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Is a 6-Week Course of Ganciclovir Therapy Effective for Chorioretinitis in
Infants with Congenital Cytomegalovirus Infection?

Kensuke Shoji, MD, Naoki Ito, MD, Yushi Ito, MD, Naoki Inoue, PhD, Shingo Adachi, MD, Takuya Fujimaru, MD,
Tomoo Nakamura, MD, PhD, Sachiko Nishina, MD, PhD, Noriyuki Azuma, MD, PhD, and Akihiko Saitoh, MD, PhD

Effective treatment for chorioretinitis caused by congenital cytomegalovirus (CMV) infection remains unknown. We
report an infant with congenital CMV infection, who required a 6-month course of antiviral therapy to control his
chorioretinitis. Long-term treatment may be necessary for managing congenital CMV-associated chorioretinitis.

(J Pediatr 2010;157:331-3)

% ytomegalovirus (CMV) is the most common cause of
congenital infection in humans.' It has been shown
that a 6-week course of intravenous ganciclovir
(GCV) therapy prevents hearing deterioration in infants
with symptomatic congenital CMV disease involving the cen-
tral nervous system.” However, safe and ef-
fective treatment for chorioretinitis caused
by congenital CMV infection is not yet es-
tablished.” We recently experienced a case of congenital
CMV-associated chorioretinitis, which required a 6-month
course of antiviral therapy to be controlled.

Case report

A 28-year-old mother was admitted to our neonatal intensive
care unit because of intrauterine growth retardation of the fe-
tus at 31 weeks of gestation. With fetal magnetic resonance
imaging, enlargement of ventricles bilaterally and periven-
tricular calcifications were demonstrated. Antenatal serologic
testing at 32 weeks’ gestational age had no remarkable find-
ings, except for the presence of CMV-specific immunoglob-
ulin (Ig) G.

The male infant was born at 38 weeks of gestational age.
His weight, length, and head circumference were 2270 g
(<10th percentile), 44 cm (<10th percentile), and 31 cm
(10th percentile), respectively. Physical examination results
were remarkable for petechiae on the entire body and hepa-
tosplenomegaly. Complete blood count was within reference
ranges except for thrombocytopenia (30 600/mm?). Liver en-
zymes and kidney test results were within reference ranges.
On the basis of these physical and laboratory findings, con-
genital infection was strongly suspected, and further evalua-
tion was performed. With computed tomography of the
head, enlargement of the ventricles bilaterally and remarkable
bilateral periventricular calcifications were revealed. Al-
though CMV-specific IgM was undetectable, CMV DNA
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was found in his blood and urine specimens collected on
the fourth day of life with the real-time polymerase chain re-
action assay described previously,* and CMV was isolated in
human fibroblast cells from a urine specimen, confirming
congenital CMV infection.

Ophthalmoscopic examination showed
bilateral active chorioretinitis on the seventh
day of life, which triggered treatment with
intravenous GCV (12 mg/kg/day every 12 hours). His hospi-
tal course is summarized in the Figure. The patient tolerated
a 6-week course of the GCV therapy well, and
ophthalmoscopy indicated improvement of chorioretinitis
without an active lesion. However, 2 weeks after
discontinuation of the therapy, his chorioretinitis partially
recurred, and GCV therapy with the same dose was
reinitiated.

After restarting therapy, chorioretinitis improved gradu-
ally. Although active lesions of chorioretinitis were dimin-
ished, the presence of some exudates suggested incomplete
stabilization. As a result, intravenous GCV was administrated
for a total of 9 weeks and subsequently switched to oral val-
ganciclovir (Val-GCV; 32 mg/kg/day every 12 hours) for the
duration of therapy. The peak concentrations of GCV in se-
rum specimens before and after changing to the Val-GCV
therapy were 3.9 ug/dL and 6.6 ug/dL, respectively. Oral
Val-GCV treatment was continued for 7 weeks. After the
completion of the therapies, ophthalmoscopy did not iden-
tify any signs of recurrence of chorioretinitis.

