Figure 1A). An
electroencephalogram revealed continuous generalized
slow activity. Cerebrospinal fluid examination was
unremarkable. In view of persistent pancytopenia,
a bone marrow biopsy was performed. It showed
morphological changes in all three cell lines consistent
with myelodysplastic syndrome (MDS) with ring
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sideroblasts and residual HLH (Figure 1C). No MDS
related chromosomal anamoly was detected. He also
received intermittent treatment with granulocyte colony-
stimulating factor (G-CSF). He gradually recovered
with no neurological sequelae and was discharged to
home after seven weeks of hospitalization. His brain
MRI scan repeated after eight weeks of discharge,
showed complete resolution of the edema of putamen
and cerebellum. His hemoglobin level was stable 114 g/
L, white cell count 4.41 x 10°/L, platelet count was 295
x 10%/L.

3. Discussion

PA (OMIM 606054) is an inherited metabolic disorder
caused by the deficiency of enzyme propionyl-CoA
carboxylase. During acute metabolic decompensation
which is mostly triggered by infections, these patients
often develop encephalopathy due to hyperammonemia
and or severe metabolic acidosis. Such patients also
develop bone marrow suppression causing pancytopenia
which is a common complication, seen not only during
acute metabolic decompensation but is also observed
during a metabolically stable state (2).

Although seen in patients with PA during metabolic
decompensation, the encephalopathy in our patient
was due to HLH. Central nervous system (CNS)
involvement in HLH has been reported in 73% of cases
at the time of diagnosis (3). It may also develop later
during the course of the disease and is associated with
poor prognosis (3-5). Neuropathological studies have
shown perivascular infiltration of meninges and brain
parenchyma by activated lymphocytes and macrophages
with hemophagocytosis and active inflammation. This
may progress to multifocal necrosis and astrogliosis
(6). The neurological manifestations of HLH include
varying degrees of encephalopathy, seizures, meningitis,
hemiparesis, ataxia and cranial nerve palsy (3-
5). CSF analysis may show raised proteins and or
hemophagocytic cells. The role of cytokines in CSF
remains to be elucidated.

Neuro-imaging in HLH shows a wide spectrum of
abnormalities including periventricular T2 weighted
hyperintensity, nodular parenchymal enhancement,
leptomeningeal enhancement, hemorrhage and
restricted diffusion. Gratton ef al. in 2015 reported basal
ganglia involvement in 4 out of 7 (57%) adult patients
with acquired HLH (4). Interestingly, it is common
for organic acidemias to involve basal ganglia as well.
Indeed the MRI brain of our patient showed edema of
putamen and cerebellum, which in the absence of other
HLH features, could have been attributed to his primary
metabolic disorder. Basal ganglia involvement in both
disorders suggests that they may share a common
mechanism of mitochondrial involvement leading to
compromised aerobic respiration. Further research is
required to explain the underlying mechanism.

CNS involvement in HLH is associated with poor
prognosis (3-5), however, our patient responded well
to the HLH treatment and recovered fully after each
episode. During his third admission he had a prolonged
period of encephalopathy when he had developed
transient MDS, in addition to HLH. Although Sipahi et
al. have previously reported isolated MDS in a patient
with PA (7), our patient had a combination of HLH and
MDS during his last admission.

The pathogenesis of acquired HLH in inherited
metabolic diseases, remains unclear. It is hypothesized
that the trigger, either a severe infection or
accumulation of toxic metabolites would suppress
the function of NKC and CTL, producing HLH.
Inflammasome activation by oxidative stress may also
cause hyperinflammation (/). Moreover, these patients
might have genetic mutations that have not yet been
identified as related to HLH such as those controlling
inflammation and regulating cytokine function (8).
Recently whole exome sequencing of DNA from
secondary HLH patients found variants in familial HLH
related genes as well as new candidate genes (9).

