transfected it into neocortical primary neurons that had been
cultured for 8 days, and 2 days later we detected the EGFP
fluorescent signal in neurons (Fig. 4d). These findings
suggested that the ATG sequence at position —77 functions
as a translational start codon in neurons.

Finally, we cloned the entire novel Shank3 transcript by
using the RT-PCR method and an InlO-F primer and a
reverse primer within the 3'-untranslated region (UTR)
(B3UTR-R) and detected a PCR product of about 5 kb.
Sequence analysis confirmed that this PCR product com-
pletely matched the spliced Shank3 transcript from exon 11
to exon 22 (Fig. 5). As shown in Figure 2c the expression
profile of this transcript in the developing brain was similar
to the expression profile of 441 bp of the PCR product
(Fig. 5a). Notably, the level of expression of this transcript at
P14 was lower than that at P7 and P21. We also detected
other transcripts of different sizes (about 3 kb), especially at
P7 and P14 (Fig. 5a), and sequence analysis identified one of
the PCR products as the transcript that lacked the sequence
coded by exon 21. Since the transcript caused a frameshift in
ligation with exon 20 to exon 22, it may produce the
carboxyl-terminus truncated isoform that lacked a homer-
binding region, a cortactin-binding region and an SAM
(Fig. 5b). These findings indicated the existence of two
different Shank3 transcripts whose transcriptional initiation
site is located in intron 10.

In the recent review by Jiang and Ehlers, the Shank3c
transcripts are expressed under the control of promoter 3
located in intron 10 (Jiang and Ehlers 2013), and Wang and
coworkers have identified two Shank3c transcripts (Shank3c-1
and Shank3c-2; GenBank HQ405757 and HQ405758) (Wang
et al. 2011). We therefore designated the novel Shank3
transcripts found in this study Shank3c-3 (a completely spliced
form from exon 11 to exon 22; GenBank AB841411) and
Shank3c-4 (deletion of exon 21; GenBank AB841412).

(@ o _

Fig. 5 SHANKS3 isoforms expressed from intron

10. (a) Representative agarose gel electrophoresis

image showing expression of Shank3transcripts in ()
the developing mouse neocortex. The arrow points
to the Shank3 transcript that contains exon 11 -
exon 22, and the arrowhead points to the several
alternative splicing variants. Size markers (1 kb
ladder) are shown at the left. (b) Schematic
structure of SHANKS3c-3, the novel SHANKS3
isoform with all exons from exon 11 to exon 22,
and SHANK3c-4, its alternative splicing variant,
which lacks exon 21. H, homer-binding region; C,
cortactin-binding region.
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Expression profile of the novel SHANK3c isoforms in the
developing mouse neocortex

We next investigated the expression of the novel SHANK3c
isoforms in the developing mouse neocortex by an immu-
noblot analysis. First, we constructed three expression
vectors that produce the myc-tagged SHANK3 isoforms,
SHANK3a (full-length SHANK3), SHANK3c-3 and
SHANK3c-4, transfected them into HEK293 cells, and
determined the molecular size of the SHANK3 isoforms by
immunoblot analysis with anti-myc antibody. As shown in
Figure 6a, the SHANK3 isoforms had their expected
molecular sizes: myc-SHANK3a consisted of 1730 amino
acids (aa) plus 22 extra sequences aa that included myc-tag,
myc-SHANK3c¢-3 of 1322 SHANK3c-3 aa plus 22 aa, and
myc-SHANK3c-4 of 382 SHANK3c-4 aa plus 22 aa. Since
the anti-Shank3 antibody we used recognizes the peptides
coded within exon 21 (Uchino et al. 2006), myc-SHANK3c-
4 was not detected by immunoblotting with anti-Shank3
antibody. Next, we identified the immunoblot bands that
corresponded to the SHANK3a and SHANK3c-3 isoforms
based on their molecular sizes (Fig. 6b) and examined the
expression profile of the SHANK3 isoforms in the develop-
ing neocortex (Fig. 6¢). The results of the immunoblot
analysis suggested that SHANK3a expression increased
during development but that expression of SHANK?3c-3
transiently decreased at P21. However, since we have not yet
developed a specific antibody for SHANK3c, further study
will be necessary to draw any conclusions about the
expression profiles of the SHANK3 isoforms.

Difference between the distribution of SHANKSc isoforms
with and without the carboxyl terminus expressed in
neocortical primary neurons

Since a cortactin-binding region and an SAM are essential
for SHANKS3 targeting to synapses and clustering (Boeckers

P28 12w

oz H  © SAM

 ExonHl-exonz2(13222a)

Poz

Exon11=exon 20 (382 aa) ;
Exon 22

Exon 20
- AAATCTGTAGGCTCTTCAGCAGCCTICGGTGAGCTGA. .
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Fig. 6 Expression profile of SHANK3c isoforms in the developing
mouse neocortex. (a) Immunoblot analysis with anti-myc antibody (left
panel) and anti-Shank3 antibody (right panel). Molecular weight
standards are shown on the left. (b) Immunoblot analysis with anti-
Shank3 antibody. A neocortical sample prepared from a mouse at P28

et al. 2005), we examined the distribution of the carboxyl-
terminus truncated SHANK3c-4 isoform that lacked the
sequence coded by exon 21. We constructed two expression
vectors carrying myc-tagged Shank3c-3 and Shank3c-4,
whose translational start codon (ATQG) is at position -77 in
intron 10, under the CAG promoter (Fig. 3a, 5b, S2), and co-
transfected each construct into neocortical primary neurons
cultured for 9 days with the pCAGGS-EGFP plasmid to
visualize the transfected neurons. After 7 days of culture, we
fixed the cultured neurons and immunostained them with
anti-myc antibody and anti-Shank3 antibody or anti-EGFP
antibody. There was a close match between the immunore-
active signals obtained with anti-Shank3 antibody and anti-
myc antibody in the transfected neurons (Fig. 7a). Judging
from the morphology of the EGFP-positive neurites, the
punctate expression signals of myc-Shank3c-3 were pre-
dominantly detected in the dendrites and few signals were
detected in the axons (Fig. 7b). In contrast, the expression
signals of myc-Shank3c-4 were diffusely observed in both

(c)
Anti-Shank3

kDa P7

P14

245

180 =

135 —

100 —

Anti-[} actin

(50 pg) was loaded. The arrow indicates SHANK3c-3 and the
arrowhead indicates SHANKS3a. (c) Immunoblot analysis with anti-
Shank3 antibody (upper panel) and anti-B actin (lower panel).
Neocortical samples (50 pg) were loaded. The arrow indicates
SHANKSc-3, and the arrowhead indicates SHANK3a.

the dendrites and axons (Fig. 7b). These results indicated
that there is a large difference in synaptic localization
between the two SHANK?3c isoforms.