In addition to chorioretinitis, the patient had hearing im-
pairment (ABR measurements of the left and right ears were
80 dB and 105 dB, respectively) at the beginning of initial
GCV treatment, and significant recovery of hearing of the
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Figure. Summary of clinical manifestations and treatment are depicted: visual and hearing impairment, antiviral treatments, and
longitudinal changes in cytomegalovirus viral loads in the urine, blood cells, and plasma specimens measured with the real-time

polymerase chain reaction assay.

better ear (left, 30 dB; right, 105 dB) was observed after the
initial GCV therapy; hearing level remained the same 6
month after the cessation of Val-GCV therapy. There were
no adverse effects because of GCV and Val-GCV treatments
in the patient; absolute neutrophil counts were examined at
least once a week during the 6 months of antiviral therapy
and remained within the reference range. Neurodevelopment
was delayed, and he required anti-epileptic medication to
control seizures; however, his eye and ear abnormalities
were improved during long-term antiviral treatment. The pa-
tient was discharged from our hospital at 7 months of life.
The last examination 1 year after the completion of antiviral
therapy demonstrated that his ophthalmologic condition
remained stable without active lesions.

Discussion

A 6-week course of GCV therapy has been used for a symp-
tomatic infant with congenital CMV to prevent progression
of hearing loss.” A clinical trial to compare a 6-month course
with a 6-week course of Val-GCV therapy is under way to as-
sess safety and efficacy characteristics (ClinicalTrials.gov
NCT00466817).> Appropriate treatment for congenital
CMV-associated chorioretinitis has not been well estab-
lished.” To our knowledge, there are only a few reports in
the literatures describing antiviral therapies for active cho-
rioretinitis in patients with congenital CMV (Table).>¢!2
Initial therapies to control CMV chorioretinitis ranged
from 2 to 7 weeks. Some reports showed treatment benefits
for CMV retinitis, but other reports demonstrated no
treatment benefit.>'* A few reports demonstrated that
longer duration of therapy up to 3 months was necessary to
control chorioretinitis.® Clinical outcomes of patients differ
significantly in different reports. Factors influencing clinical
outcomes of patients may include: time to diagnosis, time
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to initiate GCV therapy, host factors to control CMV
retinitis, and possibly the length of GCV therapy.

For long-term GCV therapy of congenital CMV, it is im-
portant to consider the most effective and least invasive toxic
antiviral regimen. Kimberlin et al reported that a 16-mg/kg/
dose of oral Val-GCV solution administered twice daily pro-
vided GCV exposure comparable with that of 6 mg/kg/dose of
GCV intravenously."” Applying these novel data, we changed
treatment from GCV intravenously (12 mg/kg/day, divided
every 12 hours) to Val-GCV orally (32 mg/kg/day, dividied
every 12 hours). Our pharmacokinetic data also confirmed
that oral Val-GCV dose was sufficient to achieve the GCV level
equivalent to that of the intravenous GCV administration.

The major toxicity in patients receiving GCV is hemato-
logic abnormalities, notably neutropenia.'* However, the
incidence of neutropenia in congenital CMV infected in-
fants varies significantly. For example, in the clinical trial
conducted by Kimberlin et al, neutropenia developed in
63% of infants with congenital CMV infection who re-
ceived GCV during the first 6 weeks of treatment.” For
the GCV-induced neutropenia, it has been demonstrated
that granulocyte colony stimulation factor could be used
to increase the absolute neutrophil count, while continu-
ing long-term GCV therapy.” However, Tanaka-Kitajima
et al reported that neutropenia did not develop in any of
6 Japanese cases of congenital CMV during GCV treatment
in a small and uncontrolled cohort study.'' Similarly, Ni-
gro et al found neutropenia only in 1 of 12 cases of con-
genital CMV treated with GCV.® In our case,
neutropenia did not develop in the patient during the en-
tire course of therapy, which allowed long-term adminis-
tration of the drugs. It would be useful to identify any
indicator, especially host factors, predictive of neutropenia
in GCV therapy. GCV is known to cause gonadal toxicity
and carcinogenicity in animal models,"”> and long-term

Shoiji et al
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Table. Reports on treatment and outcome of chorioretinitis caused by congenital cytomegalovirus infection
Number of Antiviral regimen, dosage Clinical outcome of
Authors cases and frequency Duration chorioretinitis References
Kimberlin et al 8 GCV 6 mg/kg/dose X2/day or no 6 weeks no change 2
treatment
Nigro et al 3 GCV 5 mg/kg/dose X2/day 2 weeks no change 6
2 GCV 7.5 mg/kg/dose X2/day 2 weeks resolution
GCV 10 mg/kg/dose X3/wk 3 months
Coats et al 1 GCV (dose unknown) Unknown resolution > stabilization 7
Baumal et al 1 GCV 5 mg/kg/dose X2/day 4 weeks complete regression of 8
active retinitis
Barampouti et al 1 GCV 5 mg/kg/day 3 weeks resolution 9
Weng et al 1 GCV 5 mg/kg/dose X3/day 3 weeks resolution 10
+ Anti-CMV immunoglobulin 20 days
400 mg/kg/dose every other day
Tanaka-Kitajima et al 5 GCV 2.5-6 mg/kg/dose X2/day 2-7 weeks = 4/5 (80%) resolution 1
1/5 (20%) stabilization
Whitley et al. 14 GCV 4 or 6 mg/kg/dose X2/day 6 weeks 8/14 (57%) resolution 12
6/14 (43%) consequences
3: retinal detachment, 2:
optic atrophy, 1: retinal
hemorrhage
N v