Acquired HLH in PA has been reported earlier
in younger children during metabolic crisis, with no
evidence of infection (/0,/7). However, relapsing
HLH has not been reported in organic acidemias, for
example PA. In our patient, all three episodes of HLH
with encephalopathy were triggered by severe systemic
bacterial infection. He was metabolically stable as
his plasma ammonia levels were not significantly
raised and he did not have metabolic acidosis. To our
knowledge this is the first case report of repeated
episodes of acquired HLH secondary to systemic
infection presenting as recurrent encephalopathy in
a metabolically stable patient with PA, who showed
remarkable responsiveness to the treatment. Acquired
HLH has been reported in an increasing number of
inherited metabolic disorders and other systemic
illnesses. Awareness of this complication and its
neurological manifestations should prompt early
diagnosis, and timely treatment with a better disease
outcome in this otherwise potentially lethal condition.
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Summary

Adventitial cystic disease (ACD) of the common femoral vein is a rare vascular disorder.
It becomes more difficult to recognize preoperatively especially when the femoral vein is
affected. We report the case of a 62-year-old female patient who presented with a one-month
history of painless swelling in her right lower extremity. She had no specific past medical
history and no history of trauma, and had a full coagulopathy profile that was negative
for any hypercoagulable syndrome. On examination, her lower right leg was significantly
swollen with a palpable mass in her right inguinal region. A computerized tomography
(CT) with contrast was performed to provide more information and revealed an eccentric
compression over the medial wall of the right common femoral vein. During surgical
exploration, adventitial cystic mucinous disease was enucleated and the patient underwent
femoral exploration, excision of the cysts and reconstruction of iliac femoral vein graft using
an artificial blood vessel. The pathological examination confirmed the diagnosis. The patient
continued to do well, and she had an unremarkable venous duplex evaluation at her 6-month
follow-up. The presentation, investigation, treatment, and pathology of this condition are

discussed with a literature review.

Keywords: Adventitial cystic disease (ACD), femoral vein, review

1. Introduction

Adventitial cystic disease (ACD) of the veins is a rare
condition with an uncertain etiology in which a mucin
containing cyst is formed in the walls of the veins. The
arterial variety of ACD has often been described in
the popliteal artery (/). Patients with this disease will
have severe swelling, tenderness, and pain (2). In this
report, we discuss the case of a 62-year-old woman
who presented with a swollen lower leg secondary to
obstruction of the common femoral vein. We performed
a computerized tomography (CT) scan and ultrasound
and this led to excision of a cyst and reconstruction
of an iliac femoral vein graft using an artificial blood
vessel. As a result, the patient made a full recovery. We
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also discuss the pathology and the diagnostic methods
for this condition.

2. Case Report

A 62-year-old female was referred to our vascular
unit with a one month history of right lower
extremity painless swelling. She had no specific
past medical history and no history of trauma and
had a full coagulopathy profile that was negative for
any hypercoagulable syndrome. On examination,
her right lower leg was obviously swollen — 10 cm
larger in circumference than the left side, with signs
of palpable masses in the right inguinal region. No
other abnormality was found on physical examination.
Ultrasonography showed a cystic mass containing
hypoechoic materials attached to the right common
femoral vein. Because the diagnosis was uncertain,
CT with contrast was performed to provide more
information and to exclude other causes such as unusual
tumors. A contrast-enhanced computed tomography
(CECT) scan also showed the presence of an
intraluminal low-attenuating mass lesion (3.2 x 2.1 cm)
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Figure 1. Contrast-enhanced computed tomography demonstrating distension of the left common femoral vein due to an
intraluminal hypoattenuating mass lesion (arrow) attached to the bladder wall (A). The mass was presumed to be a deep

vein thrombus (B).

Figure 2. An adventitial cystic mass (Blue arrow) extends from the medial to the posterior surface of the right CFV (A).
Operative image illustrates the excision of tumor and reconstruction of iliac femoral vein graft (B).

Figure 3. Postoperative photomicrograph indicated a
cystic structure with layers of collagen separated by scanty
elastic fibers and fibrosis in the wall of the vein and the
excised tissue was connective tissue with infiltration of
inflammatory cells.

involving the right CFV (Figure 1). The CT revealed
obstruction of flow at the level of the CFV, with a
presumed thrombus in the CFV and a long saphenous
vein but no obvious extravascular mass. The clinical
diagnosis was ACD.

