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2, Materials and methods
2.1, Patient

This G-year-old boy is the only child of his nonconsanguineous
Japanese parents. He was born with a body weight of 2478 g without
asphyxia at 37 weeks. He was noted to have poor weight gain at
~2 months. He exhibited hypertonus and athetosis at 4 months, and
was referred to our newrology division for evaluation at 8 months.
Al first evaluation, he showed failure to thrive with a body weight
of 6.0 kg (—2.7 5D} and height of 60.0 cm (4.4 SD).

He showed no dysmorphic features and behavioral problems. He
could not held his head or follow an object with his eyes. His muscle
tone was hypertonic and all extremities displayed exaggerated ten-
don reflexes and bilateral extensor plantar responses. Dystonia was
also evident in his upper and lower extremities. Routine laboratory
examinations revealed mild elevations of aminotransferase/alanine
aminotransferase (AST/ALT) of ~ 100 1U/mL; however, there were no
biochemical abnormalities in the levels of serum ammonia, lactate,
and pyruvate, very long chain fatty acids, or arylsulfatase A, Nerve
conduction velocities and electromyographic studies were all normal.
No waves were identified by auditory evoked brain responses, even at
a maximum stimulation intensity of 115 dB. Magnetic resonance im-
aging {MRI} revealed abnormal increased signals in the globus pallidi
on T2-weighted fmages (Fig. 14, upper left). Myelination delay, a de-
crease in the volume of cerebral white matter, and a very thin corpus
callosum were also observed (Fig. 1A, lower left). At 4 years of age, he
was atmitted to our hospital due to status epileptics with generalized
tonic-clonic seizures lasting 1 h, which were controfled by intrave-
nous diazepam. Electroencephalography showed frequent spikes
and slow waves in central and mid-temporal areas. He was initiated
with phenobarbital and no seizures have been noticed since then.
MRI revealed the completion of myelination, persistent signal abnor-
~ malities in the globus pallidi, and the progression of cerebeliar

vermian atrophy (Fig. 1A, right panels). A deficient Cr peak in "H-
_ magnetic resonance spectroscopy {MRS) (Fig. 1B) and high ratio of
creatine/creatinine concentration in urine 4.73 mumol/mmol (normal
range; 0.0075-1.51) led us to suspect SLCGAS deficiency [17] Now
~be is still very small and showing severe dystonia at 6 years of ages.
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He cannot hold his head and does not pursuit object. During upper re-
spiratory infections, he showed increased levels of AST/ALT
> 10,000 W/mL without cholestasis. These values returned to his
baseline levels without any therapy after a few weeks,

2.2. Cr uptake in fibroblasts

Cr uptake was measured in total cell lysates in triplicate using gas
chromatography-mass spectrometry with stable isotope-labeled Cr
as the internal standard, as described by Rosenberg et al. [18]. Briefly,
fibroblasts from the patient were cultured for 24 h in medium (HAM/
F10 supplemented with 10% fetal bovine serum, penicillin, and strep-
tavidin} that contained physiological levels of Cr (25 mM3 Cr was
added to the medium and obtains final concentrations of 25 and
500 mM [12].

2.3. Genomic DNA sequencing, RT-PCR, and sequencing

Genomic DNA was prepared from the patient's white blood cells
using the Wizard Genomic DNA Purification Kit {Promega, Madison,
W, USA) PCR of all exons and exon-intron boundaries of the SLC6A8
gene was performed as previously described {10} Subsequent se-
quencing analyses of the PCR fragments were performed with specific
primers using the Ex Taq PCR Kit {version 1.0; Takara, Shiga, Japan)
according to the manufacturer's instructions (Supplementary Table),
PCR buffers were selected from the GC I, GC I, and EX buffers {Takara)
(Supplementary Table). Total RNA was extracted from leukocytes using
the TRIzol reagent and reverse transcribed with Prime Script Reverse
Transcriptase {Takara, Shiga, Japan) using oligo(dT) primers. RT-PCR
was performed using primers that covered from exon 2 to exon 13
according to the manufactarer’s instructions (Supplementary Table).
The PCR fragments were sequenced using the Big Dye Terminators
Cycle Sequencing Kit (v1.1; Applied Biosystems, Foster City, CA, USA).

2.4, Western blotting
Fibroblasts {~3.0%10% cells) were harvested and lysed with

300 0L of SDS lysis buffer (100 mM Tris-HCl (pH 6.8), 2% SDS,
100 mM DTT, 20% sucrose). After boiling for 5 min, aliquots were
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Fig. 1. MRI and MRS, T2-weighted axial image at 8 manths shows an abnormal increased signal in the globus paltidi, myelination delay, and a decreased volume of cerebral white
matter {Al upper Jeft). T1-weighted sagittal image demonstrating a very thin corpus callosum (A; lower Jeft), T2-weighted axial image {(A; upper right} and T1-weighted sagittal
image (A; lower right} at 4 years show persistent high signals {n the globus pallidi, thin corpus callosum, and progression of cerebellar vermian atrophy. "H-MRS from the feft basal
ganglia at 4 years {B). MRS at 4 years shows a very Jow peak of Cr at 3.0 ppm {arrowhead).
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analyzed by western blotting using the XV PANTERA Gel System
{DRC, Tokyo, Japan). Detection was performed using the ECL-
Advance System {GE Healthrare, Buckinghamshire, UK). The primary
antibody was rat monoclonal anti-BAP31T antibody (1:1000,
sc-56007; Santa Cruz Blotechnology, Santa Cruz, CA, USA). The
secondary antibody was goat anti-rat IgG-HRP conjugate {1:2000,
sc-2006; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

3. Resuits
3.1. Cr uptake in fibroblosts

The uptake of Cr in fibroblasts from the patient was almost undetect-
able (0.19 pmol Cr/ug protein) when incubated at a physiological Cr con-
centration (25 pmol/L) {controls: n=13, 27.8 £ 5.6 pmol (r/ug protein:
Cr transporter deficiency patients: n= 12, 0.58 4+ 1.03 pmol Crjug pro-
tein} {12}

k 3.2. PCR, RT-PCR analysis, and sequencing
As MRI and the Cr uptake test strongly saggested an SLCGAS defi-

ciency, we analyzed SLCGAS. We could not obtain PCR products from
exons 5~13 of SLCGAS in the patient. As we could amplify DNA from

- various exons of ABCDI, we performed a long-range PCR using vari-

 ous primers that were spaced between SLCBAS and ABCDI. We

.obtained an ~500bp PCR product using primers at intron 4 of

- SLCBAS and the other one situated ~20 kb-telomeric, Sequencing
= this fragment revealed breakpoints at intron 4 of SLCBAS and intron
-4 of BAP31, which are situated tail-to-tail (Figs, 2A, B). The deletion
. encompasses ~19 kb and involves exons 5-13 of SLCGAS and exons
5-8 of BAP3T (Figs. 2B, C). Next, we analyzed the effects of this dele-
- tion on the transcript level of both genes. RT-PCR between exon 2 and
. 3-UTR of SLC6AS revealed an aberrant SLC6AS transcript in which in-
- tron 4 was incorporated, resulting in a truncated protein of 391 amino

45

acids (a.a.}, much shorter than the wild-type protein (635 aa.)
{Fig. 3A}. Similarly, we detected BAP3] mRNA in which intron 4 of
BAP3T remained in the transcript. The deduced sequence predicted
a 114-a.a. protein that is much shorter than wild-type BAP31 (isoform
a, 313 a.a; isoform b, 246 a.a,}{(Fig. 3B). Primers flanking the deletion
successfully amplified a 507-bp product only from the patient among
family members, indicating that the deletion occurred de novo
{Fig. 3C).

3.3, Western blotting

We detected BAP31 protein of ~28 kDa in normal control fibro-
blasts. However, we could not detect a signal for BAP31 in fibroblasts
from the patient, even at ~12 kDa, deduced from the possible mRNA
predicted size, indicating either nonsense-mediated decay of the ab-
errant mRNA or the short half-life of truncated BAP31 (Fig, 3D).