*One patient required 3 additional series of GCV therapy intravenously.

effects in humans are not established. Thus, further follow-
up is necessary for such infants who required long-term
GCV or Val-GCV therapy. =
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p38 Mitogen-Activated Protein Kinase Controls a Switch
Between Cardiomyocyte and Neuronal Commitment
of Murine Embryonic Stem Cells by Activating
Myocyte Enhancer Factor 2C-Dependent
Bone Morphogenetic Protein 2 Transcription

Jinzhan Wu,"2"™ Junko Kubota?" Jun Hirayama2” Yoko Nagai,? Sachiko Nishina, Tadashi Yokoi'*
Yoichi Asaoka, Jungwon Seo,2 Nao Shimizu,"? Hiroaki Kajiho? Takashi Watanabe?
Noriyuki Azuma,* Toshiaki Katada? and Hiroshi Nishina'

Many studies have shown that it is possible to use culture conditions to direct the differentiation of murine
embryonic stem (ES) cells into a variety of cell types, including cardiomyocytes and neurons. However, the
molecular mechanisms that control lineage commitment decisions by ES cells remain poorly understood. In this
study, we investigated the role of the 3 major mitogen-activated protein kinases (MAPKs: extracellular signal-
regulated kinase, c-Jun N-terminal kinase, and p38) in ES cell lineage commitment and showed that the p38
MAPK-specific inhibitor SB203580 blocks the spontaneous differentiation of ES cells into cardiomyocytes and
instead induces the differentiation of these ES cells into neurons. Robust p38 MAPK activity between embryoid
body culture days 3 and 4 is crucial for cardiomyogenesis of ES cells, and specific inhibition of p38 MAPK
activity at this time results in ES cell differentiation into neurons rather than cardiomyocytes. At the molecular
level, inhibition of p38 MAPK activity suppresses the expression of bmp-2 mRNA, whereas treatment of ES cells
with bone morphogenetic protein 2 (BMP-2) inhibits the neurogenesis induced by SB203580. Further, luciferase
reporter assays and chromatin immunoprecipitation experiments showed that BMP-2 expression in ES cells is
regulated directly by the transcription factor myocyte enhancer factor 2C, a well-known substrate of p38 MAPK.
Our findings reveal the molecular mechanism by which p38 MAPK activity in ES cells drives their commitment
to differentiate preferentially into cardiomyocytes, and the conditions under which these same cells might
develop into neurons.

Introduction apeutic transplantation of ES cells or their derivatives has
been proposed as a potential treatment for various diseases.
However, the molecular mechanisms governing the commit-
ment of ES cells to specific cell lineages remain poorly un-

derstood. Elucidation of these mechanisms would greatly

MURINE EMBRYONIC STEM (MES) CELLS are stem cells de-
rived from the inner cell mass of embryonic day 3.5
(E3.5) blastocysts [1,2]. In the presence of leukemia inhibitory

factor (LIF), mES cells can be maintained in an undifferenti-
ated state in vitro and retain their potential for unlimited
proliferation [3,4]. When LIF is removed from the culture and
appropriate induction conditions are applied, ES cells can be
directed to differentiate in vitro into a variety of cell lineages,
including cardiomyocytes and neurons [5]. In humans, ther-

improve the efficiency of applied ES cell differentiation ap-
proaches.