A venotomy was made in the posterior wall to reveal
thick gelatinous mucoid material lying within a cystic
cavity formed by the vein wall. The cyst was excised,
with reconstruction of the iliac femoral vein graft
using an artificial blood vessel (Figure 2). Histology of
the excised specimen revealed a cystic structure with

layers of collagen separated by scanty elastic fibers,
fibrosis in the wall of the vein and the excised tissue
was connective tissue with infiltration of inflammatory
cells (Figure 3). Postoperatively, the patient received
anticoagulation therapy with warfarin and made an
uneventful recovery. At the 6-month follow-up, the
swelling in the leg had resolved, and the common
femoral vein was patent on color duplex imaging, with
no mass effect.

3. Discussion

ACD is characterized by the accumulation of a
gelatinous fluid containing mucoproteins and
mucopolysaccharides within the adventitial layer of
a blood vessel (/). ACD was first reported in 1947
by Atkins and Key (3), but ACD of the arteries is
more frequent in men, it is predominantly located
in the popliteal artery and it clinically presents with
intermittent claudication (2). However, ACD of the
venous system is a very rare condition, with fewer than
20 cases reported in the worldwide literature (4-8). One
of the earliest reports of venous ACD was in the short
saphenous vein, and in contrast to arterial ACD, venous
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ACD rarely affects the popliteal segment. The venous
variety occurs with an equal frequency in both sexes
and it most often involves the common femoral vein
and causes swelling of the affected limb (2).

The exact etiology of ACD remains unclear, but it
can be explained in similar terms as that of arterial ACD
(2,9-12): i) The repeated trauma theory (the adventitia
undergoes cystic degeneration as a result of stretching
and distortion near the joints); ii) Ectopic aganglionosis
(synovial cells implant into adventitia usually related
to arterial ACD near joints); 7ii) the systemic disorder
theory (degeneration of the adventitia as a result of
connective tissue diseases); and iv) the developmental
theory (mesenchymal cells from nearby joints implant
into the adventitia of the vessel during embryological
development).

Histopathologically, the cyst may be uniloculated
or multiloculated. The disease process produces an
expanding cyst that destroys the elastic tissue between
the medium and the adventitia of the vessel wall, and the
elastic tissue is replaced with fibrous connective tissue.
There is usually no acute or chronic inflammation. The
cyst is lined with fibrous connective tissue and the cyst
contains an eosinophilic mucoid gel that consists of
mucoproteins and mucopolysaccharides (7,5).

The diagnosis of ACD of the vein can be suspected
on the basis of patient history, results of a physical
examination and image findings. As was the case
in our patient, the diagnosis is rarely made before
surgery owing to the rarity of the condition. First-
line investigation should probably involve duplex
ultrasound imaging, which is cheap, available in most
centers, and noninvasive, to exclude aneurysms and
synovial cysts and to localize the cyst to the vessel wall.
Ultrasound imaging may show the presence of a typical,
anechoic mass with a posterior acoustic window and
may allow ultrasound-guided treatment (/3,7/4). CT
and magnetic resonance imaging (MRI) have also been
advocated to localize the pathology to the vessel wall,
exclude other pathologies (such as Baker’s cyst), and
allow guided drainage.6 MRI can reveal high-signal-
intensity cysts with extrinsic compression of the vessel
lumen. Venography in venous ACD may reveal the
site and extent of obstruction to flow and may show a
classic scalloped appearance or hourglass narrowing
caused by extrinsic compression of the vessel lumen.
CT venography is superior to traditional venography
for making the diagnosis because the cystic mass
can be directly observed regardless of the degree of
obstruction. A CT venography can be successfully
used in imaging ACD of the vein. When compared
with venography, it has the advantage of a noninvasive
examination that can directly image the surrounding
parenchyma and aid in surgical or percutaneous
treatment planning. Whatever imaging is used, it will be
necessary to have a high index of suspicion to correctly
diagnose this rare condition preoperatively (/5-17).