MeCP2 binds the Shank3 gene at the methylated CpG
islands

To identify related molecules involved in expression of the
novel Shank3c transcripts, we focused on MeCP2, which has
been identified as the causative molecule of Rett syndrome
and is thought to regulate gene transcription, mRNA splicing,
and chromatin structure (Amir ef al. 1999; Lam 2000; Hite
et al. 2009). We investigated whether MeCP2 binds the
methylated CpG islands of the Shank3 gene by performing a
ChIP assay. The results showed that at P1 MeCP2 bound
CpG island-3 alone, but at P14 bound CpG island-2 and -4 in
addition to CpG island-3 (Fig. 8). However, even though
CpG island-5 was methylated the same as CpG island-4, no
PCR product for CpG island-5 was detected even when two
primer pairs were used (Fig. 8). No MeCP2 binding at CpG
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(a) Shank3c-3

®

Fig. 7 Difference between the distribution of SHANK3c isoforms with
and without the carboxyl terminus expressed in neocortical primary
neurons. Representative image of immunostained neurons. Neocortical
primary neurons prepared from E15.5 mice were cultured for 9 days
and co-transfected with pCAGGS-enhanced green fluorescent protein
(EGFP) and the expression vector, pCAGGS-myc-Shank3c-3 or
pCAGGS-myc-Shank3c-4. After culture for an additional 7 days cells

island-P, which was completely unmethylated at every stage
of development tested, was detected at either P1 or P14 (data
not shown).

ieCP2 is involved in regulating expression of the novel
Shank3c transcript

Next, we investigated the effect of MeCP2 on expression of
the novel Shank3c transcripts. We prepared total RNA from
neocortical tissue of Mecp2-deficient hemizygous male mice
and wild-type littermates at the P7, P14, and P28 stages of
development and performed a real-time RT-PCR. A previous
electron-microscopic study revealed delayed neuronal devel-
opment in Mecp2-deficient mice and that their nervous
system contained numerous immature post-synaptic densities
(Fukuda er al. 2005). First, we investigated expression of
post-synaptic density-95 (PSD-95) (Fig. 9a). Although at P7
there were no significant differences in the level of PSD-95
expression between the Mecp2-deficient mice and wild-type
mice, after P14 the level of PSD-95 expression in the Mecp2-
deficient mice was significantly lower than in the wild-type
mice, findings that were consistent with the results of a
previous study that had indicated delayed neuronal develop-
ment and abnormal synapses in Mecp2-deficient mice (wild-
type mice: P14, 1.318 £ 0.020 (mean + SEM) and P28,

Shank3c-3
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Shank3c-4
: ‘ myc X p

were fixed and double-stained with anti-Shank3 antibody (red) and anti-
myc antibody (green) (a) and with anti-myc antibody (red) and anti-
enhanced green fluorescent protein (EGFP) antibody (green) (b).
Enlarged images of each of the numbered boxes are shown. The
arrows point to an axon. Scale bar shown in the merged images is
10 pm.

1.152 + 0.040; Mecp2-deficient mice: P7, 0.907 £ 0.030,
P14, 1.017 £ 0.071, and P28, 0.856 £ 0.062). We then
investigated the level of expression of two different Shank3
transcripts in Mecp2-deficient mice: the Shank3a transcript,
the major form of Shank3 that is expressed from the 5’ end of
the Shank3 gene containing exon 1 (Fig. 9b), and the novel
Shank3c transcript, whose transcriptional initiation site is
located in intron 10 (Fig. 9¢). During development, the level
of Shank3a expression in the Mecp2-deficient mice was
significantly lower than in the wild-type mice (wild-type
mice: P14, 1.565 £ 0.030 and P28, 1.316 £ 0.020; Mecp2-
deficient mice: P7, 0.896 + 0.009, P14, 1.067 + 0.011, and
P28, 0.647 + 0.005). In contrast, at P7 there was no
significant difference between the levels of expression of
the novel Shank3c transcript in intron 10 in the Mecp2-
deficient mice and wild-type mice. However, at P14 expres-
sion of the novel Shank3c transcript in the Mecp2-deficient
mice was clearly lower than in the wild-type mice (wild-type
mice: P14, 0.824 4 0.052 and P28, 1.654 + 0.056; Mecp2-
deficient mice: P7, 0.931 + 0.049, P14, 0.547 & 0.014, and
P28, 1.480 £ 0.102). Interestingly, since at P28 the level of
expression of the novel Shank3 transcript in the Mecp2-
deficient mice was not significantly different from its level of
expression in the wild-type mice, the ratio of expression at
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CpG-2

Cps-3 CpG-4 CpG-5

Fig. 8 Chromatin immunoprecipitation assay of mouse neocortex at
P1 and P14. Representative agarose gel electrophoresis image
showing binding of MeCP2 to CpG island-2, -3, -4, and -5. Normal
rabbit 1IgG (control) and anti-MeCP2 antibody (MeCP2) were used to
immunoprecipitate the genomic region of each CpG island. Size
markers (100 bp ladder) are shown at the left.

P28 to expression at P14 in the Mecp2-deficient mice was
significantly higher than in wild-type mice (wild-type mice:
2.02 &+ 0.14 fold; Mecp2-deficient mice: 2.70 £ 0.21 fold,
p = 0.0098, n = 4). These results suggested that MeCP2 is
involved in regulating expression of the novel Shank3c
transcript in intron 10.