4. Discussion

The reported phenotype of Cr transporter deficiency consists of in-
tellectual disability, language delay, seizures, and autistic behavior
[13}. Although > 40 mutations of SLC6A8 have been reported, a clear
geno-phenotypic correlation has not been established. Two cases,
one case with a large genomic deletion of exons 8-13 of SLC6AS and
another with a deletion of the complete coding region of SLCGAS,
showed severe developmental delay, seizures, failure to thrive, and
dystonia [15]. Cellular Cr uptake was almost completely lost in
these two patients. Our case is the third patient to be described
with a large SLC6A8 deletion, and also showed similar severe develop-
mental delay, failure to thrive, and dystonia. A large genomic deletion
of exons 8-13 of SLCBAS is suggestive for a lass-of-function of SLCGAS
and, indeed, Cr uptake was disrupted in our patient. The symptoms of
these three cases are more severe than those of patients with single
nucleotide mutations, and it appears that the complete loss of
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Fig. 2. 19-kb deletion involving SLC6AS and BAP31.(A) Position of the SEC6A8 and BAP3T genes on Chr, Xq28.(B) Position of SLCBAR, BAP31, and ABCDI. BAP31 and SLCEA8 are tatl-to-
tail orientation/C} Sequence chromatogram around the conjugation point of the two breakpoints. Intron 4 of SLC6AR and Intron 4 of BAP3T are joined.
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Fig. 3. RT-PCR and sequencing of SLCGAS and BAP3 1. RT-PCR with primers at exon 2 and 3-UTR of SLCGAS indicates the transcript involves intron 4 (A} RT-PUR between exon 2 and
intron 4 of BAP3T revealed the transcript contains intron 4 (B}, Breakpoint-specific PCR analysis of the patient's family (€. Primers flanking the delerion successfully amplified a
507-bp product from the patient, indicating the deletion occurred de nove. P, patient; M, mother; £, father: €, normal control: nr, markers. Western blotring from fibroblasts
from wild-type (W) and patient (P} {I3}. The primary antibody was rat monocional anti-BAP3T {1:1000} and the secondary antibody was goar anti-rat IgG-HRP conjugate
{1:2000, 5¢-2006}. The band of ~28 kDa shiown i the wild-1ype is unseen in the patient,

transporter function leads to severe neurological dysfunction. As for
the two previously reported cases, the breakpoints have not been elu-
cidated and therefore, we cannot exclude the possibility that the se-
vere phenotype of these three cases is influenced hy BAP31,

We discovered a large ~19-kb deletion that encompassed exons
5-13 of SLC6A8 and exons 5-8 of BAP31. As far as we know, this report
Is the first case presentation in which SLC6A8 and BAP31 are both mu-
tated. Phenotype of the BAP31 mutations has been only reported as a
part of Xq28 deletion syndrome or (CADDS) [MIM ID #300475]. Since
deletion causes complete loss of ABCDI, these patients develop cere-
bral demyelination at more early age compared to classical ALD.
Moreover, patients with CADDS also showed liver disease and senso-
rineural deafness, These twe clinical symptoms have been suggested
to originate from the loss of BAP31 function. However, other than
these 3 cases with CADDS, mutations of BAP3! have not been
reported. Our case, carrying a deletion of SLCGAS and BAP31, also dis-
played an overlapping phenotype with CADDS, i.e., liver disease and
sensorineural deafness. Qur case strengthens the idea that the loss
of BAP31 is related to liver disease and sensorineural deafness.
Sequencing of BAP31 in patients with X-linked sensorineural deafness
may help to clarify this further.

Recently, BAP31 was shown to be a component of the quality con-
trol system of the endoplasmic reticulum (ER). By receiving apoptotic
signals from mitochondria, BAP31 is involved in the activation of
procaspase-8. Thus, BAP31 is emerging as critical component of ER
stress signaling between mitochondria and the ER {19} Our present
case had increased levels of AST/ALT during an infection that induced
ER stress; therefore, it is possible that dysfunction of mitochondrial-
ER signaling is involved in the recurrent liver dysfunction observed
during infection in our case, Wolfram syndrome-1 is 4 severe autoso-
mal recessive neuradegerative disease characterized by diabetes mel-
litus, optic atrophy, diabetes insipidus, and deafoess (WFST; OMIM
#222300). Recently, WFST was shown to negatively regulate a key

transcription factor involved in ER stress signaling, activating tran-
scription factor 6o (ATF6o), through the ubiquitin-proteasome path-
way[20}]. It is tempting to speculate the defect in ER stress signaling
accounts for association of BAP31 to deafness and liver disease,

Supplementary materials related to this article can be found on-
line at doit10.1016/L.ymgme.2012.02.018,
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Concomitant microduplications of MECP2 and ATRX in
male patients with severe mental retardation

Shozo Honda', Shigeko Satomura?, Shin Hayashil?, Issei Imoto™*, Eiji Nakagawa®®, Yu-ichi Goto>®
and Johji Inazawa*’, and the Japanese Mental Retardation Consortium®

Investigations of chromosomal rearrangements in patients with mental retardation (MR) are particularly informative in the search
for genes involved in MR. Here we report a family with concomitant duplications of methyl CpG binding protein 2 (MECP2) at
Xq28 and ATRX (the causative gene for X-linked alpha thalassemia/mental retardation) at Xq21.1 detected by array-comparative
genomic hybridization. The alterations were observed in a 25-year-old man who inherited them from his mother, who showed a
normal phenotype and completely skewed X-chromosome inactivation, and also in his cousin, a 32-year-old man. The proband
and his cousin showed severe MR, muscular hypotonia, recurrent respiratory infections and various other features characteristic
of MECP2 duplication syndrome. However, the proband also had cerebellar atrophy never reported before in MECPZ2 duplication
syndrome, suggesting that his phenotypes were modified through the ATRX duplication in an additive or epistatic manner.
Journal of Human Genetics (2012) 57, 73-77; doi:10.1038/jhg.2011.131; published online 1 December 2011

Keywords: array CGH; ATRX; duplication; MECP2; X-linked mental retardation

Duplication at Xq28 involving methyl CpG binding protein 2
(MECP2) has been detected at high frequency (1-2%) in males with
unexplained X-linked mental retardation (XLMR)."? MECP2 duplica-
tion syndrome is now recognized as a clinical entity showing severe
MR, muscular hypotonia, absence of speech, a history of recurrent
infection and mild dysmorphic features.® In the course of a program
to screen possible patients with XLMR for copy-number aberrations
by array-comparative genomic hybridization (aCGH) using a bacterial
artificial chromosome (BAC)-based X-tiling array (MCG X-tiling
array),>® we detected an ~0.4-Mb duplication at Xq28 involving
MECP2 together with an ~0.3-Mb duplication at Xq21.1 that
included ATRX, the causative gene for ATR-X (X-linked alpha
thalassemia/mental retardation) syndrome, in a 25-year-old man
and his cousin, a 32-year-old man (Figure 1a).

The proband (III-1, Figure 1b) was born at 41 weeks after an
uneventful pregnancy as the first child of non-consanguineous healthy
parents. At birth, his weight and occipital-frontal circumference
(OFC) were 3280g (+0 s.d) and 33.5cm (0.3 s.d.), respectively.
He was developmentally retarded: first smiling at 3 months, holding
up his head at 5 months, rolling over at 7 months, sitting by himself at
12 months and crawling at 13 months. At 25 years, his height, weight
and OFC were 160.8cm (—1.7 s.d.), 50kg (—1.2 s.d.) and 56.3cm

(—0.9 s.d.), respectively. The proband exhibited hypertelorism, micro-
cephaly and synophrys (Figure 1c). At 28 years, magnetic resonance
imaging (MRI) showed cerebral atrophy, cerebellar atrophy and a thin
corpus callosum (Figure 1d). He could walk and communicate until
he was 14 years old, but became unable to do either of this after
developing epilepsy. At the age of 4 years and 10 months, his total
Developmental Quotient was 22, calculated by using the Kyoto Scale
of Psychological Development. A blood investigation showed that his
IgA level was low. The HbH inclusion body that is detected frequently
in patients with ATRX mutation was not found by brilliant cresyl
staining. His younger brother (I1I-2) had intrapartum asphyxia and
two maternal uncles (II-3, II-4) died immediately after birth.