The extracellular signal-regulated kinases (ERKs), c-Jun N-
terminal kinases (JNKs), and p38 kinases are the 3 major
groups of mitogen-activated protein kinases (MAPKSs) found
in mammals [6,7]. ERK1 and ERK2 are widely expressed and
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involved in the regulation of meiosis, mitosis, and post-
mitotic functions in differentiated cells. In contrast, the JNK
enzymes are important for controlling cell survival and apo-
ptosis. The p38 kinases, which regulate the expression of
many cytokines, were first identified in lipopolysaccharide-
stimulated murine macrophages and in a screen for drugs
able to inhibit tumor necrosis factor-o-mediated inflamma-
tory responses in human monocytes [8,9]. Inmune system
cells that encounter inflammatory cytokines respond by ac-
tivating p38, and this MAPK then supports the activation of
immune responses. Four different p38 isoforms, p38a, p38,
p38y, and p385, have been identified in mammalian cells
[10]. The p38a and p38P isoforms are expressed in murine
heart, whereas p38y and p380 are expressed at low levels in
this organ. Deletion of the p38a gene in mice leads to early
embryonic lethality between E11.5 and E12.5 [11,12]. On the
other hand, p38f gene-targeted mice are viable and exhibit
no apparent health problems [13]. It has been demonstrated
that p38a associates with the transcription factor myocyte
enhancer factor 2C (MEF2C), which is a member of the
MADS-box family [14]. Phosphorylation of MEF2C by p38
stimulates MEF2C’s ability to activate transcription of its
target genes. In mammals, there are 4 MEF2 family genes,
namely MEF2A, MEF2B, MEF2C, and MEF2D, which form
homo- and heterodimers and bind to the DNA consensus
sequence CTA(A/T),;TA(G/A) [15,16]. This sequence is found
in the promoter regions of numerous muscle-specific genes,
as well as in genes induced by growth factors or stress.
A major role of the MEF2C protein is to regulate muscle-
specific gene expressions. For example, loss-of-function
mutations in myocyte enhancer factor 2C (mef2c) severely
disrupt early cardiogenesis [17] and vascular development
[18], suggesting that MEF2C may be critical for cardiomyo-
genesis by ES cells. However, the role of MEF2C in neural
commitment is unknown.

Several extracellular signaling pathways are important for
both embryonic and tissue stem cell determination, including
pathways involving the Wnt proteins and the bone mor-
phogenetic proteins (BMPs) [19,20]. However, a detailed
understanding of the molecular mechanisms underlying the
regulation of stem cell fate by these extracellular factors is
lacking. BMPs are members of the transforming growth
factor-B (TGF-B) superfamily and are known to function in
the development and regulation of a wide range of biological
systems. These extracellular ligands were originally isolated
as components of bone extracts that induced ectopic cartilage
and bone formation when implanted in muscle [21]. How-
ever, BMPs have since been demonstrated to function in
multiple developmental processes, including dorsoventral
patterning within the neural tube, the induction of meso-
derm during gastrulation, and hematopoiesis [22]. As might
be expected from these complex in vivo functions, BMPs also
play key roles in regulating fate choices during tissue stem
cell differentiation. For example, BMPs direct mesenchymal
stem cells to differentiate into chondrogenic and osteogenic
cell lineages [20]. BMPs have also been shown to regulate
fate choices in neural crest stem cells [23].

In this study, we demonstrate that p38 MAPK controls an
ES cell fate choice between cardiomyocytes and neurons.
Further, our results show that this choice is mediated by the
action of BMP-2, whose transcription is directly regulated by
the p38 MAPK substrate MEF2C.

WU ET AL.

Materials and Methods
Cell culture and ES cell differentiation

Feeder cell-independent E14K ES cells were maintained on
a gelatin-coated dish with Dulbecco’s modified Eagle’s me-
dium (Gibco) containing 15% fetal bovine serum (FBS) (Hy-
Clone, Lot No. AMCI15813), 0.1% 2-mercaptoethanol
(Sigma), and 1000 U/mL LIF (propagation medium), as de-
scribed previously [24-27]. To induce cardiomyocyte differ-
entiation, LIF was removed from the propagation medium
and 3x10° ES cells suspended in a 25 uL hanging drop. The
drop was placed on the lid of an inverted bacterial Petri dish
so that the cells would eventually attach and form embryoid
bodies (EBs). After 2 days (on day 3), the EBs were collected
and transferred into a bacterial Petri dish. After 4 days of
suspension culture (on day 7), the EBs were plated on a
gelatin-coated tissue culture dish. Areas of tissue showing a
spontaneous “heartbeat” were readily detected on day 12.

For MAPK inhibition experiments, SB203580 (10 pM; Cal-
biochem), U0126 (10 pM; Promega), SP600125 (5pM; Bio-
mol), or wortmannin (1 pM; Wako) was added to EB cultures
on day 1. For BMP-2 experiments, recombinant human BMP-2
(3ng/mL; R&D Systems) or BMP-2 antagonist Noggin (100 ng/
mL; R&D Systems) was added to EB culture on days 4-6.