Discussion

In this study, we identified two novel splicing Shank3
transcript variants whose transcriptional initiation sites are
located in intron 10. Sequence analysis revealed that the
major Shank3 transcript variant consisted of part of intron 10
and a completely spliced form from exon 11 to exon 22. We
then demonstrated that the predicted translational start codon
is located at position —77 in intron 10. Thus, this novel
Shank3 transcript probably produced the amino-terminus
truncated SHANK3 isoform containing the Src homology 3
and following domains, including the post-synaptic density
95/discs large/zone occludens-1 domain, the homer-binding
region, the cortactin-binding region, and SAM at its
carboxyl-terminus. We investigated its expression profile in
the developing mouse neocortex by performing a quantitative
RT-PCR and immunoblot analysis. The transient decrease in
its expression at P14 shown in Fig. 2 is unique. The result of
the immunoblot analysis suggested that the lower expression
of the transcript at P14 might be responsible for the reduction
in protein after P14, especially at P21 (Fig. 6). Interestingly,
the DNA methylation rate in CpG island-2, which is located
near the transcriptional initiation site of the novel Shank3
transcript and its promoter, increased at P14 and MeCP2
bound the CpG island-2 region. On the basis of the role of
MeCP2 in transcriptional regulator via binding to the

methylated DNA (Chahrour er al. 2008; Hite et al. 2009),
we hypothesized that expression of the novel Shank3
transcript is regulated by MeCP2. To test our hypothesis,
we investigated expression of the novel Shank3 transcript in
Mecp2-deficient mice. Since a previous study showed that
the synapses of Mecp2-deficient mice were less mature than
in wild-type mice (Fukuda et al. 2005), we initially exam-
ined the expression of PSD-95 at P7, P14, and P28, and the
results showed lower expression in Mecp2-deficient mice
after P14, as expected. The level of expression of the full-
length Shank3 (Shank3a) transcript was also lower in Mecp2-
deficient mice than in wild-type mice, especially at P14 and
P28, when synapses were immature. We also demonstrated a
difference between the expression profiles of the novel
Shank3 transcript (Shank3c) in wild-type mice and Mecp2-
deficient mice. The rate of increase in expression level of the
novel Shank3 transcript from P14 to P28 was significantly
higher than in the wild-type mice. These findings suggest that
Shank3 may be one of the target genes of MeCP2 and that
the unbalanced expression of Shank3 transcripts is implicated
in the etiology of the synaptic abnormality caused by the
dysfunction of MeCP2 in Rett syndrome.

Cumulative evidence has shown that several SHANK3
isoforms in human and rodent brains are produced as a result
of complex transcriptional regulation by multiple intragenic
promoters and extensive alternative splicing processes, and
six different SHANK3 isoforms (SHANK3a-f) have been
demonstrated thus far (Wang er al. 2011; Jiang and Ehlers
2013). Judging from gene and protein structures, the novel
Shank3 transcripts identified in this study likely code the
SHANK3c isoforms reported in recent papers (Wang er al.
2011; Jiang and Ehlers 2013). Both papers reported demon-
strating that the Shank3c transcript is expressed under
promoter 3 located in intron 10, but the reports regarding
the transcriptional initiation site of the Shank3c transcript are
confusing. In Wang’s paper, the transcriptional initiation site
of the Shank3c transcript is reported to be located in intron
11, and two transcripts (Shank3c-1 and Shank3c-2; Gen-
Bank: HQ405757 and HQ405758) are shown originating at
the same initiation site. Since the transcriptional initiation site
of Shank3c-1 and Shank3c-2 is different from that of the 22t
Shank3 transcript expressed in intron 11, they are not
identical to the 22t Shank3 transcript (Maunakea et al. 2010).
On the other hand, the transcriptional initiation site reported
in the review article by Jiang and Ehlers is located in intron
10. Based on all the above taken together, since the novel
Shank3 transcript identified in this study is one of the
Shank3c transcripts, we designated it Shank3c-3 (GenBank:
AB841411). The other variant identified in the present study,
designated Shank3c-4 (GenBank: AB841412), lacks the
sequences coded by exon 21, which results in production
of the carboxyl-terminus truncated SHANK3 lacking the
homer-binding region, the cortactin-binding region and the
SAM. We identified a difference in the distribution of
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Fig. 9 Analysis of expression of the novel Shank3 transcript in Mecp2-
deficient mice by a real-time PCR. Neocortical samples were prepared
at P7, P14, and P28, and real-time PCR was performed to investigate
the expression of PSD-95 (a), the major form of Shank3 amplified by
the 5UTR-F and CpGP-R primer pair (Shank3a) (b), and the novel
Shank3 transcript amplified by the In10-F and Ex14-R primer pair
(Shank3c) (¢). A quantitative analysis was performed by the delta-delta
Ct method with glyceraldehyde-3-phosphate dehydrogenase as an

the isoform containing the entire carboxyl-terminus sequence
in the primary cultured neurons and the distribution of the
isoform lacking the sequences coded by exon 21. As shown
in Figure 7, SHANK?3c-3 was predominantly expressed in
the dendritic spines, whereas SHANK3c-4 was diffusely
expressed in both the dendrites and axons. These findings
were highly consistent with the results of a previous study
that showed that the carboxyl-terminus truncated SHANK3
lacking the cortactin-binding region and the SAM were not
targeted to synapses and were diffusely distributed through-
out the neurons (Boeckers ef al. 2005). Interestingly, the
Shank3b transcript (GenBank: AJ245904) is known to be one
of the alternative splicing variants of Shank3 (Jiang and
Ehlers 2013). Since the predicted translational start site is
located in intron 2, and the sequence coded by exon 21 is
absent in the Shank3b transcript, the product of the Shank3b
transcript contains ankyrin repeats but no homer-binding
region, cortactin-binding region, and SAM, however, the
expression profile of the Shank3b transcript has not been
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internal control. Ratios were calculated by dividing the value at each
stage by the value at P7 in wild-type mice. Light gray columns
represent the wild-type mice and dark gray columns represent the
Mecp2-deficient mice. The real-time PCR was independently per-
formed four times with triplet samples from each individual. More than
three pups at each stage were obtained from more than two families.
*p < 0.05, **p < 0.01, ***p < 0.001, N.S. = not significant.