The cousin of the proband (IlI-3) was born in 41 weeks after an
uneventful pregnancy to non-consanguineous healthy parents by
normal delivery. At birth, his weight and OFC were 2850g (—1.2
s.d.) and 37cm (+2.4 s.d.), respectively. He was characterized by
macrocephaly. He had started smiling at 2-3 months, holding up his
head at 4 months, sitting by himself at 12 months and walking at 40
months. At 32 years of age, his height, weight and OFC were in the
normal range (164.5cm, —1.1 s.d.; 57kg, —0.5 s.d.; 59.4 cm, +1.8 s.d.).
Information on his Developmental Quotient was unavailable. A blood
investigation showed that his IgA level was low. He had been affected
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Figure 1 {2} Profile of the copy-number ratio on chiomosome X in the proband (11-1) defected with aCGH using an MCG X-iling array. Each dot represents the tesl/
reference value after normalization and log, transformation in each BAC close, and armows indicate duplications (ratio>0.4), The gray vertical lines represent the
centrormeric region far which no clones were available. Arrowheads indicate benign CNVs (Supplementary Table 1), (b Three-generation genealogy of the studied family.
Closed squares and circles and dotted circles indicate MR and camiers, respectively. The proband (111} indicated by an arrow was used for aCGH with the X-tiling
array. Asterisks indicate persons having the duplications at Xq21.1 and Xg2B. A slash indicates a death, (g} The proband (-1} at 27 years showed hypertelorism,
microcephaly and synophrys. {d) Brain MRI findings of the proband (-1} at age 27. Coronal {left and middie) and (right) sagittal Tlw sequences show cerebral
atrophy, cerebellar atrophy and a thin corpus caliosum. (e} Mapping of the duplications at Xq28 (left) and Xq21.1 {right} on the basis of the UCSC Genome Browser
according to NCBI Build 36.1, March 2006, hgl8 (hipsiwww.genomeucsc.edw). A chiomosome ideogram is presented. The track sefting in the UCSC gerome
browser was set up fo look for ‘Base Positions’, ‘'FISH Clones, ‘BAC End Pairs’, ‘RefSeq Genes', ‘sno/miRNA, ‘Agilent Array” and ‘Segmental Duplications’. Underlines
below the BAC clone 1D and oligonucieotide probe 1D show a high (green bars) and normal (black bars) ratio delected with the MCG Xiling array and Agilert array
244 K. Plus signs in the right parie! indicate the duplication at Xq21.1 confirmed by quantitative genoraic PCR. Duplicated regions in our case and the smallest region
of overlap in reported cases? in ‘the right panel are indicated with closed anows. () In the proband (1H-1) and the carier mother (I1-2), representative results of FISH
using the clone RP11-42M11 at Xa21.1 Gef) and the clone RPL1-118A22 at Xq28 (right) showed separate green signals (arrowheads) and strong green signals
{arrows), respectively. The red signals are of clone RP1L1-16H4 at Xp22.12 {efl) RP11-13M9 at Xq13.2 {ight} as a reference, Enlarged images of chromosome X are
shown in the Jower left insets in each panel. Similarly, in the affected proband's maternal cousin (113}, representative resulfs of FISH demonstrated separate red
signals of the clone RP11-42M11 at XgZ1.1 and strong gresn signals of the clorie RP11-118A22 at Xq28. An enlarged image of chromosome X is shown in the lower
vight panel, indicating that the duplicated sequence at Xq21.1 inserted into the duplivation at Xq28 together with the original Xg21.1 (aprowheads), whereas the
duplicated sequence at Xq28 was inserted in close proximity {armow). A full color version of this figure is available at the Jounal of Human Genetics journal online.
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by pneumonia frequently since 3 months after birth. No MRI analysis
had been performed. His younger brother (I1I-4) died because of
disseminated intravascular coagulation at the age of 29, and his other
cousin (IHI-5) shows a similar clinical manifestation to the proband.

On the basis of the results of precise mapping with an oligonucleo-
tide array (Agilent array 244K, Palo Alto, CA, USA; data not shown),
these aberrations are as follows: arr Xq21.1 (76646979-76983735) X2,
arr Xq28 (152847991-153262357)x2 (Figure le). Although some
copy-number variants (CNVs) were detected in other regions simul-
taneously, all of them have been registered in the Database of Genomic
Variants (http://projects.tcag.ca/variation/ assembly, March 2006, Sup-
plementary Table 1) and in part in our CNV database (MCG CGH
database, hitp://www.cghtmd.jp/CNVdatabase). Subsequent real-time
quantitative genomic PCR (qPCR) using primer sets recognizing
around dup(X)(q21.1) (Supplementary Table 2) narrowed down
dup(X)(q21.1) to between positions 76646868 and 76973049, includ-
ing all of ATRX and part of MAGTI (Figure 1d). Fluorescence in situ
hybridization (FISH) detected these duplications in the proband’s
unaffected mother (1I-2) and his affected maternal male cousin (I1I-3)
(Figures 1b and f), indicating maternally inherited duplications in
these patients. In addition, the duplicated segment at Xq21.1 inserted
into the duplicated region at Xq28, by contrast the segment at Xq28
was duplicated in tandem (Figure 1f). Our finding that the mother, a
presumptive obligate carrier, had completely skewed X inactivation
(dup(X):X=50:0) in a lymphoblastoid cell line , as shown by the
androgen receptor X-inactivation assay described previously® and a
late replication assay® with FISH (Supplementary Figure 1), supported
our assumption that skewed X-chromosome inactivation appears to
be characteristic of carriers of MECP2 duplication such as other
reported cases.?

The two affected men showed severe MR, muscular hypotonia,
recurrent respiratory infections and various other features character-
istic of MECP2 duplication syndrome (Table 1). Moreover, they did
not show short stature, hypoplastic genitalia and early life feeding
issues, which were reported to be characteristic of MR in patients with
duplications encompassing ATRX (Table 1).” The smallest region of
overlap (SRO) of the reported ATRX duplication cases contains 11
genes, including ATRX and two miRNAs,” whereas the duplicated
region of the present family includes only ATRX (Figure le), suggest-
ing that genes other than ATRX within the SRO contribute to
phenotypes observed in previously reported cases (Table 1).2

ATRX interacts with MECP2 in vitro and colocalizes at pericen-
tromeric heterochromatin in mature neurons of the mouse brain.!?
Recently, it was reported that ATRX, MECP2 and cohesin cooperate to
silence a subset of imprinted genes in the postnatal mouse brain.!!
Those experimental findings suggest that abnormally expressed ATRX
with MECP2 through their simultaneous duplications may modify the
phenotypes usually observed in MECP2 duplication syndrome.
Although our patients showed neither notably different nor more
severe phenotypes compared with reported patients with MECP2
duplication syndrome, the proband was found to have cerebellar
atrophy by MRI (Figure le), which has never been reported before
in MECP2 duplication syndrome.’? It is possible that these pheno-
types in the proband were modified through ATRX duplication in an
additive or epistatic manner.

The mutations in ATRX give rise to changes in the pattern of
methylation of several highly repeated sequences, including the
ribosomal DNA (rDNA) arrays'? and significantly altered mRNA
expression in four ATRX targets (NME4, SLC7A5, RASA3 and
GAS8) relative to normal controls.!? Although a Southern blot
hybridization method reported previously'? showed no change in

XLMR patients with MECP2 and ATRX duplications
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Table 1 Phenotype comparisons between our cases and MECP2
duplication syndrome patients or patients with ATRX duplication

MECP2 ATRX Our Cases
duplication duplication
Phenotype syndrome37:8 cases? -1 13
Mental retardation 118/119 11/11 + +
Hypotonia 86/93 7/11 + +
Absent speech 63/72 NA + +
Lack ambulation 20/71 NA + +
Recurrent infection 82/111 6/7 + +
Breathing abnormalities 6/18 NA - +
Stereotyped hand movements 15/33 NA + +
Autistic features/autism 13/17 NA + +
Epilepsy 57/110 NA + +
GU abnormalities 29/67 7/10 (Hypoplastic — + (Bladder
genitalia) distention)
Death before 25 years 25/66 NA -
Spasticity 42(71 NA - +
Ataxia 20/37 NA + +
GER 15/25 NA - +
Swallowing difficulty 23/45 NA - +
IPO or constipation 25/33 NA - -
1gA deficiency 4/10 NA + +
Short stature NA 11/11 - -
Early life feeding issues NA 7/9 — -
Failure to thrive 16/31 7/9 - +
Broad thorax NA 4/4 - +
Pectus excavatum NA 3/7 - -
Short neck NA 4/8 - -
Simian crease NA 4/5 — -
Digital findings 22/52 6/7 - -
Microcephaly 24171 8/11 + -
Hypertelorism 8/72 2/6 + +
Epicanthal folds 4/72 6/8 — —
Down-slanted palpebral fissures NA 1/8 - -
Ptosis 2172 6/9 - -
Flat nasal bridge 15/72 9/10 - +
Down-turned corners of the mouth NA 8/10 - -
High-arched palate 3/72 4/4 - -
Micro/retrognathia NA 4/7 - -
Low set ears NA 4/10 - -
Simple ears NA 2/10 - -
Cryptorchidism 2/4 9/10 + -
Impaired social interaction NA 5/6 + +

Abbreviations: ATR-X, the causative gene for X-linked alpha thalassemia/mental retardation;
GER, gastroesophageal reflux; GU, genito-urinary system; IPO, intestinal pseudo-obstruction;
MECPZ, methyl CpG binding protein 2; NA, not available,

the pattern of methylation at rDNA arrays compared with normal
controls (Figure 2a), quantitative RT-PCR revealed that the expression
of ATRX was upregulated in the present cases. Although SLC7A5
expression showed no previous change compared with that in the
healthy control (Figure 2b) and the expression of GAS8 was too low
for quantitative RT-PCR (data not shown), the expression of NME4
and RASA3 was similar to that in the patients with ATRX mutations.
The alteration to the expression may be influenced by MECP2
duplication or additive/epistatic effect between ATRX and MECP2
duplication.
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Figure 2 (a} Investigation of the methylation paltern of human rDNA repeats using Southern blotling, Geromic DNA from the lymphoblastoid cell line of our
proband {11-1) with the ATRX duplication and the MECPZ duplication, an MR male patient with MECPZ duplication, ap unrelated normal male, and an ATR-
X patients with @ missense mutation resulting in Y1847C in ATRX (Supplementary Table 3). DNA samples were digested with Psil followed by the
methylation-sensitive enzyme EcoR1. Hybridization is shown for probes correspanding to the region between restriction sites of the two enzymes in the 3’ end
of the non-transcribed spacer. The methylated, uncid band s indicated (arrow). A restriction map of part of the (DNA repeat unit shown with the 188, 58S
and 288 génes in order and transcribed spacer as filled and open boxes, respectively, represents the sites for Psit (P) end EcoRl {E). A black bar indicates
the probe for the Souther bybridization. The size of the DNA segment resulling from the restriction enzymes is represented by closed arrows. (b} Real-time
quantitative RT-PCR analysis of the mRNA expression of ATRX and three ATRX target genes (NME4, RASA3 and SLC7AS) but not GASS, the expression of
whith was too fow to be estimated, in lymphoblastoid cells of our two patients, ATR-X patients whose ATRX mulations were identified through routine
screening in a set of known XLMR genes by the Japanese Mental Relardation Consorfium (unpublished data, r==5; Supplementary Table 3) and controls,
including six healthy samples, the proband's parents, and a patient and a carrier with the MECP2 duplication.? All the subjects provided written informed
consent for the use of thelr phenotypic and genetic data. The proband's carrier mother, the patient and the carrier with the MECP2 duplication are
represented by a cross, triangle and squate, respectively, in the control column, Data show the average values for fold differences relative to a normal male.