Microscopic analysis of cardiomyocytes
and neurons

Individual EBs, prepared as described earlier, were plated
onto gelatin-coated 96-well tissue culture plates on day 7.
The numbers of spontaneously beating EBs and EBs with
neurite outgrowths were counted on day 12 under a phase-
contrast microscope. Data were expressed as the percentage
of the total number of EBs plated.

Immunofluorescence and immunohistochemistry

Immunofluorescence staining was performed as described
previously [26]. For immunohistochemistry (IHC), EBs were
fixed in 4% paraformaldehyde (PFA)-phosphate-buffered sa-
line (PBS) for 2h at 4°C, washed sequentially with PBS, 10%
sucrose/PBS/0.02% NaNj, 15% sucrose/PBS/0.02% NaNj, and
20% sucrose/PBS/0.02% NaNj, and embedded in OCT com-
pound (Tissue Tek) with liquid nitrogen. Frozen sections were
cut at 10pm and placed on 3-aminopropyltriethoxy-silane
(APES)-coated slides. After air drying, sections were fixed in
acetone at room temperature for 10 min, rinsed in PBS, and
incubated in 0.3% H,O,/PBS for 30 min to block endogenous
peroxidases. After preincubation with blocking solution (5%
bovine serum albumin/PBS/0.1% Tween 20) for 1 h, slides were
incubated overnight at 4°C with a 1:800 dilution of anti-
o-actinin antibody (cardiac specific) or a 1:500 dilution of
anti-TuJ-1 (neuron-specific class III B-tublin) antibody. After
3x5min washes in PBS/0.05% Tween 20 (PBST), sections were
incubated with biotinylated secondary antibodies (Vectastain
Elite ABC Kit) for 2 h. Slides were washed again in PBST and
incubated for 1h with Vectastain Elite ABC Reagent. Following
a last wash in PBST, sections were incubated in 3,3'-Diamino-
benzidine (DAB) solution (200 pg/mL DAB, 0.015% H,O,/PBS)
until a color change was observed (2-10 min), and slides were
rinsed in PBS. Finally, sections were counterstained with he-
matoxylin at room temperature for 1 min, washed, dehydrated,
mounted, and inspected using a phase-contrast microscope.
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Reverse transcriptase—polymerase chain
reaction analysis

ES cells, EBs, or mouse organs (brain, heart, liver) from
E12.5 mouse embryos were lysed with Trizol reagent (In-
vitrogen), and first-strand cDNA was synthesized using
SuperScript III RNase H-reverse transcriptase (Invitrogen).
The primers used in polymerase chain reactions (PCRs) are
shown in Supplementary Table S1 (available online at
www.liebertonline.com /scd).

Western blotting analysis

EBs were lysed and fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immuno-
blotted with antibody against total p38 (C-20; Santa Cruz
Biotechnology) or phospho-p38 MAPK (Thr180/Tyr182)
(Cell Signaling Technologies, No. 9211). Horseradish
peroxidase-conjugated goat anti-rabbit IgG was used as the
secondary antibody. Bands were observed using SuperSignal
West Pico Chemiluminescent Substrate (Pierce) for total p38,
or SuperSignal West Femto maximum sensitivity substrate
(Pierce) for phospho-p38, as described previously [28].

Luciferase reporter assays

A proximal promoter region (—1703/—1) of mouse bmp-2
containing the MEF2 binding site was amplified by PCR
using the upstream primer 5-CGACGCGTCTGTCCA
GAGGCATCCATTT-3' and the downstream primer 5'-
CGCTCGAGAACACCTCCCCCTCGGA-3'. The sequence
was confirmed and cloned into the pTAL-Luc reporter vector
(pTAL-BMP-2-Luc). HeLa cells were cotransfected with
pTAL-BMP-2-Luc and pcDNA3-Mef2c expressing MEF2C
using FuGENE 6 transfection reagent (Roche Molecular
Biochemicals). Luciferase activity was assayed at 24 h after
transfection using the dual-luciferase reporter assay system
(Promega) following the manufacturer’s protocols.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were per-
formed according to published protocols from Cosmo Bio
(http: /www.cosmobio.co.jp) with minor modifications. EBs
were fixed by adding 1% formaldehyde to the culture me-
dium for 10 min at 25°C. Anti-MEF2C antibody (E-17; Santa
Cruz Biotechnology) and control anti-actin IgG (I-19; Santa
Cruz Biotechnology) were used to immunoprecipitate chro-
matin. The sequences of the ChIP primers were 5-TCTG
GAGTAGGTGGGTGTGG-3' and 5'-CATGTGAGGGGACA
ATGAGA-3' for bmp-2; 5-GGTGGGGAGAGAGCAGTTC-3'
and 5-GTGAGATGCGTGATCCCTCT-3' for mef2c; and 5'-
GGAAAGGGGGTGTTGTTCTT-3" and 5-CCCTGACCATC
ACCCTTCTA-3' for the negative control gene bromo adja-
cent homology domain containing 1 (bahd1).