elucidated. On the other hand, a recent genetic study of ASD
patients identified two siblings who were heterozygous for a
guanine residue insertion in exon 21 that resulted in a
frameshift and a carboxyl-terminus truncated SHANK3
protein lacking the homer-binding region and following
regions (SHANK3AC) (Durand er al. 2007). Thus, the
presence of the carboxyl-terminus truncated SHANKS3
isoforms, including the Shank3b transcript and the splicing
variant of the novel Shank3 transcript expressed from intron
10 (Shank3c-4), may be essential in the brain, but regulation
of their expression is critical to organize synaptic function,
and abnormal expression of carboxyl-terminus truncated
SHANK3 may cause brain dysfunction, including ASD.
Several lines of Shank3 mutant mice have been generated
recently. Targeting of exons 4-9 (Bozdagi et al. 2010; Wang
et al. 2011; Yang et al. 2012) and exons 47 (Peca et al.
2011) resulted in the disruption of full-length SHANK3
(SHANK3a) and SHANK3b, but SHANK3c-f remained.
The targeting of exons 13-16 (Peca ef al. 2011), on the
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other hand, led to the elimination of SHANK3c-d in
addition to SHANK3a and SHANK3b. Shank3 mutant
mice exhibit a variety of behavioral deficits, including
compulsive and repetitive behavior, enhanced anxiety, and
impaired social interaction, all of which resemble the
cardinal features of ASD. Furthermore, Schmeisser and
coworkers produced a Shank3 mutant mouse strain in
which exon 11 was targeted (Schmeisser et al. 2012). Their
Shank3 mutant mouse can produce SHANK3d-f but not
SHANK?3a-c, but the results of a behavioral analysis have
not yet been reported. As a means of identifying the brain
region and neural cells that are related to the behavioral
deficits caused by the disruption of SHANKS3, we used the
Cre/LoxP system to develop a conditional knockout mouse
in which the genomic region from intronl0 to intron 12 is
targeted. The ability to spatiotemporally disrupt SHANK3a-
¢ isoforms in a Cre-recombinase-expression-dependent
manner makes it possible to investigate the function of
the SHANKS3 isoforms in individual brain regions. Our
next study is designed to reveal the genetic and protein
structures of SHANK3 isoforms and to clarify their
contributions in the neuronal network that causes autistic
behaviors.
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Abstract

Background: Most cases of Rett syndrome (RTT) are caused by mutations in methyl CpG binding protein 2 (MECP2), and indi-
viduals with RTT have somatic growth failure, growth arrest of brain, epilepsy, and intellectual disability (ID). Ghrelin is a peptide
hormone which stimulates growth hormone (GH) secretion from the pituitary gland. Ghrelin and GH regulate insulin-like growth
factor-1 (IGF-1) synthesis, and this GH/IGF-1 axis is an endocrine axis involved in energy and sleep homeostasis and plays crucial
roles in somatic and brain growth. This study aimed to determine whether circulating ghrelin, GH and IGF-1 reflect somatic and
brain growth in RTT patients. Methods: We examined anthropometric data and circulating ghrelin, GH, and IGF-1 in 22 female
RTT patients with epilepsy and ID (RTT-Ep/ID) and 14 age-matched females with epilepsy and ID (non-RTT-Ep/ID). Results:
Body mass index (BMI) and height/length were significantly lower in RTT-Ep/ID than in non-RTT-Ep/ID in patients less than
20 years old. Plasma ghrelin in RTT-Ep/ID patients showed a significant inverse correlation with weight but had no significant cor-
relations with BMI or height. Head circumference in both groups showed a significant positive correlation with circulating ghrelin
and a significant negative correlation with circulating IGF-1. The ratio of octanoyl-ghrelin to total-ghrelin (O/T-ratio) is used as an
indicator to estimate the biological activity of ghrelin. Among pre-adolescents, O/ T-ratios were significantly higher in the RTT-Ep/
ID group than in the non-RTT-Ep/ID group (P < 0.05). Conclusions: Timing of growth-spurts differed between the RTT-Ep/ID and
non-RTT-Ep/ID groups, possibly due to a common (but yet unknown) mechanism of growth failure. Ghrelin/GH/IGF-1 axis func-
tion was aberrant in both the RTT-Ep/ID and non-RTT-Ep/ID groups. The initial clinical course of Rett syndrome affects the
development of the sleep-wake cycle and locomotion in early infancy, both of which may be based on the dysfunction of the amin-
ergic neurons modulated by ghrelin/GH/IGF-1 axis. Further study with a larger sample size should help clarify the precise mech-
anisms controlling the somatic growth and hormonal features in Rett syndrome.
© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Rett syndrome; MECP2; Intellectual disability; Growth; Ghrelin; GH; IGF-1
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methyl CpG binding protein 2 (MECP2) [1]. RTT is char-
acterized by somatic growth failure following the decel-
eration of head growth, intellectual disability, erratic
and purposeless rhythmic movement and sleep disrup-
tion [2,3]. Somatic growth failure is a major aspect of
the developmental arrest. In a population-based cohort,
the mean weight, height, and body mass index Z scores
in subjects with RTT were below those of their age
group in the general population and decreased steadily
with age. Moreover, growth failure occurs less fre-
quently in girls and women with better development
and less morbidity typically associated with RTT, and
in those with late truncation mutations or C terminal
mutations of the MECP2 gene [4-6]. The growth hor-
mone (GH)/insulin-like growth factor-1 (IGF-1) axis
has essential roles in somatic growth. Ghrelin is a pep-
tide hormone involved in the GH/IGF-1 axis. Ghrelin
secreted during fasting promotes the secretion of GH
through the GH secretagogue receptor (GHS-R) and
this in turn promotes the synthesis and secretion of
IGF-1 [7.8]. The Ghrelin/GH/IGF-1 axis is an endo-
crine axis involved in energy and sleep homeostasis [9].
Plasma concentration of ghrelin is negatively regulated
by circulating IGF-1 [8]. GH regulates somatic growth
and development directly through the activation of
GH receptors and indirectly through IGF-1 [10.11].
IGF-1 mediates tissue formation and remodeling, bone
growth, postnatal growth and muscle metabolism
[11.12]. IGF-1 is widely expressed in the central nervous
system (CNS) [13], where it regulates neuronal and glial
cell proliferation, and strongly promotes neuronal cell
survival and synaptic maturation [13,14]. In genetically
modified mice, postnatal overexpression of IGF-1 con-
tributed to brain overgrowth characterized by an
increase in the number of neurons and oligodendrocytes
[13]. In contrast, ablation of IGF-1 and IGF-1 receptor
(IGF-1R) expression resulted in growth retardation not
only of body but also of brain [14]. In the CNS, ghrelin
is synthesized mainly at the hypothalamus [15], whereas
its receptor, GHS-R type la, is broadly distributed
within the CNS [11]. Ghrelin promotes cell proliferation
in both the embryonic and adult nervous systems [11]
and stimulates the proliferation of neuronal precursor
cells through GHS-R [16]. Moreover, ghrelin modifies
the sleep—wake (S—W) rhythm by increasing wakefulness
and decreasing the duration of REM sleep periods via
GHS-R in the hypothalamus and pituitary gland [17].
S—W rhythm is related to GH ultradian rhythmicity in
humans [18]. Maximal GH release occurred within min-
utes of the sleep onset of stage 3 or 4 sleep [17]. Ghrelin
secretion is pulsatile and displays an ultradian rhythmic-
ity. The number of peaks and the interval between peaks
of ghrelin are similar to those observed for GH secre-
tion, whereas peak amplitudes are much more important
for GH [17]. Consequently, ghrelin and the GH/IGF-1
axis play crucial roles not only in somatic growth and