Black bars represent mean values of each group.

The result of FISH suggests that ATRX duplication and MECP2
duplication were occurred simultaneously resulting in complex geno-
mic rearrangement. The proximal breakpoint of dup(X)(q21.1) and
distal breakpoint of dup(X3){q28) were located on segmental duplica-
tions (Figure le) and the duplicated sequence at Xq21.1 existed near
dup(X}(q28) (Figure 1f). Fork Stalling and Template Switching
{FoSTe8) has been proposed as a replication-based mechanism that
produces ponrecurrent rearrangements potentially facilitated by the
presence of segmental duplications.'® Previous reports suggested that
complex genomic rearrangements at Xq28 such as an embedded
triplicated segment and stretches of non-duplicated sequence within
dup(X)(q28) were probably mediated by FoSTe8,”" and a particular
genonyic architecture, especially low copy repeats at distal breakpoints
of dup{X){q28), may render the MECP2 region unstable. Thus, the
dap(X){q28) and dup(X}{q21.1) detected in our patients might be
generated simultaneously by FoSTeS or other mechanism in a seg-
mental duplication-dependent manner, suggesting the structural ana-
lvsis of the entire X chromosome in patients with dup{X}{q28) to be
important for understanding their correct clinical condition and
providing appropriate education,
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Systematic documentation and analysis of human
genetic variation in hemoglobinopathies using the
microattribution approach
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We developed a series of inferrelated locus-specific databases
to store ail published and unpublished genetic variation related
to hemoglobinepathies and thalassemia and implemented
microattribution to encourage submission of unpublished
observations of genetic variation to these public repositories,
A total of 1,941 unigue genetic varianis in 37 genes,

encoding globins and other ervthroid protelns, are curvently
documented in these databases, with reciprocal attribution of
microcitations to data contributors. Our project provides the
first example of implementing microatiribution to incentivise
submission of all known genetic variation in a defined system.
1t has demonsirably increased the reporting of human variants,
leading to a comprehensive online resource for systematically
deseribing human genetic variation in the globin genes

and other genes contributing to hemogl Qi)ms}paihm« and
thalassemias. The principles established here will serve as a
model for other systems and for the analysis of other common
and/or complex human genetic diseases.

Since completion of the buman genome project, a major sim in the
field of genetics has been to determine how individual genomes
differ from each other and how these differences explain variation
in phenotype. However, it often remains unclear which variants
cause changes in phenotypeand which are phenotype peutral fur-
thermore, in many instances, the mechanisms by which variants
cause changes in gene expression and phenotypes remain unknown.
To address this, DNA sequence data will need to be maiched

st of muthor alftlist
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with well-defined phenotypes to make meaninghul connections
between structure, function and mechanism.

A potential hardle to thisapprosch is how to ericourage ‘phenotypers’ to
report thelr observations. After the initial excitement during the 1980s and
1990s of identifying disease-causing molecutar defects and the mecha-
nisms by which they arise, enthusiasim in thisarea has declined such that
it has become Increasingly difficult to report small nambers of human
variants in scientific journals. Consequently, many new variants associ-
ated with well-defined phenotypesand, equally important, variants which
cause no change in phenotype remain unreported. Jnevitably, 2 large
amount of patentially valuable Information remains fnaccessible,

Ta avercome this problem, we implemented a process for captur-
ing such information with the incentive of microattribution, wherehy
the contribution of those individuals collecting new detailed geno-
type and phmwlvpc data is positively encouraged and appropriately
acknowledged®. We have applied the microattribution approach
to inherited disorders affecting either the structure of hemoglobin
{such as sickle cell disease (SCDY) or the levels and balanceof globin
chain production (the thalassemias). We also included variants that
cause hereditary persistence of fetal hemoglobin (HPFH), a condition
assoclated with increased production of y-globin which woeliorates
the clinical endpoints of SCI and B-thalassemia, The hemoglobino-
pathies and thalassemias are among the commonest inherited disor
ders in humans. Variants of the globin-encoding genes, residing in
the a-like and B-like globin gene clusters, have provided key insights
into the principles underlying human moleculor genetics since the
discipline was established in the 1950s {ref. 2},

darch 2011 dob 0. 1038Me 788
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ANALYSIS

Although most hemoglobinopathies are classic monogenic digor-
affecting structural genes, globin gene expression is the end prod-
uct of o complex regulatory network (transcriptional and epigenetic)
that emerges during terminal ervthroid differentiation. Consequently,
giobin gene expression may also beaffected by frans-acting mutations.
Examples of such mutations were initially found in families with race
syndromal disorders, of which «-thalassemia was one componeni
(for example. ATR-X (MIM3011040) and ATMDS (MIM300348) syn-
dromes)™, Similarly, trichothiodystrophy (MIM300448) was shown
to be associated with B-thalassemia due to mutations in the XPD
component of the general transeription factor complex TRHTY, The
association of X-linked thrombocytopenia with B-thalassemia identi-
fied a mutation of the erythroid-specific transeription factor GATA-1
(ref. 6), and recently, systematic analysis of subjects with unexplained
HPFH has identified mutations in the KLV erythroid transcription
factor’. Finally, the implementation of genome-wide association
sindies searching for guantitative trait locl that influence the level of
fetal hemoglobin (HbF) has revealed several important regulators of
HBGE and HBG2 gene expression, including the HBSIL-MYE? and
BCLIIA loci®™ on chromosomes 6 and 2, respectively, As genetic
variations in the genes within the erythroid network are investigated
in further detail, we anticipate many more discoveries of trans-acting
mutations that may provide target pathways for manipulating globin
gene expression to ameliorate the symptoms of thalassemia and
SCD. Therefore it s tmportant that an effective database be created
to accommodate all of the mutations affecting the globin genes and
the network regulating thelr expression.

Here we report the first example of implementing microattribu-
ton to systematically docament genetic variation leading to human
genetic disorders, using hemaoglobinopathies and thalassemiag as
an exarnple. Furthermore, we demonstrate that microattribution
can incentivise data contribution and, importantly, show how an
integrated human variant database (including the recently acquired
microatiribution data} can provide key insights into human genetic
diseases. Microattribution provides an imporiant mechanism and
incentive for researchers to report all variants within & specific gene
or disease network. Following the principles established for the globin
disorders, these databases shonld provide a key resource for under-
standing the molecular pathology of uoman genetic diseases.

Developing the microatiribution process

To ensure that all natural mutations and their assoviated phenotypes
are accurately and efficiently recorded, we comprehensively doou-
mented genotype and phenotype mformation in individuals with
globin disorders in a series of interrelated Jocus-specific databases
(LSDBs), Traditionally, credit has been given to discoverers of gesetic
variants through citations of their publications describing the vari-
ants. However, the Increased rate of discovery through re-sequencing
efforts far exceeds the capacity of citations of individual publications
to give adequate credit. In order to be used effectively by the com-
muinity, published variants are deposited into databases such as those
described heres nevertheless, many variants may still not be published.
Alternatively, variants may be discovered in Jarge-scale collaborative
prajects, Credit can be given ta the discoverers of the variants depos-
ited in databases through the new process of microattribution®. Fach
variant used in a paper is lsted in four micreattribution tables with its
accession mumber and with unique 1Ds for the discoverers, or authors,
of the varfant. Tu this paper, we have applied ‘microcitations to
hemoglobinopathy-associated varionts in order to provide incentives
to data producers to deposit all of their data in these public resources’,
Depasiting the microatiribution tables in o central repository

(for example, NCBI provides a venue for quantitative microcitations
for every unique author, Using this approach (frst implemented in
2010), there has been a marked increase in the number of reported

variants in the globin gene network (Supplementary Fig. 1),

Implementing microatiribution

All gevetic variation data have been collected and documented in
the HbVar database of hemoglobin varianis and thalassemia muta-
tions'? and the Leiden Open- Access Variation Database (LOVIY -
based LSDBs for the other erythroid proteins®? {Supplementary
Note} with apprapriate attribution of the data contributors. These
variants are reported in publicly available microatiribution tables
{also provided in Supplementary Table 1) that have been centrally
deposited i3 NCBI (Supplementary Fig. 2). Bach microatiribution
table has different information related 1o submission to the cen-
tral depository, microattribution, phenotype and allele frequency
{Supplementary Note).