Owing to the small number of reported cases, the
ideal treatment is unknown and there are three options
for venous ACD treatment: i) Most authors advocate
transadventitial or transluminal evacuation of the cyst,
with removal of the cyst wall to prevent recurrence, as
in the case we have described. if) Minimally invasive
management has been reported with image-guided
drainage of adventitial cysts, but incomplete evacuation
of cysts secondary to high viscosity has resulted in
high recurrence rates. iii) The use of needle aspiration
of the fluid, guided by ultrasound or CT, has been tried
successfully in some cases, although the fluid has a
tendency to reaccumulate because the mucin-secreting
mesenchymal cells are left in situ (/,4,13).

In summary, ACD of the vein is a rare malady, but it
should be suspected for patients with symptoms of deep
vein thrombosis, and especially when the diagnostic
investigation indicates an extrinsic mass. Thus, ACD
of the vein needs to be considered in the differential
diagnosis of unexplained leg swelling. Furthermore,
to ensure a successful outcome, close follow-up of the
patient is necessary.
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Summary

We report a 12-year-old male with Prader-Willi syndrome (PWS) and 47, XYY syndrome.

Genetic work up revealed 47, XYY karyotype. PWS diagnosis was made by polymerase chain
reaction methylation and maternal uniparental disomy (mUPD) was determined to be the
etiology. Review of distinct behavioral features, possible interplay between the two syndromes
and considerations for diagnoses are presented. To our knowledge, this is the first report of
behavioral features in PWS with comorbid 47, XYY.

Keywords: Prader-Willi syndrome, 47, XYY, autism spectrum disorder, attention deficit

hyperactivity disorder

1. Introduction

Prader-Willi syndrome (PWS) and 47, XYY syndrome
both are rare genetic conditions and their concurrence
is even rarer. Each is characterized by discrete physical
and behavioral features. PWS is a neurodevelopmental
disorder resulting from loss of function or deletion
of genes in a particular region of chromosome 15
(critical region 15q11-ql13) (/). About 70% cases
are due to deletion of the gene segment on paternal
chromosome 15. About 25% cases are due to maternal
uniparental disomy (mUPD) which means both copies
of chromosome 15 are maternally inherited instead of
one from each parent (/). Other cases are attributed
to translocations and genomic imprinting defects.
Clinical features of PWS include neonatal hypotonia,
childhood onset hyperphagia with subsequent obesity,
hypogonadism, short-stature, facial dysmorphism along
with significant neurological, cognitive and behavioral
abnormalities. Common behavioral features in PWS are
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food seeking behavior, resistance to change, irritability,
skin picking and temper tantrums. These are a source of
significant impairment. Secondly, 47, XYY syndrome
is caused by the presence of an extra Y chromosome
in each cell due to nondisjunction i.e. an error during
cell division. Patients may go undiagnosed and may be
diagnosed during evaluation for tall stature. The XYY
phenotype commonly includes tall stature, macrocephaly,
macroorchidism, hypotonia, hypertelorism, and tremor
(2). Behavioral abnormalities may not always be present
and vary widely among affected individuals. When
abnormalities do occur, patients may have learning
disabilities, delayed development of speech, language
and motor skills. Feature in common for the two
syndromes is risk for autism spectrum disorder (ASD)
and attention deficit hyperactivity disorder (ADHD).

2. Clinical Report

We discuss a 12-year-old Caucasian male with diagnosis
of PWS and 47, XYY syndrome who presented to our
clinic. He was born full term to a healthy 27-year-old
gravida 1, para 1 mother. Perinatal history was significant
for reduced fetal movements and a three pound weight
loss in mother around 38 weeks of gestation. Ultrasound
showed diminished umbilical cord flow and the mother
was induced but she failed to progress. Therefore, patient
was delivered by emergency C-section after he showed
non-reassuring heart tones. Birth weight was 2,700 g and
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APGAR scores were 6 and 7. At delivery, he had PWS
specific features such as hypotonia, feeding difficulties
with poor respiratory effort and received resuscitation
for the same. Subsequently, he required Neonatal
Intensive Care Unit (NICU) admission and treatment
with surfactant for several days. Patient had microphallus
and bilateral undescended testes, both commonly seen
in PWS. He showed global developmental delay and
intellectual disability. He sat by himself at 6 months
of age, crawled at 11-12 months of age and walked
independently at 19 months of age. He started speaking
words at 2 years of age. He has been receiving special
education. Patient received growth hormone from age
6 months to 11 years. It was stopped at 11 years at the
request of the parents because of attainment of optimum
growth.

