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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 Healtheare, Buckinghamshire, UK). The primary
antibody was rat monoclonal anti-BAP31 antibody (1:1000,
s¢-56007; Santa Cruz Biotechnology, Santa Cruz, CA, USA)L The
secondary antibody was goat anti-rat IgG-HRP conjugate (1:2000,
s¢-2006; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

3. Results
3.1 Cr uptake in fibroblasts

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

3.2, PCR, RT-PCR analysis, and sequencing

As MRI and the Cr uptake test strongly suggested an SLCGAS defi-
ciency, we analyzed SLC6A8. We could not obtain PCR products from
exons 5-13 of SLC6A8 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 ~500 bp PCR product using primers at intron 4 of
SLCGA8 and the other one situated ~20 kb-telomeric. Sequencing
this fragment revealed breakpoints at intron 4 of SLCGAS and intron
4 of BAP31, which are situated tail-to-tail {Figs. 24, B). The deletion
encompasses ~19 kb and involves exons 5-13 of SLC6AS8 and exons
5-8 of BAP37 (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 SLCEAS revealed an aberrant SLCGAS transcript in which in-
tron 4 was incorporated, resulting in a truncated protein of 391 amino

acids (a.a.), much sherter than the wild-type protein (635 aa)
(Fig. 3A). Similarly, we detected BAP37:mRNA in which intron 4 of
BAP31 remained in the transcript. The deduced sequence predicted
a T14-a.a. protein that is much shorter than wild-type BAP3T (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, seizares, and autistic behavior
[13]. Although > 40 mutations of SLCBAS 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 SLCGAS and
another with a deletion of the complete coding region of SLC6AS,
shower severe developmental delay, seizures, failure to thrive, and
dystonia [15]. Cellular Cr uptake was almost completely lost in
these two patients. Qur case is the third patient to be described
with a large SLCGAS deletion, and also showed similar severe develop-
mental delay, faiture to thrive, and dystonia, A large genornic deletion
of exons 8~13 of SLCGAB is suggestive for a loss-of-function of SLCBAR
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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507-bp product from the patient, indicating the deletion oucurred de nove. P, patient; M, mother: B, father: C. normal cantral; mr, markers. Western blotting from fibroblasts

from wild-type- (W} and patient (P} (D). The primayy antibody was rat monocional anti-BAR31 {11000}

(122000, 5c-2006). The band of ~28 kDa shown in the wild-type is unseen in the patient.

transposter 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 by BAP31,

We discovered a large ~19-kb deletion that encompassed exons
5-13 of SLC6AS and exons 5-8 of BAF31, As far as we know, this report
is the first case presentation in which SLC6AS and BAP37 are both mu-
tated. Phenotype of the BAP3T mutations has been only reported as a
part of Xg28 deletion syndrome or {CADDS) IMIM 1D #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 two clinical symptoms have been suggested
to originate from the loss of BAP31 function. However, other than
these 3 cases with CADDS, mutations of BAP31 have not been
reported. Our case, carrying a deletion of SLC6AS and BAP31, also dis-
played an overlapping phenotype with CADDS, i.e., liver disease and
sensorineural deafness. Our case strengthens the idea that the Joss
of BAP31 is related to liver disease and sensorineural deafness.
Sequencing of BAP37 in patients with X-linked sensorineural deafress
may help o clarify this farther.

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 synidrome-1 is 2 severe autoso-
mal recessive neurodegerative disease characterized by diabetes mel-
litus, optic atrophy, diabetes insipidus, and deafness (WFST; OMIM
#222300). Recently, WFST was shown to negatively regulate a key
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and the secondary antibody was goat anti~rat 12G-HRP conjugate

transcription factor involved in ER stress signaling, activating tran-
scription factor 6ox (ATF6a), through the ubiquitin-proteasome path-
wayl20]. It is tempting to speculate the defect in FR stress signaling
accounts for association of BAP31 to deafness and liver disease.

Supplementary materials related to this article can be found on-
line at doi:10.1016/Lymgme.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 Hayashi'*, 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 hefore in MECP2 duplication
syndrome, suggesting that his phenotypes were madified 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 Xq¢21.1 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 afier an
uneventful pregnancy as the first child of non-consanguineous healthy
parents. At birth, his weight and occipital~frontal circumference
(OFCY were 3280g (40 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 23 years, his height, weight
and OFC were 160.8cm (—1.7 sd.), 30kg (~1.2 5.d) and 36.3cm

(~0.9 5.}, 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 vears 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 (II-2) had intrapartum asphyxia and
two maternal uncles (11-3, 11-4) died immediately after birth.

The cousin of the proband (I1I-3) was born in 41 weeks after an
uneventful pregnancy to non-consanguineous healthy parents by
normal delivery. At birth, his weight and OPFC were 2850g (1.2
sd.} and 37cm (424 sd), 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 5.d.; 57 kg, ~0.5 s.d.; 59.4cm, +1.8 5.4}
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 (a) Profile of the copy-number ratio on chromosome X in the proband (11-1} detected with aCGH using an MCG X-iling amay. Fach dot represents the test/
reference value after normalization and logp transformiation in sach BAC clone, and amows indicate duplications {ratio>0.4), The gray vertical lines represent the
centromeric region for 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 canlers, respectively, The proband {1H-1} indicated by an arrow was used for aCGH with the X-tiling
array. Asterisks indicate persons having the duplications at Xg21,1 and Xg28. A slash indicates a death. o) The proband (111} at 27 years showed hypertelorism,
microcephaly and synophrys. {d) Brain MRI findings of the proband (11-1) at age 27. Coronal (left and middle) and {right) sagittal Tlw sequences show cersbral
atrophy, cerebellar atrophy and a thin corpus callosum. (8) Mapping of the duplications at Xg28 (left) and Xg21.1 (right) on the basis of the UCSC Genome Browser
according to NCBI Build 36.1, March 2006, hgl®8 (hitp/wwwgenome.ucsc.edu). A chromosome ideogram is preseried. The track sefting in the UCSC genome
browser was set up 1o look for ‘Base Positions’, ‘FISH Clones!, ‘BAC End Pairs’, ‘RefSeq Genes’, ‘sno/miRNA, “‘Agilent Array' and ‘Segmental Doplications’. Underlines
helow the BAC clone D and aligonuclestide probe 1D show a high (green bars) and normal (black bars) ratio detected with the MCG X-tiling array and Agilent array
244 K. Plus signs in the right panel indicate the duplication at Xq21.1 confirmed by guantitative genomic PCR. Duplicated regions in our case and the smaliest region
of overlap in reported cases® in the right panel are indicaled with closed arrows. (8) In the proband (1-1) and the carrier mother {I1-2), representative results of FISH
using the clone RP11-42M11 at Xq21.1 {left) and the clone RP11-119A22 at Xq28 (ight) showed separale green signals (arrowheads) and strong green signals
(arrows), respectively. The red signais are of clone RP11-16H4 at Xp22.12 {lefl) RP11-13M9 at Xa13.2 {right) as a reference. Enlarged images of chromosome X are
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by pneumonia frequently since 3 months after birth. No MRY analysis
had been performed. His younger brother (I11-4) died because of
disserninated intravascular coagulation at the age of 29, and his other
cousin (1-5) shows a similar clinical manifestation to the proband.