in this protocol, data submitters directly contribute variants lead-
ing to hemoglobinopathies to HbVar and in retwrn obtain direct
microatiribution credit. These variants have been recorded with
researcher IDs and in the case of previously published varfants, the
corresponding PubMed 1D was also used (Supplementary Fig. 2).
To date, 232 variants have been directly submitted to HbVar without
being published in 2 peer-reviewed journal, some of which have been
deposited with more than one researcher ID. Seventy-six variants
were ‘orpha that is, variants for which there was neither a PubMed
13 nor a vesearcher 1D, all of which were variants initially deposited
tor HbVar in the year 2000 and for which either valid contact details
for the varfant contributors was lacking or the contributor(s) failed
to respond to our invitation. These variants have been deposited with
an HbVar researcher 1D,

For all unpublished variants directly contributed to HbVar by the
microattribution process, a very stringent evalustion of the informa-
tion submitted takes place, Contributed variant data are evaluated
by curators, all of whom are senior sclentists with extensive editorial
experience, especially in the field of hemoglobinopathies. The cura-
tors directly contact the data contributors, if needed, for clarifications
related to Issues pertaining to phenotypic deseription, method of vari-
ant identification, ethuicity of the individual with the variant, allele
frequency and so on. Upon acceptance, contributed data becorme part
of the main HbVer data collection recorded with the contributor(s)
researcher 1D,

Although microatiribution can operate locally (within journals and
databases each reporting quantitative citation of accessions}, deposit-
ing the microatiribution tables in a central repository of cited acces-
sions {for exanaple, NCBI or European Bioinformatics Institute (EBIY)
atlows the central registry to be mined for citations associated with
unique suthor identities and with each author’s publications and data-
base entries. For the purpose of our project, we have chosen to deposit
the microattribution tables in NCBL and a copy of these tables is also
deposited in Nature Publishing Group’s central databuase,

Mining the databases

In the case of globin gene disorders, many variants were conven-
tionally reported in genetics journals, and these variants identi-
fied and/or elucidated many mechanisms underlying key aspects of
gene regulation in cis (for example, promoters, enhancers, silencers,
mRNA processing signals and transtational signals) and in frans
{for example, transcription factors, chromatin remodeling factors
and protein chaperones)?. Furthermore, these variants helped to
establish the molecular mechanisms underlying human genetic
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disense. Implementation of the icroaltvibution approach has
substantially added to the repository of variants, and use of this
expanded database will continue to provide an important resource
for generating and testing rew hypotheses in the globis field, Below,
we pravide some recent examples lustrating the valoe of the micro-
gtirtbution approach. The vatue of the comprehensive globin vart-
ant database (pre- and post-microattribution) clearly emphasizes
the importance 61 developing similar databases for other genes snd
discase systens for which microattribution will become the main
route to publication,
The first example of the value of the microatiribution approach is
the finding that the distribution of prmm;’ﬁ'er ouststions differs wnong
iabm genes. Although a grest deal has been learned about manme-
nialinn promoters from previous avalyses of the globin genes, the
discovery of additional variants continues to develop our knowledge
of how these genes are normadly sctivated and how they are altered in
humian genetic disease, Globin gene promaoter nndations contributing
1o B-like thalassemias and HPFH comprise approximately 10% of the
total variants and result in varfous phenotypes, from the asympto-
matic non-deletional HPFH conditions to the mild forms of B- and
3-thalassernian, The HBB promoter region harbors several genetic
variants associated with §* (expressing lower than normal levels of
B-globin) and B° {expressing no -globin) thalassemie; these variants
cluster in ¢fs-regulatory eleinents known to bind transcription factors
(Pig. 1}, Many of these variants have been published, but an increasing
number of unpublished variants have been contributed to HbVar by
investigators around the world, The unpublished variants provide a
mare complete view of the contribution of genetic variants 1o pheno-
types, In this particular case, they reveal phenotypic consequences of
variants in more positions of well- known transcription factor binding
gites (the CACC box and the TATA box) and show that additienal subs-
titutioms in other binding sites contribute to phenotype {(for example,
positions ¢.-80, ¢.-81 and ¢.-138). The MBE .- 121C>T transition iy
adjacent to the CCAAT box. This motif was recognized 30 years ago
as g component of some promoters, but the newly reported mutation
hiere is the fivst indication that genetic variation close to this motif
affects HBE gene expression in huomans.
In contrast to the promoters for HBB and HBD, variants are not
found in the first 100 bp of the HBGI and HBG2 promoters, but
instead, variants ocoor in the upstream region from approximately

ANALYSIS

=100 to =200 bp {Fig. 2a). The HBGT and HBG2 gene promoters
have several ofs- mmiamw elements in common with HAB and HBD
promoters, such as a TATA box and a proximal CCAAT box, but no
variants have been found in these elements, However, the CCAAT box
is duplicated in the promoters of HBGT and HBG2, and the upstream

CCAAT box {and the nucleotides very close to 1) carries varianmts
associated with HPFH. A newly discovered, unpublished vartant,
¢.-2500> T, calls attention to a tight cluster of mutations all associated
with HPFH. An HPFH-associated variant has now been reported at
cach nucleotide from position ¢.-251 to ¢.-248 (198 to 195 bp from
the gene trapscription start site), and a variant at ¢.-255 (202 bp
from the transcription site} by associated with a similar phenotype
(Fig. 2a). Given these phenotypes, this cluster of variants within the
motif CCCTTCCC delineates a response element important for the
silencing of the HBG ] and presumably HBG2 genes in adult erythroid
cells (the same ¢.-250C> T mutation has been found in the promoter
of HEG2 duta not shown).

To test the hypothesis, derived from the documented variants,
that this motif delineates o response element important for silencing
of the HBGI and HBG2 genes, we generated buman B-globin locus
{P-yeast artificial chromosome (§-YACH transpenic mice cantaining
the HBGT ¢-248C>G variation {the Brazilian non-deletional HPEH
nuwtation), which directly alters the CCCTTCCC sequence at the 37 C.
Adult mutant -YAC mice showed an HPFH phenotype with an
increased number of HbF-containing cells (Fig. 2b), and real-time
quasstitative RTVPOR analyses showed an 8- to 34-fold increase of
HBGE gene expression relative to wild-type B-YAC mice (Fig. 2¢).
By comparison, §-YAC tronsgenic mice bearing the Greek type of
non-deletional FIPFH (HBGT e~ 170G A showed a 56-fold increase
of HBGI gene expression relative 1o wild-type $-YAC mice. Future
experiments will examine the mechanism of repression at this region.
Recent studies have shown that the transcription factor BCLL1A acts
to repress HBGT and HBGZ expression in adalt erythroid cells, act-
ing with the proteir SOXé (ref. 14}, Although BCLITA showed no
binding to the HBEG and HBG2 proximal promoters, SOX6 showed
strong binding that overlapped with GATAL binding in these regions.
It this way, the dalabase hes posed a new testable hypothesis, The
CCCTTCCC ehement, which is adiacent to a GATA binding site, may
bind o currently unknown protein that acts inconcert with BCLITA
to repress the production of y-glubins.

038 o EBA8 300 5,248,400 1100 by}

5248500 §,248.380 5248080 2548 380 BEAB.3G §.248330 §,248,320 5248310 5,248,300
i I L e
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Overall, comparative analysis of the globin gene promoter muta-
tions revenled a distinet distribuwtion pattern for each gene. In
HBL, promoter mutations are widely spread within the proximal
promaoter region and do not form mutational dusters around cis-

regulstory elements {‘zx}ppiemgmdf}f Fi ig. 3} Notably, the muta-
tons .-81A»G and ¢ -80T>( have been found i the TATA boxes
of HEB and HED, suggexmw that they could be the resuit of genetic
recombination events's,

A second example of the value of the microattribution approach
wag the discovery of e-thalassemia resulting from inherited or
acquired mutatons in ATRX, '%“&e mm‘prehen stve database originally
identified and defined some of the key fruns-acting factors in the
globin gene system. The expanded database continues to refine our
un éersmném? of such frans-acting factors, Unlike the common forms
of o-thalassemia resulting from cis-acting genetic defects, twe rare
imma of ¢-thalassenis are caused by frans-acting mutations in the

X-Hoked ATRX. These mutations cause ATR-X syndrome, which is
characterized by & severe form of syndromal mental retardation with
characteristic dysmorphic faces, genital abnormalities and a mild but
variable form of hemoglobin H disease®. In addition, acquired muta-
tions in ATRX are seen In individuals who develop STMDS syndrome,

a condition in which e-thalassemia (AT) Is ussociated with myelodys-
plastic syndrome (MDS)Y®. In both conditions, the levels of o-globin
mENA are reduced, suggesting that ATRX is involved in the normal
regulation of o-globin gene expression. To date, 107 unique inherited
and/for acquired discase-causing missense mutations have been found,
which are located predominantly in two highly conserved domains
of ATRX {Supplementary Fig. 4). These varianis cluster within a
globular domain that contains 2 plant homeodomain, which binds
the N-ternunal tails of histone H3, and the 7 helicase sub-domains,
which identify ATRX as a member of the SNFZ family of chiromatin-
associated proteins. Structure and function studies based on natural
mutations in the comprehensive database have elucidated precisely
how ATRX is recruited v some of its targets through an interaction
with the N-terminal tails of histone H3.