Results

The p38-specific inhibitor SB203580
and the ERK-specific inhibitor U0126 block
spontaneous ES cell cardiomyogenesis

To identify the kinases most important for ES cell lineage
commitment, we treated EBs with the ERK-specific inhibitor
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U0126, the ]NK-specific inhibitor SP600125, the p38 MAPK-
specific inhibitor SB203580, or the PI3K-specific inhibitor
wortmannin. The inhibitors were applied to the EB cultures
for the interval spanning days 1-6 during the EB differenti-
ation process. We found that only the ERK-specific inhibitor
U0126 and the p38 MAPK-specific inhibitor SB203580
blocked spontaneous cardiomyocyte differentiation, and that
this block was so profound that fewer than 5% of EBs con-
tained beating foci at day 12 (Fig. 1A). In contrast, more than
90% of untreated control EBs contained beating areas, which
were confirmed as cardiac in commitment by phenotypic
testing. Intriguingly, more than 90% of SB203580-treated EBs
(but not U0126-treated EBs) continued to exhibit prominent
outgrowths even though cardiomyogenesis was inhibited
(Fig. 1B). These outgrowths stained positively with an anti-
IlI-tubulin antibody specific for neurons, in contrast to the
negative staining displayed by untreated EBs and EBs trea-
ted with U0126 (Fig. 1C, D). These results demonstrate that
SB203580 blocks cardiomyocyte differentiation and induces
neural differentiation, but that neural differentiation does not
depend solely on the inhibition of cardiomyogenesis.

SB203580-mediated inhibition of p38 MAPK
blocks cardiomyogenesis and commits ES cell
differentiation to the neuronal lineage

To confirm that SB203580 had a switch effect on cardiac
versus neural ES cell differentiation, frozen sections from EBs
that had been untreated or treated with SB203580 between
days 1 and 6 were subjected to IHC at day 12. SB203580-treated
EBs did not stain positively with an antibody recognizing the
cardiac-specific marker a-actinin, but did stain with an anti-
TuJ-1 antibody specific for neurons (Fig. 2A). RT-PCR analysis
of a set of embryonic genes revealed that SB203580 treatment
completely inhibited the mRNA expression of the cardiac-
associated mef2c, a-cardiac myosin heavy chain (mhc), and
myosin light chain 2v (mlc2v) genes (Fig. 2B), but induced sig-
nificant increases in the mRNA levels of the neuronal lineage
genes nestin, hairy and enhancer of split 5 (hes5), mammalian
achate schute homolog 1 (mashl), mouse atherosclerosis 3
(math3), and microtubule-associated protein 2 (map2) (Fig. 2C).

p38 MAPK activity between days 3 and 4 serves
as a switch determining cardiac or neural
commitment of ES cells

To define the role of p38 MAPK in ES cell commitment, we
used immunoblotting to measure p38 MAPK activation
during the earliest stages of ES cell differentiation. At day 0,
when ES cells were cultured as a monolayer, no detectable
phospho-p38 MAPK (activated enzyme) could be detected in
whole cell lysates. However, after EB formation at day 2,
high levels of phospho-p38 MAPK spontaneously appeared
and were maintained until day 6; total p38 MAPK protein
levels were not affected (Fig. 3A). To determine at what time
point p38 MAPK acts during- ES cell differentiation, we
treated EBs with SB203580 for specific time intervals. As
shown in Fig. 3B, when EBs were exposed to SB203580 be-
tween days 3 and 4, neuron differentiation was promoted at
the expense of cardiomyocyte differentiation, an effect rep-
licated by SB203580 treatment from day 0 to 6. In contrast,
exposure to SB203580 for other intervals did not interfere
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FIG. 1. Effects of specific mitogen-activated protein kinase inhibitors on embryonic stem (ES) cell differentiation. (A)
Specific involvement of extracellular signal-regulated kinase (ERK) and p38 in cardiac differentiation. Embryoid bodies (EBs)
were left untreated or treated with the p38-specific inhibitor SB203580 (10 uM), the ERK-specific inhibitor U0126 (10 uM), the
c-Jun N-terminal kinase-specific inhibitor SP600125 (5uM), or the PI3K-specific inhibitor wortmannin (1 uM) for the EB
differentiation for the whole 6 days. Cardiomyocyte differentiation was determined by counting the number of EBs con-
taining beating foci at day 12. Results are expressed as the mean percentage of total EBs plated. (B) Neurite outgrowths in the
presence of SB203580. EBs were left untreated (—) or treated with 10uM SB203580 (+) for days 1— 6. Outgrowths were
detected by photomicrography of EBs at day 12. (C, D) Neuronal differentiation. EBs were treated with SB203580 (p38) or
U0126 (ERK) as in (A). On day 12, EB outgrowths were immunostained with anti-B-tubulin antibody specific for neuronal
lineage cells and subjected to photomicrography. Bright field images by phase-contrast microscopy are shown. Dotted line:
physical edge of EB in culture.