On the basis of the results of precise mapping with an oligonudeo-
tide array (Agilent array 244K, Palo Alto, CA, USA; data not shown),
these aberrations are as follows: arr Xq21.1 (76646979-76983735) %2,
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 (httpi//projects.téag.cafvariation/ assembly, March 2006, Sup-
plementary Table 1) and in part in our CNV database (MCG CGH
database, http://www.cghtmd jp/CNVdatabase). Subsequent real-time
quantitative genomic PCR (gPCR) using primer sets recognizing
around dup{X}{q21.1}) (Supplementary Table 2) narrowed down
dup(X}{g21.1} to between positions 76646868 and 76973049, includ-
ing all of ATRX and part of MAGTI (Figure 1d). Fluorescence in sify
hybridization (FISH) detected these duplications in the proband’s
unaffected mother (II-2) and his affected maternal male cousin (111-3)
(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). Qur 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 1e), suggest-
ing that genes other than ATRX within the SRO contribute to
phenotypes observed in previously reported cases (Table 1).°

ATRX interacts with MECP2 in virro and colocalizes at pericen-
tromeric heterochromatin in matare 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 (fDNAJ arrays® and significantly altered mRNA
expression in four ATRX targets (NME4, SLC7A5, RASA3 and
GASS) relative to normal controls.” Although a Southern blot
hybridization method reported previously’? showed no change in

XLMR patients with MECPZ and ATRX duplications
S Honda ef af

Table 1 Phenotype compatisons between our cases and MECP2
duplication syndrome patients or patients with 4TRX duplication

MECFZ ATRX Our Cases
duplication duplication
Phenotype syndrome37 & cases? Hl o -3

Mental retardation 118/119 111 + +
Hypotonia 86193 7411 + +
Absent speach 63772 NA + +
Lack ambulation 20071 NA + +
Recurrent infection 82/111 &/7 + +
Breathing abnormaiities 8/18 NA - +
Stereotyped hand movements 15/33 NA + +
Autistic featuresfautism 13717 NA + +
Epilepsy 57110 NA + +

GU abnormaiities 2967 FIL0 (Hypoplastic ~ + {Bladder

genitalia) disterntion)
Deuth betore 25 years 25/66 NA - -
Spasticiy 42471 NA - +
faxia 20437 NA + +
GER 15628 NA - +
Swallowing difficulty 23i45 NA *
PO or constipstion 25/33 NA -
lgh deficlency A48 NA + +
Short stature NA 1113 -~ -
Early iife feading issues NA 79 -
Failure 1o thrive 16431 5 e +
Broad thorax NA &4 . +
Pectus excavatum NA 37 - -
Short neck NA 448 -
Simian crease NA &5 - -
Digital findings 22/52 87 - -
Microcephaly 248/71 811 -
Hypertelorism 872 2/ + +
Epicanthal foids 4472 6/8 - -
Down-slanted palpebral fissures NA 18 - -
Piosis 2i72 &9 -
Flat nasal bridge 15/72 S/10 - +
Down-turned corners of the mouth MNA 80 - e
High-arched palate 3172 44 - e
Microfretrognathia NA 4i7 - -
Low set ears NA 410 e -
Simple ears NA 2/10 - -
Cryptorchidism 2i4 G0 + -
tmpaired sactal interaction NA 56 + +

Alibreviations: ATR-X, the causative gene for Xinked slpha thalassemis/roental retardation;
GER, gastrossophageal refiu GU, genito-urinary system 1PO, intrstinal psendo-obstruction;
MECPZ, methyl Col binding protein 25 N&, not availzble.

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 SLC7AS
expression showed no previous change compared with that in the
healthy control (Figure 2b) and the expression of GASS 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 MECP?
duplication. '
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Figure 2 (a) lnvestigation of the methylation pattern of human rDNA repeats using Southers blotting. Genomic DNA from the lymphoblastoid cell fine of our
proband (HI-1) with the ATRX duplication and the MECPZ duplication, an MR male patient with MECP2 duplication, an unrelated normal male, and an ATR-
X patients with a missense mutation resulting In YI847C in ATRX (Suppiementary Table 3). DNA samples were digested with Psf {ollowed by the
methylation-sensitive enzyme EcoRl, Hybridization is shown for probes corresponding to the region between restriction sites of the two enzymes in the 3" end
of the non-transcribed spacer. The methylated, uncut band is indicated (arrow). A restriction map of part of the rDNA repeat unit shown with the 185, 5.85
and 28$ genes in order and franscribed spacer as filled and open boxes, respectively, represents the sites for Pstl (P} and EcoRl {E}. A black bar indicates
the probe for the Southern hybridization. The size of the DNA segment resulting from the restriction enzymes is represented by closed arrows. (b} Real-time
guaniitative RT-PCR analysis of the mRNA expression of ATRX and three ATRX farget genes (NME4, RASASZ and SLC7AS) but not GASSE, the expression of
which was too low to be estimated, in lymphoblasteid cells of our two patients, ATR-X patients whose ATRX mutations were identified through routine
screening in & set of known XLMR genes by the Japanese Mental Retardation Consortium {unpublished data, n=5; Supplementary Table 3) and controls,
including six healthy samples, the proband’s parents, and a patient and a capier 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 carier with the MECP2 duplication ate
represented by a cross, triangle and square, respectively, in the control column. Data show the average values for fold differences relative to a normal male.