Notably, the degree of g-thalassemia seen in individuals with
ATMDS (having scquired ATRX gene mutations) is much greater than
i individuals with the ATR-X syndrome (having inherited ATRY
gene mutations), even when, by wm;ﬂsamig mutalions on the com-
prehensive database, we can see that the sante ATRX mutation occurs
in both conditions™®, Again, analysis of the comprehensive variant
database poses a new testable iypothesis. These findings suggest that

I
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another component of the ATRX pathway may frequently be miutated
in individuals with the compion forms of MDS,

A third s:-‘mmpie af the value of 31‘1&01'&323?% tion is the discovery
of variants in KLY leading to elevated HbF levels, KLF/ encodes a key
erythroid transeriptional regulator that bas many target genes with
essential functions in e:r}»i%mmi ceils ncluding the globins, menibrane
proteins and heme synthesis enzymes’”. The first report on KLFI
niutations in humany Inked them to the rare blood group In{la)
phenotype™, in which the expression of the Lutheran blood group

antigens is diminished. The reported individuals cardied vight d
ent loss-of-fanction mutations and one mutation abolishing a G2
m}éiw site in the KLF! prowoter. In all cages; the mutant KLFI

sSelevccurred in the presence of a noomal KLFI aliele. A subsequent
simfy an a large Maltese pedigree demonstrated that hoploiasulfi-
clency for KLFY causes HP FH7. A wutation in KLF1, resulting in
p.Lys288X, was present exclusively in all individuals in this family
with HPFH. This mutation ablates the complete zine finger domain
and therefore abrogates DNA binding of the mutant KLFY protein
{Fig. 3 and Supplementary Table 2). The occurrence of HPFH in
the individuals with In{lu) has not been tnvestigated. An analysis
of archived blood samples from o mumiber of these individuals with
In{Lu) showed that their HbF jevels were raised compared to those
observed incontrol samples. Also, 30 out of 31 Sardinian individuals
bearing four Jifferent KEFI mutations showed raised HbBF levels
compared to control ssmples. In addition, two individuals sutfering
from dyserythropofetic anemia carried a KLFI p.Glu325Lys alteration
and had an FbF fevel of 40% (Fig. 3 and Supplementary Table 2179,
Mutations at this position alter the DNA binding specificity of KLFLL
We note that the mouse neonatal anemis moutant (Nan) hasanaltera-
Hon in the orthologous amine acid of KIfL, piGha339asp® 32, Adult
heterozygous Nan aninals show increased expression of embryonic
globins, a condition akin to HPFH. Collectively, these data support
the Hok between KLFI and HPFH and highlight the importance of
the second DNA-binding zine finger for pornal KLFI function. This
raises the possibility that some of the KLF! mutations which resuli in
altered DNA binding specificity may have increased impact on HbF
levels, This hiypothesis can now be experimentally tested o vitro by
DNA binding assaysand in vive in anfmal models,
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Figure 3 Correlation of the differant KLF] gene variants deposiiad
intp HbVar (shows as blus gnd red squares, deploting unpublished and
published information, respectively) and their corresponding HbF levels
,mx,v;a vatue i cases of three or more indiviguals) compared 1o wild-
type individuals (shown as green squaresh, KLFL s nol shown o soate
A simplified diagram depicling the KLFI promoter and prolein is shown
““‘M‘wf
For the exact HbF levels comesponding o each
Supplementary Table 2.
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A final example of the value of microattribution is the discovery

of hemoglobin varianis, A large proportion of genetic variation

in the haman globin genes leads to hemoglobin variants. Most

hemoglobin vartants are rare, result from single amino acid sub-

stitutions of a globin chaln and have a negligible or even no effect
on hemoglobin function®,

The docamented hemoglobin variants reside solely within exons
and includer (1) structural variants with a pleiotiopic effect (for
example, HbS (HBB . 20A57T), HOE (HBR 790G A) and HbC (HBB
CH9GH A (it variants (138 different variants) leading to unstable
hemaoglobin, where mutations affect the heme pocket of the globin
chainy (41) variants Jeading to methemoglobinemia, where the
fevrous ion (Fe®) of the hevie grotp i$ oxidized to the ferric state
(Fe'*y {most of these variants involve replacemient by tyrosine of the
histidine residues that anchor heme) and (1v) variants (92 ditferent
vz‘n'xaﬁis; wm) :ske:reci oxygen atfinity, most of which resultin Increased

mmong} ..,m of these correlations between structure and func-
Hon have depended on data from the comprebensive database, new
insights and questions continue to arise as new mutants are added
1o the vepository, an initiative that sparked the implementation of
the microattribution process for hemoglobinopathies. Notably,
14 hemoglobin variants result from the same mutation, but this
wintation ocours on a different ce-globin gene paralogue®, that is,
variations involving related gex*.e:*; that have evolved from recent gene
duplication and as such are subjec i(} frequent gene conversion events
{Supplementary Fig. 5). HbF-Sardinia and Hb-Lesvas provide
another such example, involving the same mutation {¢.227T>C) but
on the paralogous HBGI and HBG2 genes, respectively™,

IISCUSSION

The development of an integrated set of comprehensive LSDBs forg
particular spectram of human genetic diseases with microattribution,
as described here for the hemoglobinopathies, provides an example of
howsuch systems might be set up for a wide range of human genetic
disorders in the future. Using the microattribution process set out
here, datasets which took decades to acvwmulate for the globin genes
could beassembled rapidly for other genesand disease systems, In the
past, the description of natural variants has been accommodated by
the conventionsl Herature and hus made an enormous contr bution
ter the field of human genetics, In addition, it has shown how some of
these mutations have reached polymorphic frequencies thrzmgh natu-
ral selection, and detatled analysis of natural mutants has also been
invaluable In establishing many of the general principles underiying
myammalian gene regulation and human molecular genetics,

The strength of such observations will continue 1o Increase as new
mutations enter the databases, even though these might not merit a
full publication on their own. Furthermore, new patterns of muta-
tion may emerge; the aceumulation of coding mutations in particular
regions of a protein often identify a functionally important domain, as
illustrated by ATRX and KEFI gene variants (Supplementary Fig. 4
and Big. 3, respectively), and conversely. the identification of com-
mon newtral variants may rule out a major functional role for other
regions. Stmilardy, DNA variants of key regulatory regions (promoters,
enhancers, silencers, boundary elements and locus control regions)
are often critical in identifying inportant ois elements and yet other
neuiral variants may help map regions of little functional importance
(Fig. 1 and Supplementary Fig, 3). At the nucleotide level, such vari-
ants can even help map transcription factor binding sites*®. The emer-

gence of patterns of mutation may also point to the mechanisms of

mutation, exemplified by gene conversion events identified at the
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HBAL and HBAZ2, and HBGT and HBG2 genes: Additionally, sabtle
phenotypic differences, for example, bcmmn Bf3-thalassemia and
deletional HPFHY, can be attributed 10 the different junction points
and the sequences that are removed or juxtaposed as a result of these
deletions, Systematic documentation of these deletions in HbVar is
currently under way and may allow for the identification of new regu-
latory elements that lie within the deleted or juxtaposed regions.
Perhiaps the most important aspect of such comprehensive interuct-
ing databases is that they will pose and answer guestions that would
otherwise pot be addressed. potentially leading to useful new insights,
These databases will not only be of value in establishing the pheno-

types of natural variahts but may also be used in the development
of personalized medicine. In the globin field, a great deal of effurtis
directed toward the development of drugs 1o increase the level of HbF
and thereby ameliorate the clinical severity of B-thalassemia and SCD.
Patential thampw:m agents identified to date include hydroxyurea

and butyrate. The resporse to HbF-augmenting thevapies is variable
in patients with B-thalissemia and SCD, with approximately 25% of
these patients being poor responders or non-responders™. Therefore,
the ability to predict & patient’s response to hydroxyarea and/or
ather HbF-augmenting drugs would help in optimizing therapy.
Polymorphisms in genes regulating HbF expression, hydroxyurea
metabolism and erythroid progenitor proliferation might modulate
a patient’s response 1o HbF-inducing pharmacological agents?”. Data
to support the use of pharmacogeneic testing of bydroxyures treat-
ment for hemuoglobinopathies are currently very limited. Several SNPs
in HAQ2, ARG2, FLTT and NOSI have bmn associated with variable

HbBF response o hy droxyurea treatment™”, and genome-wide tran-
scription profiling efforts are expected o shed light on new pathways
involved in this process®™,