with spontaneous cardiomyocyte generation and did not
induce neurogenesis. To examine dose-dependent effects of
SB203580 on ES cell differentiation, we treated EBs with
various concentrations of SB203580. As shown in Fig. 3C,
when EBs were exposed to SB203580 between days 3 and 6,
neuron differentiation was promoted at the expense of car-

diomyocyte differentiation in a dose-dependent manner. RT-
PCR analysis confirmed that the expression of the neuronal
markers hes5 and map2 was induced only when SB203580
was applied to EBs between days 3 and 4, or between days 1
and 6, whereas expression of the cardiomyocyte-specific
genes mhc and mic2v was strongly decreased at these times
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(Fig. 3C). These results clearly demonstrate that p38 MAPK
activity spanning days 3 and 4 is critical for the cardiac
commitment of ES cells, and that interference with this p38
MAPK activity drives neurogenesis instead.

p38 MAPK controls the expression of BMP-2
during ES cell differentiation

To elucidate the molecular mechanism by which p38
MAPK governs cell fate choices in ES cells, we sought to
identify relevant downstream targets of this kinase. Because
P38 MAPK activity spanning days 3 and 4 was found to be
crucial for lineage commitment, we investigated whether the
mRNA expression of genes known to be involved in ES cell
fate decisions was affected by treating the EBs with SB203580
for this interval. Notably, RT-PCR analysis showed that the
expression of the bmp-2 mRNA, which normally commences
on day 4, was decreased by SB203580 exposure compared

12 3 456 7 812

$B203580 (10 yM

12 3 456 7 812

nestin Rl st Rl loce]

enhancer factor 2C (mef2c), o-
cardiac myosin heavy chain
(mhc), and myosin light chain
2v (mlc2v). Elongation factor 1o
(efla) was used as the loading
control. E12.5 brain, heart, and
liver served as positive controls
for the expression of various
mRNAs. (C) Increased neuro-
nal gene expression. EBs were
left untreated or treated with
10pM SB203580 from day 0
until the indicated day, and
extracts were analyzed by RT-
PCR to detect mRNA expres-
sion of the neuron-specific
genes nestin, hairy and en-
hancer of split 5 (hes5), mam-
malian achate schute homolog 1
(mash1), math3, and microtu-
bule-associated protein 2 (map2).
Controls used were as same as
for (B).

e .

with the untreated control (Fig. 4A). This effect was specific
to bmp-2 as none of the other genes examined showed any
SB203580-induced difference in mRNA expression. Further
analysis confirmed that bmp-2 mRNA was first induced on
day 4, and that SB203580 strongly repressed (but did not
extinguish) this induction (Fig. 4B). On the other hand,
U0126 did not repress the induction of bmp-2 mRNA (Fig.
4C). These results indicate that p38 MAPK but not ERK
regulates the induction of bnp-2 mRNA in this ES cell dif-
ferentiation.