Black bars represent mean values of sach 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){(g21.1) and
distal breakpoint of dup(X)(q28) were located on segmental duplica-
tions (Figure le) and the duplicated sequence at Xq21.1 existed near
dup(X)(g28) (Figure 1f}. Fork Stalling and Template Switching
(FoSTeS) has been proposed as a replication-based mechanism that
produces nonrecurrent 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 streiches of non-duplicated sequence within
dup(X)(q28) were probably mediated by FoSTeS,”' and a particular
genomic architecture, especially low copy repeats at distal breakpoints
of dup(X)}{q28), may render the MECP2 region unstable. Thus, the
dup{X)(q28) and dup(X)(q21.1) detected in our patients might be
generated simultaneously by FoSTeS or other mechanisim in a seg-
mental duplication-dependent manner, suggesting the structural ana-
lysis 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 interrelated locus-specific databases
to store all published and unpublished genetic variation related
to hemoglobinopathies and thalassemia and implemented
microatiribution to encourage submission of unpublished
shservations of genetic variation to these public repositories.
A total of 1,947 unique genetic variants in 37 genes,
encoding globins and other erythroid proteins, are currently
documented in these databases, with reciprocal attribution of
microcitations {o data contributors. Our project provides the
first example of implementing microattribution to incentivise
submission of all known genetic variation in a defined system,
It has demonstrably increased the reporting of human varianis,
leading 1o a comprehensive online resource for systematically
describing human genetic variation in the globin genes

and other genes contributing to hemoglobinopathies 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 human genome project, a major ain in the
field of genetics has been o determine bow individual genemes
differ from each other and how these differences explain variation
in phenotype. However, it often remains unclear which variants
cause changes in phenotype and which are phenotype neutral; fur-
thermore, in maby instapces, the mechanisins by which variants
cause changes in gene expression and phenotypes ronain unknown.
To address this, DNA sequence data will need to be matched
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with well-defined phenotypes to make meaningful connections
between strocture, function and mechanism.

A poterdial hurdle to thisapproach is how to encourage ‘phenotypers’ to
report their ohservations. After the initial excitement during the 1980s and
19905 of identifying diseasercausing miolecudsr defects and the mecha-
pisms by which they arise, enthustasm in this aren has declined such that
it has become increasingly difficult to report small numbers of hunan
variants in scientific jourpals. Consequently, many new variants associ-
ated with well-defined phenotypes and, equally important, variants which
cause no change in phenotype remain unreported, Inevitably, a large
amount of potentislly valuable information renains inaceessible.

Ta avercome this problem, we implemented a process for captur-
ing such information with the incentive of mivroatteibution, whereby
the contribution of those individuals collecting new detailed geno-
type and phenotype data iy positively encouraged and appropriately
acknowledged!. We have applied the microattribution approach
to inherited disorders affecting either the structure of hemogliobin
{(such as sickle cell disease (SCINY or the levels and balance of globin
chain production (the thalassemias). We also included variants that
cause hereditary persistence of fetad hemoglobin (HPFH), 3 condition
associated with increased production of y-globin which ameliorates
the clinical endpoints of STD and f-thalassemia, The hemoglobine-
pathies and thalassentias are amonyg the commonest inherited disor-

ders i hunans, Variants of the globin-encoding genes, residing in
the o-like and Blike globin gene clusters, have provided key insights
since the

into the principles underlying human molecnlar genetics s
discipline was established in the 1950s {ref. 2).
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Although most hemoglobinopathies are classic monogenic disor-
ders affecting structural genes, globin gene expression is the end prod-
uct ofa mmph\mwl‘nurv tetwork { if*amuéptmm and epigenetic)
that emerges during terminal erythrold differentiation. Consequently,
giobin gene expression may also be aff "Eui by trans-acting mutations.
Examples of such mutations were injtially found in families with rare
syndromal disorders, of

fwhich o-thalassemia was one component
{Hor example, ATR-X (MIM301040) and ATMDS (MIM3004- 48) syn-
dromes)™. Similarly, trichothiodystrophy (MIM300448) was shown
to be associated with B-thalassemia due to suutativgs in the XPD
connponent of the general transeripiion factor complex TEHHS, The
assoctation of X-linked ii’;r{)}}‘ﬁss‘w\'iopmia with B-thalassemia identi-
fied @ mutation of the erythroid-specific transeription factor GATA-1
{ref. ), and recently, systematic analysis of subjects with unexplained
HPFH has identified mutations in the KLFY erythroid transeription
factor’, Finally, the implementation of genome-wide association
studies searching for quantitative trait loci that influence the level of
tetal hemoglobin (HbF) has revealed several important regulators of
HEGT and HBG2 gene expression, including the HBSIL-MYB® an i
BCLIIA loci™ on chromosomes 6 and 2, respectively. As genetis
variations in the genes within the erythroid network are iilvm%lgh;‘xwﬁ
in further detail, we anticipate many more discaveries of trans-acting
mutations that may provide target pathways for manipulating globin
gene expression to ameliorate the symploms of thalassemia and
SCI Therefore it is hmpartant that an effective database be ereated
to accommodate all of the mutations affecting the globin genes and
the network regulating their expression.

Here we report the first example of implementing wicroattribu-
ton to systematically document genetic variation leading to human
genetic disorders, using hemoglobinopathies and thalsssemias as
an example. Forthenmore, we demonstrate that microatiribution
can incentivise data contribution and. importantly, show how an
integrated human variant database {inciuding the recently acquired
microatiribution data) can provide key insights into human genetic
diseases. Microattribution provides an important mechanism and
incentive for researchers o report all variants within a specific gene
or disease network. Following the principles established for the globin
disorders, these databases should provide a key resource for under-
standing the molecular pathology of human genetic diseases

Developing the microatiribution process

To ensure that all natural mutations and their associated phenotypes

are accurately and efficiently recorded, we comprehiensively docu-
mented genotype and }:su.enmypx infonmation in individuals with
globin disorders in a series of interrelated locus-specific databases
(LSDBs). Traditionally, credit imﬂ; been given to discoverers of genetic

variants through citations of their pw@}m{mm 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 sdequate credit. In order 10 be used effectively by the com-
munity, published varianis are deposited into databases such as those
described heres nevertheless, many variants may st not be published.
Alternatively, variants may be discovered in farge-scale collaborative
projects. Credit can be given to the discoverers of the variants depos-
ited in databases through the new process of microattribution®. Bach
variant used in a paper is listed in four microattribution fables with its
accession number and with unigue IDs for the discoverers, or authors’
of the variant, In this paper, we have applied uicrecitations to
hemoglobinopathy-associated variants in order to provide incentives
to data producers to deposit all of their data in these public resources!,
Depositing the microatiribution tables in a central repository

296

{for example, NCBI) provides a venue for quantitative microcitations
for every unique author, Using this approach {first implemented in
2010), there has been a marked increase in the number of reported
qariants in the globin gene network (Supplementary Fig. 1),

Implementing microatiribution

All genetic variation data have been collected and documented in
the HbVar database of bemoglobin variants and thalassemia muta-
tions’! and the Leiden Open-Access Variation Database (LOVIY)~
based LSDIBs for the other erythroid proteins™ (Supplementary
Nete] with appropiiate altribution of the data contributors. These
variants are reported in publicly availsble microatiribution tables
{(also provided in &npp}emmt&r} Table 1) that bave been centrally
deposited in NCBI (Supplementary Fig. 2). Bach nijcroattribution
table has different information related to sulumission to the cen-
tral depository, microattribution, phenotype and allele frequency
{Supplementary Note).