but also in CNS development. In our previous work,
plasma ghrelin levels were high during infancy in RTT
patients, then decreased whereas plasma ghrelin levels
increased at puberty in healthy controls [19]; however,
we did not examine the relationship between somatic
growth disturbances and circulating levels of GH and
IGF-1, in RTT. Moreover, we did not compare plasma
ghrelin levels between patients with RTT and patients
with epilepsy and intellectual disability (Ep/ID),
although there is a high incidence of Ep/ID in RTT
patients [19]. Therefore, in the present study we com-
pared the circulating ghrelin, GH and IGF-1 concentra-
tions and anthropometric data, i.e., weight, height, body
mass index (BMI), and occipito-frontal head circumfer-
ence (OFC), in RTT and non-RTT patients with Ep/ID.

2. Methods

Clinical diagnosis of RTT was confirmed in 22 female
patients according to the recently proposed RTT Diag-
nostic Criteria [2]. The age of our RTT-Ep/ID patients
ranged from 4.0 to 37.5 years old. RTT patients mani-
fested sleep disruptions (18/22) and periodic breathing
(14/22). Plasma concentrations of ghrelin, GH and
IGF-1 were measured in the RTT-Ep/ID patients and
in 14 age-matched female patients with epilepsy and
intellectual disability (Ep/ID; age range 3.3-23.9 years
old). MECP2 mutations were confirmed in all 22
RTT-Ep/ID patients by MECP2 gene analysis. All
had a developmental quotient (DQ) or intelligence
quotient (IQ) below 20. Of the 14 patients with non-
RTT-Ep/ID, seven had profound retardation
(IQ <20), one had severe ID (IQ =20-34), two had
moderate ID (IQ =35-49), three had mild ID
(IQ = 50-69), and one had an IQ below 70 (precise score
unknown). None of the participants received autonomic
nerve regulators or had undergone gastrostomy. We
also collected the participants’ clinical data (including
age for developmental comparisons): 0-10 yr-olds
[RTT-Ep/ID, n = 7; non-RTT-Ep/ID, n = 6], 10-20 yr-
olds [RTT-Ep/ID, n=10; non-RTT-Ep/ID, n=6],
and over-20-year-olds [RTT-Ep/ID, n=35; non-RTT-
Ep/ID, n = 2]), weight, height, BMI and occipito-frontal
head circumference (OFC). These data were converted
into standard deviation (Z score) values based on the
U.S. National Center for Health Statistics/World
Health Organization references [20]. Written informed
consent was obtained from a parent for each patient.
The study protocol was approved by the Ethics Com-
mittee of the Kurume University School of Medicine.

3. Measurement of plasma ghrelin levels
The extraction of plasma ghrelin from blood was per-

formed by a method described previously [21.221. The
separated plasma samples were stored at —80 °C within
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5 min to prevent degradation of rapidly regulated pro-
teins. The plasma samples were semi-purified with a
Sep-Pak C18 cartridge before the ghrelin radioimmuno-
assay (RIA). Two ghrelin-specific RIAs were used; one,
named N-RIA, recognizes the N-terminal portion of
octanoyl-modified active ghrelin, and the other, named
C-RIA, recognizes the C-terminal portion of ghrelin
irrespective of its octanoyl modification. The plasma
level of octanoyl-ghrelin, which is post-transnationally
octanoylated at Ser3, was measured by N-RIA [21,23].
The plasma level of total ghrelin, i.e. the sum of the
non-octanoyl and octanoyl ghrelin levels, was measured
by C-RIA.

3.1. Measurement of serum growth hormone (GH) and
insulin-like growth factor-1 (IGF-1) levels

Serum concentrations of GH and IGF-1 were mea-
sured in duplicate by immunoradiometric assays accord-
ing to the manufacturer’s protocol (Active Growth
Hormone IRMA DSL-1900 and Active Non-Extraction
IGF-1 IRMA DSL-2800, respectively, Diagnostics Sys-
tem Laboratories, Webster, TX) or a radioimmunoassay
kit (SRL, Tokyo). Each assay was calibrated with man-
ufacturer-supplied standards.

3.2. Statistical analysis

The concentrations of plasma total- and octanoyl-
ghrelin and serum GH and IGF-1 were compared
between the two subject groups by #-tests, and Pearson’s
correlation coefficients were used to measure monotonic

Table 1
Characteristics of the RTT-Ep/ID and non-RTT-Ep/ID patients.

associations between variables. The data are summa-
rized as mean & standard deviations (s.d.). P-values
<0.05 were considered significant.