According to his parents, he relies on schedule and
insists on sameness. They reported- "The schedule is
comforting and rules really help him navigate". When
given an advanced notice and/or explanation patient was
better able to tolerate deviations from the schedule or
anticipated events. He has a particular interest in sports
and his conversations are focused on teams and players.
He is a devoted fan of a sports team and may become
quite upset if they lose. Parents denied food seeking
behavior. They do not restrict the range of foods he eats,
but monitor his calorie intake.

Past history is significant for a 20 pounds weight
gain around age 10 years. He lost the weight during an
eight week hospitalization at an inpatient program for
Prader Willi patients. He also had periods of increased
aggression and hitting at the time and was started on
escitalopram by his doctor to address his anxiety. He had
an adverse reaction to the medication as demonstrated
by increased irritability, tantrums, aggressiveness,
restlessness and disrupted sleep. Therefore, escitalopram
was discontinued. Owing to his aggression, irritability
and frustration he was started on a stimulant at the
time and continues to take methylphenidate to date. He
achieved better symptom control, ability to articulate
his feelings and internal experiences by saying things he
felt rather than acting out. It also improved his attention,
memory and possibly contributed to the weight loss.

On psychiatric evaluation at our clinic, his major
issue was anticipatory anxiety which was evident in his
repeated questioning, particularly with regards to events
in future. Questioning stopped once he was reassured
and knew what to anticipate. Thus, difficulty tolerating
changes in routine was noted. He also demonstrated
anxiety around new things and frequently asked "why?"
to requests during the clinical encounter. He became
very anxious when his abdomen was exposed for
physical exam and was noted to have an exaggerated
emotional response to disappointment. He demonstrated
repetitive behavior like rubbing his forehead. C-YBOCS
(Children's Yale-brown Obsessive Compulsive Scale:
Modified for ASD) score was 16 which is moderately

high. Preoccupation and restricted range of interest with
regards to sports and his favorite teams was noted. He did
not demonstrate hyperphagia, food related obsessions,
skin picking, hoarding behaviors, self-injurious behavior,
suicidal ideation, impulsivity, hyperactivity, psychotic
features and seizures.

Neurological exam showed high threshold for pain,
temperature dysregulation, low tone and clumsiness.
Patient was not overweight at the time of evaluation.
His weight and height have been trending in 75th and
80th percentile respectively. Laboratory reports showed
slightly raised LDL and hematocrit levels.

3. PWS and 47, XYY syndrome

The clinical history and presentation of the patient
identified anticipatory anxiety as a major behavioral
issue. PWS has been shown to be a highly complex
psychological disorder with multiple areas of disturbance
and anxiety could be a part of this symptom complex
(3,4). His repetitive behavior, resistance to change
and temper outbursts can be attributed to behavioral
phenotype of PWS (5,6). Patient demonstrates many but
not all behavioral symptoms typically seen in PWS. He
did not manifest hyperphagia, food seeking behavior and
skin picking which are common in PWS. It would be
interesting to seek if this is a result of interplay between
the two genetic disorders.

The fact that patient responded well to stimulants
may indicate an underlying component of ADHD.
Patient did not manifest hyperactivity and impulsivity
which are common in ADHD. This also raises the
question whether patients with PWS and 47, XYY have
atypical presentation for ADHD. Skokauskas et al. noted
ADHD-like behavior in PWS patients in their research
study (7). Bardsley et al. performed a cohort study that
showed higher prevalence of ADHD and ASD in men
with with XYY (2). Thus, patients with 47, XYY should
be evaluated for both (8). This patient has PWS and
XYY, so he is at increased risk of having ADHD and
ASD. The case highlights the importance of evaluating
patients with PWS and comorbid 47, XYY syndrome for
ADHD and ASD. PWS is a genetic syndrome in which
careful attention to comorbidities and details regarding
all potential behavioral and somatic manifestations can
lead to a significant improvement in health.
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the purpose of the study, methods, main
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more than 250 words must be included in the
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concise but comprehensive and should be
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conforming to the International System of
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