I this protocol, data submitters directly contribute variants lead-
ing o hemoglobinopathies to E“ib’\«’ar andd in retury obtain direct
microattribution credit, These variants have been recorded with
researcher s and in the case of pzwmm?y sublished variants, the
carresponding PubMed 1D was also used (Supplementary Fig. 21,
To date, 232 varkants have been directly submitted to HbVar without
being published in a peer-reviewed ;cmm:r& some of which have been
deposited with more than one researcher 1D, Seventy-six variants
were ‘arphan that is, variants for which there was neither a PubMed
D nor o researcher 1D, all of which were variants initially deposited
o HbVar in the year 2000 and for which cither valid contact details
fr the vartant conteibutors was lacking or the contribuios(s) failed
o respond {o 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 evaluation of the informa-
flon submitted takes place. Contributed variant data are evaluated
by curators, all of whom wre sentor scientists with extensive editorial
experience, especially in the field of hemoglobinopathies. The cura-
tors divectly contact the date contributors, i needed, for clarifications
reiated fo isspes pertaining to phenotypic description, method of vari-
ant identification, ethnicity of the individual with the variant, allele
frequency and so on. Upon acceptance, contributed data become part
of the main HbVar data collection recorded with the contributor(s}
researcher 1,

Although microattribution can operate locally (within journals and
databases each reporting quantitative citation of accessions), deposit-
ing the microattribution tables in a central repository of cited acces-
stons {for example, NCBlor Buropean Bioinformatics Institute {ERI)
aliows the central registry to be mined for citations associated with
unigue author identities and with each author's publications and data-
base entries, For the purpose of our project, we have chosen to deposit
the microatiribation tables in NCBL and a copy of these tables is alsa
deposited in Nature Publishing Group's central database.

Mining the databases

In the case of globin gene disorders, many variants were conven-
tonally reported in genetics journals, and these varianis identi-
fied and/or elucidated ma 1y mechanisms underlying key aspects of
gene regulation in vis (for example, promaters, eshancers, silencers,
mRNA processing signals and translotional signals) and in trans
(for example, mﬁ.ﬁscriptim; factors, chromatin remodeling factors
and protein chaperones)’. Furthermore, these variants helped to
establish the molecular mechanisms underlying human genetic
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disease, E’n‘;pienwmfﬂm‘& of the microatiribution approach has
substantially added to the repository of variants, and use of this
expanded database will continue to provide an bmporfant resource
for generating and testing new hy pmhmt‘a in the globin feld. Below,
we provide some recent examples Hlustrating the w.im: of the micro-
attribution approach. The value of the comprehensive globin vari-
ant database (pre- and post-microattribation) clearly emphasizes
the importance of developing similar databases for other gepes and
disease systems for which microattribution will become the main
route to publication.
The first example of the value o the microatiribution approach is
the finding that the distribution of promoter mutations differs among
globin genes, ’&i{imm?} a great deal has been Jegrned about mam-
malinn promaoters from previous analvses of the globin genes, the
disvovery of additional variants continues o develop our knowledge
of how these genes are normally activated and how they ave altered in
uoman genetic disease. Globin gene promoter suttations contributing
to B-like thalagsemias and HPFH comprise approximately 10% of the
total varfants and result in various phenotypes, from the asympto-
niatie non-deletional HPFH conditions to the mild forms of B- and
&-thalassernia. The HBE promuter region harbors several genetic
variants associuted with BY (expressing lower than normal levels of
B-globin)and B (expressing no B-globin} thalassemia; these variants
cluster in efs-regadatory elervents known to bind transcription {actors
{Fig. 1. Many of these variants have been published, but an increasing
number of unpublished variants have been contributed 1o HbVar by
investigators around the world, The unpublished variants provide a
more complete view of the contribution of genetic variants to pheno-
types. In this particolar case, they reveal phenotypic consequences of
arians in more pesitions of well-known transcription factor binding
sites {the CACC boax and the TATA box) and show that additional sul
titutions in other binding sites contribute to phenotype (for example,
positions ¢.~80, ¢.-81 andd ¢~ 138}, The HBR ¢~ 121C>T pransition is
adjacent to the CCAAT box. This motif was recognized 36 years ago
asa component of some promaters, but the newly reported mutation
here s the first indication that genetic variation close to this motil
affects HBE gene expression in humans,
In contrast to the pmmzmzs for HEBB and MBI, variants are not
found in the first 100 bp of the MBGI and HBG2 promaoters, but
instead, variants ocour in the upstream region from approximately

Humnan Feb, 3008 {GRORS g8 a1 15,348,301 -8,248,
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=100 10 ~200 bp (Fig. 2a). The HBGT and HBG2 gene promoters
have several cis-regulatory elements in commuon with HBE and HBD
promoters, such as a TATA box and o proximal CCAAT box, but no

varfants 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 ¢lose 10-1t) carries variants
associated with HPFH. A newly discovered, unpublished variant,
¢.~250C>T, calls attention 1o a tight cluster of mutations all associated
with HPFH. An HPFH-associated variant has now been reported at
gach nucieotide from position ¢.~251 to c.-248 (198 to 195 bp from
the gene transcription start site), and 2 varlant at ¢.-255 (202 bp
from the transcription site) is associsted with « shilar phenatype
(Fig. 2 these phenatypes, this cluster of variants within the
::mm SCTTCCC delineates a yesponse element important for the
sitencing of the HBG 1 and presumably HBG2 genes in aduit erythroid
cells (the same ¢~ 2300 T mutation has been found in the promoter
of HBGZ; data not shown),