4. Results

The mean values of BMI-for-age and height/length-
for-age Z scores in RTT-Ep/ID patients were signifi-
cantly lower than those of non-RTT-Ep/ID patients
(Table 1). Conversely, the octanoyl-/total-ghrelin ratios
in RTT-Ep/ID patients were significantly higher than
those of non-RTT-Ep/ID patients. The developmental
data (Table 2) show that the serum GH concentrations
in RTT-Ep/ID patients were significantly lower than
those of non-RTT-Ep/ID patients between the ages of
0 and 10 years. The means of the height/length-for-age
Z score of RTT-Ep/ID patients between the ages of 0
and 20 years were significantly lower than those of
non-RTT-Ep/ID patients within the same age range.
Over 20 years old, the mean of the height/length-for-
age Z score of RTT-Ep/ID patients was similar to that
of non-RTT-Ep/ID patients. On the other hand, the
octanoyl-/total-ghrelin ratios of RTT-Ep/ID patients
between the ages of 0 and 20 years were significantly
higher than those of non-RTT-Ep/ID patients within
the same age range. There were no significant differences
in plasma concentrations of total- and octanoyl-ghrelin
or serum concentrations of GH and IGF-1 between
the two groups. Plasma total- and octanoyl-ghrelin
concentrations, and the serum GH and IGF-1 concen-
trations showed no significant correlation with height/
length-for-age Z score in either group. As shown in

Characteristics RTT-Ep/ID (n = 22) Non-RTT-Ep/ID (n = 14) P
Mean = s.d Range Mean =+ s.d Range
Age (years) 16.44 + 8.56 4.00-37.50 11.77 +£6.23 3.25-23.92 0.09
Weight (kg) 28.90 + 12.44 11.60-54.00 31.53 +13.82 11.40-61.00 0.56
Weight-for-age (Z score) —0.86 +2.17 —4.35-2.52 0.35+1.56 —2.22-3.12 0.06
BMI (kg/m?) 15.57 £ 3.64 9.70-22.80 17.41 £3.69 12.41-25.65 0.15
BMI-for-age (Z score) —2.18 £2.17 —7.91-0.50 047+ 1.73 -3.02-3.16 0.02"
Height/length (cm) 133.01 £ 19.59 88.10-156.5 131.41 £23.46 91.30-169.30 0.83
Height/length-for-age (Z score) ~2.68 4 0.85 —3.99-—1.02 —1.30 4 1.01 —3.47-0.94 0.00"
OFC (cm) 50.64 4 2.48 46.50-54.30 50.77 £ 2.46 46.80-54.30 0.88
OFC-for-age (Z score) 0.52+1.73 —2.41-3.08 0.70 + 1.57 —2.19-3.08 0.76
Total ghrelin (fmol/ml) 127.80 + 87.62 39.72-442.72 164.77 £ 113.27 21.92-454.75 0.28
Octanoyl ghrelin (fmol/ml) 17.76 4+ 8.80 2.75-32.13 12.56 4+ 9.47 2.00-30.84 0.10
Octanoyl-/total-ghrelin ratio 16.26 £ 6.64 5.91-29.31 7.68 4 3.78 3.45-18.14 0.00™
GH (ng/ml) 1.62 4 2.60 0.05-11.50 2,10 1.91 0.15-5.75 0.56
IGF-1 (ng/ml) 168.25 £96.12 60.31-375.00 201.57 + 92.69 47.00-350.00 0.31
IGF-1/GH ratio 618.13 +1194.27 30.43-5540.00 367.79 £ 601.71 15.06-2333.33 0.47

The data are means =+ s.d. Ep: epilepsy; ID: intellectual disability; RTT: Rett syndrome; OFC: occipito-frontal head circumference. The means of
BMI-for-age Z score, height/length-for-age Z score, and octanoyl-/total ghrelin ratio in the RTT-Ep/ID group were significantly different compared

to those of the non-RTT-Ep/ID group.
¥ p<0.05 (r-test).
" p<0.01 (t-test).
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Table 2
Developmental characteristics of the RTT-Ep/ID and non-RTT-Ep/ID patients.
Characteristics 0-10 (years) P 10-20 (years) r >20 (years) 2

- RTT-Ep/ID Non-RTT-Ep/ID RTT-Ep/ID Non-RTT-Ep/ID RTT-Ep/ID Non-RTT-Ep/ID
n="7 (n=6) (n=10) (n=26) (n=75) (n=2)
Mean =+ s.d. Mean =+ s.d. Mean =+ s.d Mean +s.d Mean =+ s.d. Mean + s.d.

Weight-for-age  —3.14 +0.78 —0.28 +1.53 0007 _042+1.78 0.16 +1.02 0.48 1.44 +0.78 2.78 +0.48 0.64
(Z score)
BMI-for-age ~1.74 £ 1.11 0.28 2.17 0.05 —3.02+£2.87 —1.39+1.13 0.21 —1.09 £ 1.11 0.05 4 0.00 0.15
(Z score) )
Height/length- —2.8440.77 —1.2440.78 0.00 —2.96 4 0.65 —1.73 £ 0.89 0.01 —1.8840.77 —0.17 £ 1.57 0.13
for-age
(Z score) .
OFC-for-age ~1.2040.98 —0.43+1.34 0.26 1.06 £ 1.55 1.26+1.16 0.79 1.87+0.98 2414094 0.50
(Z score)
Total/gh]relin 208.34 + 107.84 226.22 + 157.49 0.81 91.56 4 45.68 123.50 + 18.27 0.13 87.51 + 107.84 104.25 £ 30.25 0.61
(fmol/ml)
Octanoyl 26.85 + 4.28 17.16 £ 11.33 0.09 12.15 4 6.32 7.87 +3.62 0.16 16.27 4 4.28 12.83 £ 14.09 0.68
ghrelin (fmol/
ml) ]
Octanoyl-/total-  14.91 £ 5.63 7.98 + 1.54 0.01 15.84 + 7.80 6.36 £2.67 0.01 19.00 + 5.63 10.80 + 10.39 022
ghrelin ratio )
GH (ng/ml) 0.93 & 0.96 3.05£1.90 0.03 232+ 3.65 1.62 +1.91 0.67 1.16 £ 0.96 0.68 = 0.52 0.65
IGF-1 (ng/ml)  127.11 +43.34 154.00 = 103.39 0.55  183.38+£119.92 250.00 =+ 76.60 0.25  195.60 +43.34 199.00 = 35.36 0.96
IGF-1/GH ratio 302,77 4 232.00 418.65 + 938.17 0.76  480.89 = 644.60 310.07 £ 204.78 0.54  1334.12 & 2368.34 388.34 + 244.59 0.62

The data are means = s.d. The RTT-Ep/ID and non-RTT-Ep/ID groups were divided into the following age groups: 0~10 years old, 10-20 years old,
and over 20 years old. The means of the weight-for-age Z score, height/length-for-age Z score, octanoyl-/total ghrelin ratio and the serum GH
concentrations in the 0-10-years-old group with RTT were significantly different compared to those of the non-RTT-Ep/ID group in the same age
range. The means of height/length-for-age Z score and octanoyl-/total-ghrelin ratio in the 10-20-years-old group with RTT were significantly

different compared to those of the non-RTT-Ep/ID group in the same age range. Abbreviations are explained in Table 1.