Sinee its establishment in 2000, we have witsessed a substantia)
annval growth in HbVar content, and a fraction of data submitters
were subsequently encouraged to submit a full or short report to the
scientific journal Hemoglobin®, The large repasitory of previously
reported data, together with more recent data acquired by micro.
attribution, shows how the comprehensive documentation of human
variation will provide key insights into normal bielogical processes
and how these are perturbed in human genetic disease. We anticipate
that microattribution will

further encourage new data submitters to
contribute thelr observations to HbVar to receive not only credit in the
form of microcitations but also coauthorship in a future microattriby-
tion update. The wicroatiribution process established here provides a
template for similar ventures for other human genes, their assoctated
systems and the variants that cause thelr associated genetic diseases,
The value of the databuses may be considerably further enhanced by
liaking to collections of bload and DNA samples and also cataloged
anline as in the case of many other rare diseases in EuroBioBank.

in essence, this project is a well-coordinated multicenter effort to
systematically document genetic varlation in globin and associated
genes relevant to hemoglobinopathies and thalassemins and is the
first example of implementing microatiribution o provide incentives
for submitting data describing genetic variation. As such, it should
serve as a model for the comprehensive documentation and analysis of
genetic variations in other conumnon or geneticaily complex disorders,
the conduet of a thorough synopsis of other felds, or buth,

URLs, HbVar Database of Hemoglobin Variants and Thalassemia
Mutations, hitp://globinbx. psuedu/hbvar/; Golden Helix Server,
hitpd/www.goldenhelix.orgh: Leiden Open- Access Varfation Database,
http/fwwwlovd.nly ?thummm of Inherited Disorders dalabase,
http/iwww.findbase.org/s dbSNP database, htpyfwwwanchbinbm.

nifegoviprojects/SNP/ Homan Genome Variation Society, htipy//
wiwwhgvs.org/; Researcherlld System of Thamson 18], hitpr/fwww,
researcherid.com/; Open 1D system, htip//openid net/: Genotype-to-
Phenotype database project’s Researcher Identification Primer (RIP),
hitp/fwww.genZphen.orgl.

METHODS
Methods and any assoclated references are available in the online
version of the paper at hitp//fwww.natore.com/ naturegenctics/.

Notg: Supplemeniury informsttion 15 available o the Nature Genetics website,
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OMLINE METHODS
Quantitation of hemoglabin fractions, Twenty
was asalyzs

nicroiiters of wial blood
ed using cation- exchange Mgh pecformanes Hguid chramatogeaphy
t, Bio-Rad Laborstories).

Construction of the HBGE e.-248C>-G HPFH B-YAC: A 213-kb voast artifi-
chaf chromosamie (YAC) uurying the human -giobin locas with the HBGT
C2ABCHG point mutation {97 -1953C»G, Jeading to the Brazilian type of non-
delwsm;xi HPEH, which diectly &l : COC sequence at the 37 C, was

ors the CCCT
synthesized as follows, nsing previously deseribed iethods™. Briefly, s marked
HBGT gene (M) contained ax a 5.4-kb Sapl fragment {GenBank fde U01317,
coordinales 38,683-44.077} in the veast-integrating plassid {YIP) pREA0E was
mutagenized mmgy{h» QuikChange Site-Speciiic Munagenesis Kit (Stratagene).
The presence of the HEGT ¢.-248C 0 point outation was contirmed by D)
%ez;;zencinm and the mutation was introduced ingo the fYAC by popix, ‘pop-
out’ homelogous recombinition in yeast The moark tn the Sy globin gene §s
a 6-bp deletion st +21 o +26 relative 1 the Sy-globin ranslation start site,
allowing prefiminary discrimination of the modified B YAC from the wild-type
H-YAC by restriction enzyme digestion [bllowing bomologous recombination.
The presence of the mutation i clones passing this test was confirmed by DNG

SOLRISTICY 3‘!3 ysis of o PCReamplified imgmmi cacompussing the mutated
region, Transformation of yeast, soreening of positive clones, purification of

the {‘}»‘mL and monse transpenesis were perforived as desoribed previcushy™

Copy nuwmber determination, The relative B-YAD tmnsgene copy mumber
was caleuluted nsing the HBGT and HEG2 genes and a standard curve gen-
exated frony genomic DNA saoples from owy wild-type B-YAC transgenic
sice. Samples of ransgenic mouse genomic TINA were serially difuted from
100-0.01 ng and subjected 1o §Y BR PCR with HBGT or HBG2 primers. The
copy mumber for gach reaction was estimated by comparing the threshold vycle
o each sample to the threshold cyele of the standurds and normalizing (o the
witd-type B-YAC transgenic mouse sampdes.

Real-time gquantitative RT-PCR. Total RNA, isolated from adult peripheral
blood, was reverse-transeribed and the resultant complementary DNA was
subjected to real-time quantitative RTVBUR analysis with SYBR green using
a CFX96 system (Blo-Rad) Human yglobin expression was sormalized 1o
mouset-globin expression and corrected for transgene und f:mvge’:cm gone
cipy number, PR primer sequences were as previously described™, Resulis
are averages of tripicates, with the standard error indicated.

NATUREGENETICE

Focell detection by flow cytometry, We used 2 protocol sdapted frony refer-
enves 32 and 33, Bssentiedly, mouse blood was collected from the tail vein
in heparinized capillary tubes. Ten microliters of whole blood was washed
in 1ol PBS. centrifuged at 200g at 4 °C for five minutes, and the pellet was
resuspended and fixed in 1 ml of 43% fresh paraformaldehyde and PBS &t
plt 7.5 (Sigma- Aldrich} for 40 muin 2t 37 *CL The colls were conurifuged, and
she pellets were resuspended in 1wl ol ice cold acetone and methanol (411}
and incubated on ice for one minute, Following contrifugatios, cells were
washed twice in Tl icer-cold PBS and 0.1% BSA and resuspended in 800 ul
of PBS, 0.1% BSA and G.1% Triten X- 100 (PBT). One microgram of y-globin
antibody {catalog number 50-21756 unconjugated, Sania Cruz Blotechnology)
was added to 100 ] ofthe cell suspension and Incubated for 20 min in the dark
i voom temperature {37 *C) One milliliter of fce-cold PBS and 0,13 BSA was
added, the sample was contrifuged and the pellet was resuspended in 100 1l
m ~<cold PET One hundred microliters of Alexa 488 {catalog mumber 11001,

pvitrogens Meleowlar Probesy secondary antibody, diuted 1200 in fce-cold
"‘R Fowas added to the coll suspension and the sample was incubated ot room
temperature for 20 main b the dark, Cells were washed with T aid of ice-cold
TS and 0,1% BSA and the pelletswere resuspended in 200 plof PRS, Samples
ware analyzed using st Accwi Cb Flow Crtometer {Aceuri C
with s 330730 nay (FITC/GEP) wmdsston flter, Data from 30,000 cells were
acquired for anatveis using Ullow Software (Acowrt Qytometers, Inc ) cells
were gated to exclude dead cells. For, FLI-A, 2 530730 om (FITC, GF “) filter

aas used to Wentdty the Alexa 488-positive ¥ cell popudation; For FL2-A a
mi';;’féii nm (PR, P Gher was wsed as a compensation o idenmtify the Aiem
488 -negative cell population. For M3, the mean Huorescent intensity, an
incregse in Feella s rellected by 4 peuk shift and increase n the peak of
tluorescence Intensity. P4, distinet positive F eells.

viometers, ng)
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A simple screening method using ion chromatography
for the diagnosis of cerebral creatine deficiency syndromes

Takahito Wada » Hiroko Shimbo - Hitoshi Osaka

Received: 23 August 20117 Aceepted: 1 November 2011
& Springer-Verlag 2011

Abstract Cerebral creatine  deficiency  syndromes
(CCDS) are caused by genetic defects in 1-argininesglycine
amidinotransferase, guanidinoacetate methyltransferase or
creatine transporter 1. CCDS are characterized by abnor-
mal concentrations of urinary creatine (CR), guanidino-
acetic acid (GA), or creatinine (CN). In this study, we
describe a simple HPLC method to determine the con-
centrations of CR, GA, and CN using a weak-acid ion
chromatography column with a UV detector without any
derivatization. CR, GA, and ON were separated clearly
with the retention times (mean £ SD, n = 3) of 554 &
(0.0035 min for CR, 641 % 0.007% min for GA, and
13.53 4 0.046 min for CN. This new method should pro-
vide a simple screening test for the diagnosis of CCDS,

Keywords Cerebral creatine deficiency syndromes -
HPLC - Creatine - Guanidinoacetic acid - Creatinine

Abbreviations

CCDS  Cerebral creatine deficiency syndromes
AGAT  Argininexglycine amidinotransferase
GAMT  Guanidinoacetate methyliransferase
CR Creating

GA Guanidinoacetic acid

CN Creatinine
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Introduction

Creatine (CR) plays an important role in the storage and
transmission of ATP-derived energy (Walker 1979; Wyss
and Kaddurah-Daouk 2000). Normal levels of cellular CR
are maintained through both diet and biosynthesis in the
kidney and liver. Recently, it has been shown that brain
must synthesize an important part of its CR, due to the very
restricted permeability of blood-brain barrier for CR
(Braissant et al. 2011). This synthesis requires the action of
two enzymes, arginine:glycine amidinotransferase (AGAT;
EC 2.141) and guanidinoacetate wmethyltransferase
(GAMT; EC 2.1.1.2) {Fig. 1). AGAT transfers an amidino
group from arginine to glycine, vielding ornithine and
guanidinoacelate (GA), while GAMT transfers a methyl
group from S-adenosylmethionine to GA, forming CR.
However, tissues are incapable of CR biosynthesis such ag
the brain, the levels of CR are dependent on a creatine
transporter 1 encoded by the SLC6AS to transport CR
against the concentration gradient (Fig. 1).