To test the hypothesis, derived from the documented veriants,
that this motif delinesates a response glement important for silencing
of the HBGI and HBG2 genes, we generated human B-globin focus
{B-yeastartificial chromosome (B-YAC)) transgenic mice containing
the HBGT ¢.-248C>G variation (the Brazilian non-deletional HPFH
mutation), which directly alters the CCCTTCCC sequence at the 37 C,
Adult mulant B-YAC mice showed an HPFH phenotype with an
increased mumber of HbF-containing cells (Fig. 2b), and real-time
quantifative RT-PCR analyses showed an & to 34-fold increase of
HBGI gene expression relative to wild-type B-YAC mice (Fig. 2¢).
By comparison, B-YAC transgenic mice bearing the Greek type of
non-deletional HPFH (FBGT ¢.-170G> A showed a 56-fold increase
of HBGY gene expression relative to wild-type §-YAC mice. Future
experiments witbexamine the piechanism of repression atthis region.
Recent studies have shown that the transcription factor BCL11A acts
to repress HBGE and HBG2 expression in adult erythroid cells, act-

ing with the protein SOX6 (ref. 14). Although BCLITA showed no
binding to the HBGT ard HBG2 proximal pramoters, SOX6 showed
strong binding that overlapped with GATA L binding in these reglons
In this way, the database has posed a new testable hypothesis, The
CCCTTCOC element, which s adjacent to 2 GATA binding site, may
bind g currently unknown protein that acts in concert with BCL1TA
to repress the production of y-globins
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Overall, comparative analysis of the globin gene promoter muta-
tions revealed a distinet distribution patiern for each gene. In
HBD, promoter mutations are widely spread within the proxisal
promoter region and do not form mutational clusters around cis-
reguiatary clements (Supplementary Fig. 3). Notably, the muta-
tions ¢ -81A>G and ¢.-80T>C have been found in the TATA boxes
of HBB and HBD, suggesting that they could be the result of genctic
recombination events!®,

A second example of the value of the microattribution approach
was the discovery of t-thalassemia resuliing from inherited or
acquired nuatations In ATRX. The comprehensive database originally
identified and defined some of the key trans-actin g factors in the
globin gene system. The expanded database continues fo refine our
understanding of such s acting factors. Unlike the common forms
of o-thalassemia resulting from cis-acting genetic defects, two rave
forms of v-thalassemia are caused by frans-acting mutations in the
X-linked ATRX. These mutations cause ATR-X syndronie, which is
characterized by & severe forn of syndromal mental retardation with
characteristic dysmorphic faces, genital aboormalities and a mild but
variable form of hemoglobin H disease™. In nddition, acquired muta-
tions in ATRX areseen in individuals who develop ATMDS syndrone,
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a comcition in which g-thalassernia (AT) s associated with myelodys-

plastic syndrome (MDS), In both conditions, the levels of ¢-globin
mRNA are reduced, suggesting that ATRY is involved in the normal
regulation of o-globin geneexpression. To date, 107 unigue inherited
and/or acquired discuse-causing imissense nutations have been found,
which are located predominantly in two highly conserved domains
af ATRX {Supplementary Fig. 4). These variants cluster within a
globular domain that containg & plant homeosdomain, which binds
the N-terminal tails of histone H3, and the 7 helicase sub-domains,

which identity ATRX as 2 member of the SNF2 family of chromatin-
associated proteins. Structure and function studies based on natural
mutations In the comprehensive database have elucidated precisely
how ATRX is veeruited to some of its targets through an isteraction
with the N-tersninal tails of histone H3.

Notably, the degree of o-thalassemia seen in individuals with
ATMDS (having acquired ATRX gene mutations) is much greater than
in individuals with the ATR-X syndrome thaving inherited ATRX
gene mutations), even when, by comparing mutations on the com-
prehensive database, we can see that the same ATRY mustation veours
in both conditions’®. Again. analysis of the coniprehensive variant
database poses a new testable hypothesis, These findings suggest that
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another vonponent of the ATRX pathway may frequently be mutated
in individuals with the common forms of MDS.

A third example of the value of microattribution s the discovery
of variants in KLF leading to elevated HbF levels. KLFI encodes a key
ervthroid transoriptional regulator that has many target genes with
essential functions in erythroid colls fnctuding the globins, membrane
profeins and heme synthesis enzymes’”. The first report on KLF]
mutations i bumans Hoked them 1o the rare blood group In{la)
phenatype'®, in which the expression of the Lutheran blood group
antigens s diminished. The reported individuals carried eight differ-
ent fogs-of-function mutations and cne mutation abolishing a GATAL
binding site in the KLF] promoler. In ail cases, the mutant KLFI
allele occurred in the presence of a normal KLFL allele, A subsequent
study on a large Maltese pedigree demonstrated that haploinsuffi-
for KLFL causes HPFHY. A mutation in KLFI, resulting in
pLys288X, was present exclusively tn oll individuals in this family
with HPFH. This mutation ablates the complete zine finger domain
and therefore abrogates DNA binding of the mutune KLF1 protein
(Fig. 3 and Supplementary Table 2. The occurvence of HPFH in
the individuals with In{lu) has not been investigated. Ar analysis
m‘ archived blood samples from a munber of these individuals with

In(Lu} showed that their HbYF levels were raised compared 1o those
abserved in control samples. Also, 30 out of 31 Sardinian individuals
bearing four Jdifferent KLFI mutations showed raised HbF levels
compared to control samples. In addition, two individuals sulforing
fromdyserythropoietic anemia carried 8 KLFI p.Glu3281Lys alteration
arct had an HbF level of 40% (Fig. 3 and Supplementary Table )17,
Mutations at this position alter the DNA binding specificiiy of KLF
We note that the mouse neonatal anemia mutant (Nan) has an altera-
tion in the orthologous amine acid of KIFL p.Glu339Asp™h%, Adult
heterozygous Nan animals show increased expression of embryonic
globins, a condition akin to HPFH. Collectively, these data suppori
the link between KLF1
the second DNA-binding zinc finger for normal KLF1 function, This
raises the possibility that some of the KLFI mutations which result in

alterad DNA binding specificity may have increased impact on HbE
levels. This hypothesis can now be experimentally tested in vitro by
DNA bmdzizf,, assays and {1 vivo in animal models,

cleney

i
- &
,52;3
%o i b -
= @ + ¢
‘:%: e % Y o &
El
i ¢
>
e
W < p.AGaY
£ 870X o LysElRXN o QuBRhl YEERCn
:
v
Figure 3 Correlation of the ditferent KLFT gene variants deposilad

into HhVar {shown as blue ang red sguares, depicting unpublished and
published information, respectively} and their corresponding HUF tevals
{median valug in cases of three or more fndividualist comparsd to wild
type individuals (shown as green squares). KLFT I8 not shown o scale.