" p<0.05 (r-test).
" p<0.01 (r-test).

Table 3, plasma concentrations of total-ghrelin showed
significantly negative correlations with age, weight,
and OFC-for-age Z score in both RTT-Ep/ID and
non-RTT-Ep/ID patients, whereas the serum IGF-1
concentrations showed significantly positive correlations
with weight, BMI-for-age and OFC-for-age Z score in
RTT-Ep/ID patients. The octanoyl-/total-ghrelin ratio
showed a significantly positive correlation with OFC-
for-age Z score only in RTT-Ep/ID patients. No statis-
tical analysis to present definite relationships between
genotype and phenotype is possible because of the small
sample size, as shown in Supplementary Table 1.

5. Discussion

It is well known that patients with RTT exhibit short
statures compared to healthy individuals with normal
somatic growth [2]. The mean growth of length, weight
and head circumference in classic RTT fell below growth
chart levels for the normative population and growth
failure occurs less frequently in girls with RTT, who
show better development, less morbidity typically asso-
ciated with RTT, and late truncation mutations [5].
RTT patients with C-terminal deletions had the highest
Z scores for weight and BMI. Their BMI Z scores were
significantly higher when compared with all other
mutations [4]. BMI, weight, and height Z scores of
RTT patients without enteral support did not identify

statistically significant differences between any genotype
groups. Isaacs et al. previously found that microcephaly
was associated with lower weight-for-age Z scores [24].
We previously reported that the mean values of weight,
BMI, height/length and OFC-for-age Z scores in RTT
patients were lower than those of healthy controls, and
that eating difficulties in RTT patients were significantly
correlated with the plasma levels of total and octanoyl
ghrelin [19]. Although eating difficulties may be caused
by inadequate dietary intake, growth problems in Rett
syndrome are also known to be related to the specific
genotypes. Eating difficulties and growth failure in
RTT patients with low levels of plasma ghrelin are also
presumed to be caused by MECP2 mutations. However
we did not identify any statistically significant overall
correlations between the Z score and genetic profile
because of small sample size.

In the present study, the time points for growth-
spurts in RTT-Ep/ID children were delayed compared
to those in non-RTT-Ep/ID children, whereas subse-
quently RTT-Ep/ID patients achieved growth in height
equivalent to that of non-RTT-Ep/ID patients. Previ-
ously, we and others have reported that the values for
occipito-frontal head circumference (OFC) in RTT-
Ep/ID patients were significantly smaller than those in
healthy controls [2,19]. However, in this study there
was no significant difference in OFC values between
the RTT-Ep/ID and non-RTT-Ep/ID groups. In most



798 M. Hara et al. | Brain & Development 36 (2014) 794-800

Table 3

Correlation among anthropometric data and circulating ghrelin, GH and IGF-1 between the RTT-Ep/ID and non-RTT-Ep/ID patients.
Characteristics Total ghrelin Octanoyl ghrelin Octanoyl/total ghrelin ratio IGF-1 GH
Non-RTT-EplID (n=14)

Age (years) ~0.62 ~0.49 0.05 0.36 —0.43
Weight-for-age (Z score) —0.53" —~0.41 0.07 0.25 ~0.40
BMI-for-age (Z score) -0.08 -~0.07 ~0.00 0.04 -0.24
Height/Length-for-age (Z score) 0.06 0.21 0.47 0.18 0.10
OFC-for-age (Z score) —~0.60" ~0.50 0.05 0.52 —0.67"
RTT-Ep/ID (n=22)

Age (years) —0.44" ~0.37 0.21 0.25 0.01
Weight-for-age (Z score) -0.63 —0.52" 0.37 0.62" 0.25
BMI-for-age (Z score) ~0.10 0.09 0.32 0.65"" 0.24
Height/Length-for-age (Z score) -0.20 0.05 0.23 ~-0.04 -0.20
OFC-for-age (Z score) -0.72" ~0.55"" 0.47 0.58" 0.22

Pearson’s correlation coeflicients were used to measure monotonic associations in the RTT-Ep/ID and non-RTT-Ep/ID groups. The plasma total-
ghrelin concentrations showed a significantly negative correlation with age, weight-for-age Z score and OFC-for-age Z score in both the RTT and
non-RTT-Ep/ID patients. The plasma octanoyl-ghrelin concentrations showed a significantly negative correlation with weight and OFC-for-age Z
score only in the RTT-Ep/ID patients. The serum IGF-1 concentrations showed a significantly positive correlation with weight-for-age Z score,
BMlI-for-age Z score and OFC-for-age Z score only in the RTT-Ep/ID patients. Octanoyl-/total-ghrelin ratio showed a significantly positive
correlation with OFC-for-age Z score only in the RTT-Ep/ID patients. The serum GH concentrations showed a significantly negative correlation
with OFC-for-age Z score only in non-RTT-Ep/ID patients. Abbreviations are explained in Table 1.