The cerebral CR deficiency syndromes (CCDS) are a
group of disorders that include two recessive conditions
that impair the synthesis of CR, namely, AGAT deficiency
{OMIM 612718) (Item et al. 2001) and GAMT deficiency
(OMIM 612736) (Stockler et al. 1996), as well as one
X-linked condition, namely, SLCOAS deficiency (OMIM
300036) (Salomons et al. 2001).The common chinical fea-
tures of all CCDS are mental retardation, speech delay,
autistic behavior, and seizures,

In GAMT deficiency, the urinary GA/CN concentration
ratio increases 2- to 30-fold (Mercimek-Mahmutogly et al.
2006). AGAT deficiency shows decreased ratios of both
CR/CN and GA/CN concentrations in urine (Carducci et al.
2002). The X-linked-SLC6A8 deficiency is characterized
by high urinary CR/CN concentration ratios. Therefore,
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Fig. I Synthesis and transport of creatine. v-arginine:glycine ami-
dinotransferase, (AGAT) synthesizes guanidinoacetate from arginine
and glycine. Guanidinoacetate methyltransferase {GAMT) transfers a
methyl group from S-adenosylmethionine fo guanidinpacetate, thus,
generating creafine. Creatine enters cells in the brain through the CT}
creating trunsporter encoded by the SLOSAS gene. Creatine is
phosphorylated by creatine kinase to phosphocreatine, which is a
reversible reaction amd contribute to the storage and swift supply of
ATP. Both creatine and phosphocreating, lead non-enzymatically to
the formation of creatinine that is excreted in urine

Table 1 Urine creatine and guanidinoacetic acid levels in patients
with defects of creatine synthesis and trangport

Disease GA CR/CN
AGAT deficiency Low Low
GAMT deficiency High Normal

CR trunsporter deficiency Normal High (4017.3 = 286.4)

(), values from one patient with CR transporter deficiency {pmol/
nmunoly: HPLC method; 4017.5 o8 286.4; mean 4 8D, 5 == 2

Normal values with this study from 13 samples are 798.6 4 574.8
{(CR/CN (pmol/mmol)) {(HPLC method; mean £ SD)

AGAT arginineglycine amidinotransferase, GAMT guanidinoacetate
methyltransferase, CR creatine, GA guanidinoacetic acid; CN creatinine

evaluation of CR/CN and GA/CN concentrations in urine
allows the diagnosis of three types of CCDS (Table 1). So
far, 4 cases from two families of AGAT deficiency and
~40 cases with GAMT-related CCDS have been reported
{Longo et al. 2011). The SLC6AS deficiency is the most
frequent cause of CCDS. The SLC6AS deficiency is
reported to constitute 0.8-5.4% of the cases of X-linked
intellectual disability, and represents the second frequent
cause of non-syndromic X-linked intellectual disability
following a fragile-X syndrome (Rosenberg et al. 2004;
Newmeyer et al. 2005; Clark et al. 2006; Lion-Francois
et al. 2006; Arias et al. 2007; Betsalel et al. 2008; Puusepp
et al. 2009; Ardon et al. 2010). However, the majority of

@ Springer

these patients may remain unrecognized. In this study, we
sought to establish an easy and inexpensive high perfor-
mance liquid chromatography (HPLC) method with UV
detection technique to quantify CR, GA, and CN in urine.
We chose a weak acidic cation-exchange column of
hydrophilic polymer beads with carboxyl groups on their
surface and phosphoric acid (H;POy4) as the mobile phase.
Our results show a complete separation and detection of the
three compounds by UV at 210 nm without derivatization.

Materials and methods

All reagents were of analytical grade or better. Acetonitrile,
phosphoric acid (85%), creatine monohydrate (98%),
guanidinoacetic acid (98%), and creatinine (99%) were
obtained commercially (Wako Pure Chemical Industries,
Lid, Osaka, Japan). Ultrapure water was prepared by a
Milli-Q system (Millipore, Tokyo, Japan}. Standard solu-
tions of CR, GA, and CN were prepared, respectively, by
dissolving weighed amounts of the reagents in 2 mM
phosphoric acid.

Urine samples collected from healthy individuals or
patients were stored at —20°C and thawed just before
analyses. Urine (500 pl) of wrine was treated with aceto-
nitrile (500 ul) 1o precipitate proteins, and centrifuged
(13,000 rpm, 10 min) after 10 min. The supernatant
(50-100 ply was diluted with 2 mM phosphoric acid
(400-950 pl), and a diluted sample (25 wl} was analyzed
under the standard condition.

The HPLC set-up comprised a pump, LC-6A, (Shima-
dzu Lid., Kyoto, Japan), a Rheodyne injector fitted with a
100 ul loop, an UV-vis spectrophotometric detector, SPD-
6A (Shimadzu Lid.) and a Chromatopack integrator, CR-
6A (Shimadzn Ltd.). The separation was performed on a
weak acidic cation-exchange column, IC YS-30 (Shodex
Ltd., Kawasaki, Japan, 4.6 mm x 125 mm id) using
aqueous phosphoric acid as the mobile phase with flow rate
of 1.0 mi/min. The analytics were monitored with UV
detection at 210 nm.

Standard solutions (25 pl each) of creatine monohydrate
(2 mg/l: 134 pmol/l), guanidinoacetic  acid (6.7 mg/h:
572 pmol/l), and creatinine (2 mg/l: 177 pmol/l) were
loaded into the 100 pl loop, and injected. Analyses were
carried out under the following concentrations of mobile
phase: 1, 2, 5, and 10 mM HiPO4. All analyses were per-
formed at room temperature (32 £ 2°C).

Our new HPLC method was compared 1o a conventional
enzymatic method. Briefly, creatinine amidohydrolase
catalyzes CN to CR. Creatine amidinohydrolase and sar
cosine oxidase generate sequentially CR to hydrogen per-
oxide, which is measured at 310 nm in a reaction catalyzed
by horseradish peroxidase (Fossati et al. 1983). Fifteen
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% Fig. 2 Examples of

A simple screening method using ion chromatography

urine samples were used to determine urinary CR, CN, and
the CR/CN ratio. Moreover, one urine sample from a
patient with X-linked-SLC6A8 deficiency was analyzed.
The results were analyzed by Pearson’s correlation coef-
ficient using the PRISM software (La Jolla, CA).

All parents of individuals participating in this study gave
a written informed consent after full explanation of the
study. The design of this study was approved by the ethical
committee of Kanagawa Children’s Medical Center.

Results and discussion

CR and GA, not separated with 5 and 10 mM H3PQO,, were
clearly separated with 1 and 2 mM H;PO, However,
2 mM H3PO,4 produced a complete separation of CR, GA
and CN, with retention times (mean 4 SD, n = 3) of
5.54 min (£0.0035) for CR, 6.41 min (£0.0079) for GA,
and 13.53 min (£:0.046) for CN using 2 mM H3PO, at a
flow rate of 1.0 mVmin (Fig. 2). Since 1 mM H;PO,
required a longer retention time (>20 min.), we used 2 mM
of H3PO; for subsequent analyses.

Standard solutions (25 ul) of CR (10-1,000 pmol/l), GA
(504,000 umol/l), and CN (10-1,000 pmol/l) were
analyzed under the above conditions. We obtained a
linear correlation between peak areas and concentrations.

The linear regression equations for peak area (y; in arbi-
trary units) and concentration (umol/l) of the injected
calibrator (x) were: y = 59.821x (R* = 0.9971) for CR;
y = 12.746x (R* = 0.9982) for GA; and y = 61.604x
(R* = 0.9968) for CN. The calibration curves (0-
1,000 pmol/t) covered the range of CR, GA, and CN
concentrations typically found in urine {(when diluted 10- to
40-fold).

Next, we analyzed 15 normal urine samples and com-
pared the values obtained from our new method with those
obtained using a conventional enzymatic method. Good
correlations were obtained between our new method and
the enzymatic method [CR; r = 09276 (p < 0.001,
R? = 0.8605), CN; r = 0.9370 (p < 0.001, R* = 0.8730)].
In addition, the CR/CN ratio showed a good correlation
between the two methods (r= 0984, p <0001,
R® = 0.9682). We also obtained a good correlation in a
patient with SLCG6AS deficiency of CR/CN (pmol/mmol):
Enzymatic method; 4439.5 £ 3755, HPLC method;
4017.5 = 286.4; mean % SD, n == 2) The Jaffe reaction
and enzymatic methods have been used to determine CN
and CR levels (Husdan and Rapoport 1968; Fossati et al.
1983). In addition, Shirokane et al. (1991) described an
accurate and simple enzymatic determination for urinary
GA (Shirokane et al. 1991). However, this method is not
easily accessible because it utilizes guanidinoacetate kinase
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