& simphified diagram depicling the KLFT promuter and >r<:t@:m is shown
undernest. The posttons of the zine fingers are indicated (FL, F2 and F3),
For the exact HLF levels coresponding to each KLFT gone varianl, ces
Supplementary Table 2.
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ANALYSIS

A final example of the value of microatiribution is the discovery
of hemoglobin variants. A large proportion of genetic variation
in the buman globin genes leads to hemoglobin variants. Most
bersoglobin variants are rare, result from single amino acid sub-
stitutions of a globin chain and have a negligible or even no effect
on hemoglobin fanetion?,

The documented hemoglobin variants reside solely within éxons
and include: (1) structural veriants with o pleiotropic effect (for
example, HbS (HEB ¢ 20471, HbE (HBB . 79G»A) and HbC (HEB
CARG A (1) variants (138 different variants) leading to unsiable
hemoglobin, where mutations wffect the heme pocket of the globin
chatrg (i} variants leading 10 methemoglobinemia, where the
fervous jon {Fe?) of the heme group s oxidized o the ferric state
(Fe’”) {muost of these varisnis invoive replacement by tyrosine of the
histidine residues that anchor heme) and {iv) variants (92 different
variants) with altered oxygen affinity, most of which resalt in fncreased
oxygen affinily,

Although all of these correlations between structure and fune-
tion have depended on data Trom the comprehensive database, new
insights and questions continue to arise as new mutants are added
to the repository, an initative that sparked the implementation of
the microattribation process for hemoglobinopathies, Notably,
4 hemoglobin varfants result from the same mutation, but this
mutation occurs on a different o-globin gene paralogue®, that is,
variations in mmmg, related genes that have evolved from recent gene
duphication and as such are subject to frequent gene conversion events
{Supplementary Fig. 5). HbF-Sardinia and HbF-Lesvos provide
another such example, tnvolving the same mutation (. 2271>C) but
on the paralogous HBG T and HBG2 genes, respectively™,

DISCUSSION

The development of an integrated set of comprehensive LSDBs for a
particolar spectrum of human genetic diseases with microattribution,
as described here for the hemoglobinopathies, provides an example of
how such systems might be set up for & wide range of hwman genetic
diserders in the future. Using the micrositribution process set out
here, datasets which took decades to sccumulate for the globin genes
could be assembled rapidly for other genes and disease systems. In the
past, the description of xatural variants has been accommodated by
the conventionad Jiterature and has made an enormous contribution
to the field of human genetics. In addition, it has shown how some of
these mﬁtasic}zzs have xeached polymorphic frequencies through natu-
ral sefection, and detailed analysis of natural mutants has also been
iz’zvamahle in establishing many of the general principles underlving
mammalian gene regulation and human molecular genetics,

The strength of such observations will continue to increase as new
mutations enter the databases. even though these might not merit a
full publication on thelr own. Furthermore, new patterns of muta-
tion may emergs: the accumulation of coding mutations in particular
regions of 4 protein often identify a functionally important domaln, as
Hlustrated by ATRX and KLF! gene variants {Supplementary Fig. 4

and Fig. 3, respectively), and conversely, the identification of com-
mon neutral variants may rule out a major functional role for other
regions. Similarty, DNA variants of key regulatory regions {promoters,
evdancers, silencers, boundary elements and locus control regions)
are ofterccritical in identifying important cis elements and vef other
neutral variants mmay help map regions of Hitle functional importance
(Fig. 1 snd Supplementary Fig. 3). At the nucleotide level, such vari-
ants can even help map transeription 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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ANALYSIS

HBAT and HBAZ, and HBGT and HBG2 genes, Additionally, subtle
phenotypic differences, for example, between 8f-thalassemia and
deletional FIPFH?, can be atiributed to the different junction points
and the sequences that are removed or jJuxiaposed as a result of these
deletions. Systematic documentation of these deletions in HbVar s
currently under way and may allow for the dentification of new regu-
latory elements that Be within the deleted or fuxtaposed regions.

Perhaps the most bnportant aspect of such comprehensive inferact-
ing databases is that they will pose and answer questions that would
otherwise not be addressed, pn&m*tm?iv feading to useful new insights,
These databases will not only be of value in establishing the pheno-
types of watural varfants but may also be used in the development
of personalized medicine. In the moi}m field, a great deal of effort is
directed toward the developnient oéaﬁmgs o increase the level of HbF
and thereby wmeliorate the clinical severity of B thalasseria and SCI
Potential therapeutic agents identified 1o date include } '
zmci butyrate. Fde z":*s;mmun HbF-augmenting thera

n patients with f-thalassemia and SCI with uppro
5}1 >se patients being poar responders or non-responders™, Therefore,
the ability to predict a pmcf}tx response (o hydroxyures and/or
other Eii»iwmgbmc:mm& drugs would help in optimizing therapy.
Polymerphisms in genes regulating HbE expression, hydroxyurea
metabolisin and erythroid progenitor proliferation might modulate
a patient’s response to HbF-inducing pharmacological agents™. Data
Lo support the use of pharmacogenetic testing of hydroxyurea treat-
ment for hemoglobinopathies are currently very limited. Several SNPs
in HAG2, ARGZ, PLTT and NOST have been associated with variable
HbF response to hydroxyurea treatment™, and genome-wide tran-
seription profiting efforts are expected to shed light on new pathways
involved in this process™,

Since ity establishment in 2000, we have witnessed a substantial
anpual growth in HbVar content, and a fraction of data submitters
were subsequently encouraged to subinit a full or short repart to the
scientific journal Hemoglobin®®, The large repository of pre
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 blological processes
and how these are perturbed in hursan genetic disease. We anticipate
that microattribution will further encourage new data submitters to
contribute their observations to HbVar to receive not only credit in the
form of microcitations but also coauthorship n a future microattribu-
thon update, The microattribution process established here providesa
template for similar ventures for other human genes, thelr associated
stems and the variants that cause thelr assoclated genetic diseases.
The valoe of the databases may be considerably further enhan u.d 5y
Emiqzzg to coliections of blood and DNA ssmples and also cataloged
onling as in the case of many other rare diseases in EuroBroBank,

In essence, this project is o well-coordipated multicenter effort to
systematically document genetic variation in globin and associated
genes relevant to hemaglobinopathies and thalassemias and is the
fivst example of implementing microattribution to provide ncentives
for submitting data describing genetic variation, As such, it should
Serve
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ONLINE METHODS

Quantitation of hemoglobin fractions. Twenty microliters of total bloogd
was analyzed using cation-exchange high performance liquid cheomatography
(VARIANT, Bio-Rad Laboratories).