" p<0.05.
" p<0.01.

children with postnatal-onset microcephaly, develop-
mental outcome and somatic growth were markedly
retarded [25]. In children with epilepsy, it was reported
that onset of epileptic symptoms was preceded by a
reduction in brain volume [26]. In disorders associated
with ID, reductions in dendritic branch complexity
and dendritic length, both of which bring about a reduc-
tion of brain volume, have been reported to be common
pathological features [271. These data supports the sug-
gestion that the short stature and microcephaly of both
groups may have been affected by epilepsy and intellec-
tual disability during early infancy. However, the med-
ian age of onset of epilepsy in RTT is around 4 years
[3]. This does not coincide with the timing of the decel-
eration of head growth. The deceleration of head growth
and the characters of neuronal architecture may be
partly determined by the genotype. On the other hand,
the neurons and neuronal systems involved in the devel-
opment of S—~W rhythm and locomotion are affected in
early infancy of RTT [28]. Segawa reported that this
pathophysiology was based on the dysfunction of the
aminergic neurons of the brainstem in early infancy.
This causes autistic tendency and failure in synaptogen-
esis of the cortex and consequently causes microcephaly.
Furthermore, this causes failure in restriction of atonia
into REM stage. This induces dysfunction of the pedun-
culopontine nuclei (PPN) and consequently dysfunction
of the dopamine neurons. This causes dysfunction of the
supplementary motor area through the ascending path-
way of the basal ganglia to the thalamus, consequently
causes loss of purposeful hand use and induces the
characteristic stereotyped hand movements. Ghrelin

depolarizes PPN postsynaptically and dose-dependently
via GHS-Rs [29]. The metabolic rate of girls with RTT
was lower while sleeping, but not while awake, than in
healthy controls [30]. Short stature, microcephaly and
disorder of the circadian S-W cycle of RTT in early
infancy may reflect the dysfunction of aminergic neu-
rons modulated by the ghrelin/GH/IGF-1 axis.

In the present study, circulating levels of GH, IGF-1
and ghrelin in RTT-Ep/ID patients did not differ signif-
icantly from those in non-RTT-Ep/ID patients. Further-
more, the levels of circulating GH, IGF-1 or ghrelin
were not significantly correlated with height in either
group. On the other hand, our present study revealed
a significant positive correlation between body weight
and serum IGF-1 levels in RTT-Ep/ID patients. Within
the RTT-Ep/ID group, we also found a significant
inverse correlation between plasma octanoyl-ghrelin
(active ghrelin) level and body weight. These findings
are in line with those of previous reports demonstrating
a positive correlation between serum IGF-1 level and
body weight in a group of healthy children with normal
growth [31]. Our findings are also supported by previous
reports showing that the secretion of total ghrelin is
negatively regulated by circulating IGF-1 through a neg-
ative-feedback loop [32]. IGF-1 ameliorates the RTT-
like symptoms in a mouse model of the disease [33].
An TItalian pilot study of RTT revealed that there are
no risks associated with IGF1 administration [34].

In general, bone mineral deficits and bone-related dis-
orders including fractures and scoliosis were common in
RTT and deficits in bone mineral density were identified
across a broad range of MECP2 mutations [35]. In an
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Australian Rett syndrome cohort study, the p.R168X
and p.T158 M mutations predicted the low value of
the areal bone mineral density and bone mineral content
for all bone outcomes [36]. The activated ghrelin/GH/
IGF-1 axis stimulates longitudinal bone growth and
increases the body weights of growing children [37,38].
However, a study by Caffarelli et al., reported that
plasma levels of ghrelin did not reflect longitudinal bone
growth in female RTT patients within a growing period
and both age and height were independent predictors of
total body bone mineral density [39]. Similarly, the short
stature of our RTT-Ep/ID patients (a consequence of
insufficient longitudinal bone growth), could not be
predicted by their circulating levels of ghrelin, GH or
IGF-1. These findings in RTT may imply that ghrelin
stimulation is insufficient to induce the required peak
amplitudes of GH secretion [40], and this may be caused
by the dysfunction of aminergic neurons from early
infancy.

Octanoyl ghrelin is a major active form of ghrelin
which is post-translationally modified with an octa-
noyl-group at its Ser3 residue {7]. In fact, the ratio of
octanoyl-ghrelin to total-ghrelin (O/T-ratio) is used as
an indicator to estimate the biological activity of ghrelin
[41). In our study, the O/T-ratio of patients less than
20 years old was significantly higher in the RTT-Ep/
ID group than in the non-RTT-Ep/ID group. In addi-
tion, this O/T-ratio exhibited a significantly positive cor-
relation with OFC-for-age Z score only in RTT-Ep/ID
patients. In comparison to non-RTT-Ep/ID patients,
RTT-Ep/ID patients below the age of 20 had shorter
height, smaller OFC, and a higher O/T-ratio. This unex-
pected finding may reflect alterations in respect of endo-
crine control by the ghrelin/GH/IGF-1 axis. On the
other hand, these results coincide temporally with early
development. These phenomena appear to occur inde-
pendently and concurrently, as the result of epigenetic
processes that temporally and spatially control gene
activity during ontogenesis. Organ patterning and size
are based on the spatiotemporal formation of morpho-
gen gradients [42,43]. The MECP2 gene determines cell
fate, morphology and proliferation through posttransla-
tional modifications [44]. In RTT, epigenetic regulation
of gene expression involved in the morphogens linked to
the growth of bone and brain and the enzymes mediat-
ing the modification of ghrelin may be improperly and
irrelevantly influenced by MECP2 mutation in early
infancy.

This study has two major limitations. One is that we
obtained results from single-time-point assays, and the
other is the relatively small sample size of the groups
(22 RTT-Ep/ID patients, 14 non-RTT-Ep/ID patients).
The use of provocation tests (i.e. GHRH-loading test
for GH) or measurement of the circadian profiles of
ghrelin and other somatotropic hormones in a larger
number of RTT-Ep/ID and non-RTT-Ep/ID patients,

would allow us to evaluate the various functions of the
ghrelin/GH/IGF-1 axis in more detail.

In conclusion, we found in this study a difference in
the timing of growth-spurts between RTT-Ep/ID and
non-RTT-Ep/ID groups, which might be due to a com-
mon (but yet unknown) mechanism of microcephaly.
We also found that the regulatory functions of the ghre-
lin/GH/IGF-1 axis were aberrant in both the RTT-Ep/
ID and non-RTT-Ep/ID groups. Further study with a
larger sample size should reveal the precise mechanisms
controlling the anthropometric and hormonal features
in Rett syndrome.
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