Construction of the HBGI ¢.-248C>G HPFH B-YAC. A 213-kb yeast artifi-
cial chromosome (YAC) carrying the human B-globin locus with the HEGI
€.-248C>G point mutation (4 -195C>G), leading to the Brazilian type of non-
deletional HPFH, which divectly alters the CCCTTCCC sequence at the 3 C, was
synthesized as follows, using previously described methods™, Briefly, » marked
HBGI gene (™Y™) contained asa 5.4-kb Sspl fragment (GenBank file U01317,
coordinates 38,683-44,077) in the yeast-infegrating plasmid (YIP) pR$406 was
mutagenized using the QuikChange Site-Specific Mutagenesis Kit {Stratagene).
The presence of the HBGI ¢.-248C»G point mutation was confirmed by DNA
sequencing, and the mutation was introduced into the §-YAC by ‘pop-in} ‘pop-
oul’ homologous recombination in yeast. The mark in the My-globin gene is
a 6-bp deletion at +21 to +26 relative 1o the My-globin translation start site,
allowing preliminary discrimination of the randified - YAC fram the wild-type
B-YAC by restriction enzyme digestion following homologous recombination.
The presence of the mutation ta clones passing this test was confirmed by DNA
sequence analysis of a PCR-amplified fragment encompassing the mutated
region. Transformation of yeast, screening of posilive clones, purification of
the §-YAC and mouse transgenesis were performed as described previously™,

Copy number determination. The relative B-YAC transgene copy number
was calculated using the HBGI and HBGZ genes and a standard curve gen-
erated from genomic DNA samples from our wild-type B-YAC transgenic
raice. Samples of transgenic mouse genomic DNA were serially diluted from
100-0.01 g and subjected to SYBR PCR with HRGI or HBG2 primers. The
copy number for each reaction was estimated by comparing the threshold cycle
of eacly sample to the threshold cycle of the standards and normalizing 1o the
wild-type §-YAC transgenic maouse sanples,

Real-time quantitative RT-PCR. Total RNA, isclated from adult peripheral
blaod, was reverse-transeribed and the resultant complementary DNA was
subjected to real-time quantitative RT-PCR analysis with SYBR green using
& CFX96 system (Bio-Rad). Homan yglobin expression was normalized to
mouse &-globin expression and corrected for transgene and endogenous gene
copy number, PCR primer sequences were as previously described®? Results
are averages of kriplicates, with the standard error indicated.

E-cell detection by flew cytometry, We used a protocol adapted from refer
ences 37 and 33. Essentially, mouse blood was collected from the tail vein
in heparinized capillary tubes. Ten niicroliters of whole blood was washed
in 1 mil PBS, centrifuged at 200¢ at 4 °C for five minutes, and the pellet was
resuspended and fixed in 1 ml of 4% fresh paraformaldehyde and P8BS at
pH 7.5 (Sigma- Aldrich) for 40 min at 37 °C. The cells were centrifuged, and
the pellets were resuspended in 1 ml of ice cold acetone and methanol (411}
and incabated on ice for one minute. Following centrifugation, cells were
washed twice in 1 ml ice-cold PBS and 0.1% BSA and resuspended in 860 pl
of PBS, 0.1% BSA and 0.1% Triton X-100 (PBT). One microgram of y-globin
antibody (catalog number s¢-21756 unconjugated, Santa Cruz Biotechnology)
was added to 100 plof the cefl suspension and incubated for 20 min in the dark
at room temperature (37 *C). One milliliter of ice-cold FBS and 0.1% BSA was
added, the sample was centrifuged and the pellet was resuspended in 100 pl
ice-cold PBT. One hundred microliters of Alexa 488 {ratalog number 110601,
Invitrogen Molecular Probes) secondary antibody, diluted 1:200 in fce-cold
PBT, was added to the cell suspension and the sample was incubated at room
emperature for 20 min in the dark. Cells were washed with 1 mi of fce-cold
PBS and 0.1% BSA and the pellets were resuspended in 200 pl of PBS. Samples
were analyzed using an Acouri C6 Blow Cytometer (Accur] Cytometers, Inc)
with a 530/30 nm (FITC/GEFP) emission filter. Data from 30,000 cells were
acquired for analysis using CHow Software {Accuri Cytometers, Inc.) cells
were gated to exclude dead cells, For, FLI-A, a 330430 nm (FITC, GFP) filter
was used to identify the Alexa 488~positive F cell population; For FL2-A a
585/40 nm (PE, P1) filver was used as 3 conpensation to identify the Alexa
438-negative cell population. For M3, the mean fluorescent intensity, an
increase in F cells is reflected by a peak shift and increase in the peak of
fluorescence intensity. P4, distinct positive F cells,

20 Harju, ., Naws, PA, Stamstovannopouios, G, & Pelerson, KR Genome
arehitecture of the human S-globin locus affects developmental reguletion of gane
expresston. Mol Dell. Biol 25, 87668778 (BOUB).

31, Harp-Baker, 8., Costa, F.C., Fedosyuk, H., Neadss, R. & Paterson, KR, Stencing
of Agarama-giobin gene expression during adult definitive ervilvopoiesis mediated
by GATA-1-FUG-1-8MiZ Compiex binding &t the 566 GATA site. Mo/, Cell. Sigl. 28,
3101-3113 (2008).

32, Bbhmer, RM, Flow oytometty of erythroid celis in culture: bivariste o]
antd adult hemogiobins. Methods Cell Biol, 64, 1391587 (2001},
33, Amoyal, L & Fibach, E. Flew cylomelric analysis of fema! hemogichin in
erythroid peecursors of PBothalassernia, Cline Lab. Hoematol 26, 187-19%

(2004).
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Abstract Cerebral creatine deficiency  syndromes
(CCDS) are caused by genetie defects in L-arginine:glycine
amidinotransferase, guanidinoacetate methyltransferase or
creatine transporter 1. CCDS are characterized by abnor-
mal concentrations of urinary creating (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 CN were separated clearly
with the retention times (mean == SD, n = 3) of 3.34 %
0.0035 min for CR, 641 £ 0.0079 min for GA, and
13.533 + 0.046 min for CN. This new method should pro-
vide a simple screening test for the diagnaosis of CCDS.

Keywords Cerebral creatine deficiency syndromes -
HPLC - Creatine - Guanidinoacetic acid - 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 Kaddurab-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. 201 1). This synthesis requires the action of
two enzymes, arginine:glycine amidinotransferase (AGAT;
EC 2.14.1) and guanidinoacetate methyltransferase
(GAMT; EC 2.1.1.2) (Fig. 1). AGAT wransfers an amidino
group from arginive to glycine, yielding omnithine and
guanidinoacetate {GA), while GAMT transfers a methyl
group from S-adenosylmethionine to GA, forming CR.
However, tissues are incapable of CR biosynthesis such as
the brain, the levels of CR are dependent on a creatine
transporter 1 encoded by the SLCGAS w 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} (ltem et al. 2001) and GAMT deficiency
(OMIM 612736} (Stockler et al. 1996), as well as one
X-linked condition, namely, SLC6AR deficiency (OMIM
300036) (Salomons et al. 2001). The common clinical 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-Mahmutoglu 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-SLC6AS8 deficiency is characterized
by high wrinary CR/CN concentration ratios. Therefore,
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arginine glycing

arginine:giycine amidinotransferase (AGAT)

ornithine guanidinoncetic acig

S-adenyimethionine
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creatine

e _creatine transporter 1 (SLUGAS)
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cell membrane
ereating "
phosphate ™ creatine
s Creating kinase
Non-enzymatic
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Fig. 1 Synthesis and transport of creatine. v-arginine:glycine ami-
dinotransferase, (AGAT) synthesizes guanidinoacetate from arginine
and glycine. Guanidinoacetate methyliransferase (GAMT) transfers a
methyl group from S-adenosyhmethionine to guanidincacetate, thus,
generating creatine. Creatine enters cells in the brain through the CT1
creatine  frunsporter encoded by the SLCBAS gene. Creating is
phosphorylated by creatine Xinase to phosphocreatine, which iy a
reversible reaction and contribute to the storage and swift supply of
ATP. Both creatine and phosphocreatine, lead non-enzymatically to
the formation of creatinine that 13 excreted in urine

Table 1 Urine creatine and guanidinoncetic acid levels in patients
with defects of creatine synthesis and transport

- Discase GA CR/ICN
AGAT deficiency Low Low
GAMT deficiency High Noral
CR transporter deficiency Normal High (4017.5 & 286.4)

(), values from one patient with CR transporter deficiency (umol/
mmoly HPLC method; 4017.5 & 286.4; mean = SD, 1= 2

Normal values with this study from 15 samples are 798.6 & 5748
(CRICN (pmolmmol)} (HPLC method; mean = SDj

AGAT argininesglycine amidinotransferase. GAMT guanidinoacetate
methyltransferase, CR creatine, G4 guanidinoacetic seid; CN creatining

evaluation of CR/CN and GA/CN congcentrations 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

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 (HyPOy) 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 betier. Acetonitrile,
phosphoric acid (85%), creatine monohydrate (98%),
guanidinoacetic acid (98%), and creatinine (99%) were
obtained commercially (Wako Pure Chemical Industiies,
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 ply of urine was treated with aceto-
nitrile (300 ply to precipitate proteins, and centrifuged
(13,000 rpm, 10 min) afier 10 min. The supernatant
(50=-100 pby was diluted with 2 mM phosphoric acid
(400-950 ul}, and a diluted sample 25 pl) 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
100wl loop, an UV-vis spectrophotometric detector, SPD-
6A (Shimadzu Lid.) and a Chromatopack integrator, CR-
6A (Shimadzu Lid.). The separation was performed on a
weak acidic cation-exchange column, IC Y5-50 (Shodex
Lid., Kawasaki, Japan. 4.6 mm x 125 mm id.} using
aqueous phosphoric acid as the mobile phase with flow rate
of 1.0 ml/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/l:
572 pmol/l), and creatinine (2 mgfl: 177 pmol/l) were
loaded into the 100 pl loop, and injected. Analyses were
carried out under the following concentrations of maobile
phase: 1, 2, 5, and 10 mM H;3PO,. All analyses were per-
formed at room temperature (32 £ 2°C).

Our new HPLC method was compared to 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 510 nm in a reaction catalyzed
by horseradish peroxidase (Fossati et al. 1983). Fifteen
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urine samples were used to determine urinary CR, CN, and
the CR/CN ratio. Moreover, one urine sample from a
patient with X-linked-SL.C6AS8 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 H;3PO,, were
clearly separated with 1 and 2 mM H;PO; However,
2 mM H3PO, 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 H;PO; at a
flow rate of 1.0 mVmin (Fig. 2). Since 1 mM HiPO,
required a longer retention time (>20 min.), we used 2 mM
of H;PQy for subsequent analyses.

Standard solutions (25 pl) of CR (101,000 pmol/), GA
(50-4,000 pmol/), and CN (101,000 pmol/l)  were
analyzed under the above conditions. We obtained a
linear correlation between peak areas and concentrations.

Fig. 2 Examples of

The linear regression equations for peak area (y; in arbi-
trary units) and concentration (pmol/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/y 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; »= 09276 (p < 0.001,
R = 0.8605), CN; r = 0.9370 (p < 0.001, R* = 0.8780)].
In addition, the CR/CN ratio showed a good correlation
between the two methods (r= 0984, p < 0.001,
R? = 0.9682). We also obtained a good correlation in a
patient with SLC6AS deficiency of CR/ACN (umol/mmol):
Enzymatic method; 44395 £ 3755, HPLC method;
4017.5 4+ 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

aj 1 -
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purified from a polychaete, Perineresis sp., which is not
commonly available.

So far, simultaneous HPLC determination of CR, GA,
and CN in urine and blood has been reported using the
reversed-phase and strong acidic cation-exchange modes,
which require derivatization for fluorescence detection
(Natelson 1984; Carducci et al. 2001).

Analytical methods using mass spectrometry (MS) have
been described recently, including gas chromatography—
mass spectrometry (GC-MS) (Hunneman and Hanefeld
1997), liquid chromatography-mass spectrometry (LC-
MS) (Yasuda et al. 1997), liquid chromatography—tandem
mass spectrometry (LC-MS/MS) (Carling et al. 2008;
Cognat et al. 2004), and flow injection analysis-electro-
spray ionization-tandem mass spectrometry (FIA-ESI-MS/
MS) (Carducci et al. 2006). Techniques using MS are
highly reliable and should contribute to the diagnosis
CCDS.

Here, we report a simple HPLC method using weak-
acidic ion chromatography column with UV detection that
does not require derivatization. Three components, CR,
GA, and CN, needed for CCDS diagnosis eluted within
15 min with complete separation. Our new method allows
the quantitation of these three compounds without the use
of MS. This new method should contribute to patient

screening, and allow early interventions for patients with
CCDS.
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