BMP-2 inhibits SB203580-induced
neuronal differentiation

To determine whether it was the downregulation of BMP-
2 in SB203580-treated EBs that committed them to neuro-
genesis, we treated EBs that had been exposed to SB203580
on days 3-6 with recombinant human BMP-2 (thBMP-2) on
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FIG.3. p38 mitogen-activated protein kinase (MAPK) activity spanning days 3 and 4 serves as a switch determining cardiac
or neuronal commitment of ES cells. (A) Spontaneous p38 MAPK activation spans days 2-6. Untreated embryoid bodies (EBs)
were cultured from day 1 to 9, and whole cell extracts were subjected to Western blotting to detect phospho-p38 MAPK (p-
p38, active enzyme) and total p38 MAPK protein (p38). (B) SB203580 treatment spanning days 3-4 induces switching. EBs
were left untreated or treated with 10 uM SB203580 for the indicated time periods. On day 12, cardiomyocyte or neuronal
differentiation was determined by counting numbers of EBs containing beating foci or showing neurite outgrowths. Results
are expressed as the percentage of total EBs plated that showed cardiac or neuronal features. (C) Effects of SB203580
concentration on ES cell differentiation. EBs were left untreated or treated with the indicated concentrations of SB203580 from
day 3 to 6. On day 12, cardiomyocyte or neuronal differentiation was determined as for (B). (D) Decreased cardiac but
increased neuronal mRNAs. Extracts of the EBs in (B) were analyzed by reverse transcriptase (RT)-polymerase chain reaction
to detect mRNA expression of cardiac-specific [a-cardiac myosin heavy chain (mhc), myosin light chain 2v (mlc2v)] and
neuron-specific [hairy and enhancer of split 5 (hes5), microtubule-associated protein 2 (map2)] genes. Glyceraldehyde-3-
phosphate dehydrogenase (gapdh), loading control; untr., untreated.
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days 4-6. As predicted, the neuronal differentiation induced
by SB203580 treatment was dramatically repressed by
rhBMP-2 treatment (Fig. 5A). A quantitative analysis showed
that SB203580 treatment on days 3—6 induced nearly 80% of
EBs to generate neuronal lineage cells, whereas the addition
of rhBMP-2 on days 4-6 reduced this rate to fewer than 5% of
EBs (Fig. 5B). Consistent with the microscopic analysis, RT-
PCR confirmed that rhBMP-2 strongly inhibited SB203580-
induced expression of the neuron-specific gene map2 (Fig.
5C, top row). In contrast, expression levels of the cardio-
myocyte-specific genes mhc and mlc2v in SB203580-treated
EBs were not improved by the addition of thBMP-2 (Fig. 5C,
middle row).

The BMP-2 antagonist Noggin blocks
cardiomyogenesis and induces
neural differentiation

On the basis of the above results, we postulated that vig-
orous interference with endogenous BMP-2 function might
prevent the differentiation of ES cells into cardiomyocytes
and induce neurogenesis. To test this hypothesis, we treated

6 10pM SB203580 or 10 uM U0126
on days 3-6 and bmp-2 mRNA
levels were determined by RT-
PCR. Glyceraldehyde-3-phosphate
dehydrogenase (gapdh) was used
as the loading control.

4 5

EBs with the BMP-2 antagonist Noggin on days 4-6. Like
SB203580 treatment, Noggin treatment of EBs at this time
dramatically blocked cardiomyogenesis and promoted neu-
ronal differentiation (Fig. 6A). A quantitative analysis showed
that more than 60% of EBs treated with 100 ng/mL Noggin on
days 4-6 differentiated into neurons, a rate similar to the 75%
of EBs induced to undergo neurogenesis by SB203580 treat-
ment on days 3-6 (Fig. 6B). Moreover, RT-PCR analysis
confirmed that Noggin treatment strongly induced the ex-
pression of the neuronal gene map2 and repressed expression
of the cardiac gene mhc (Fig. 6C). Taken together, these results
indicate that p38 MAPK controls ES cell lineage commitment
(at least with respect to cardiomyocyte vs. neuron differenti-
ation) by regulating the expression of BMP-2.

BMP-2 is a direct transcriptional target of MEF2C

The above experiments revealed that treatment of EBs
with SB203580 resulted in a dramatic decrease in the mRINA
expression of the transcription factor MEF2C, a well-known
substrate of p38 MAPK (refer to Fig. 2B). We therefore
compared the expression patterns of mef2c and bmp-2 during
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FIG. 5. Bone morphogenetic protein 2 (BMP-2) inhibits SB203580-induced neuronal differentiation. Embryoid bodies (EBs)
were left untreated or treated with 3ng/mL recombinant human BMP-2 on days 4-6 in the presence or absence of 10 uM
5B203580 on days 3-6. (A) Outgrowth suppression. Photomicrographs of EBs at day 12 are shown. (B) Reduced frequency of
EBs with neurons. EBs containing beating foci or neurite outgrowths were counted on day 12. Results are expressed as a
percentage of EBs plated. (C) Increased cardiac but decreased neuronal mRNAs. Extracts of the EBs in (A) were analyzed by
reverse transcriptase (RT)-polymerase chain reaction to determine mRNA levels of the indicated cardiac-specific [o-cardiac
myosin heavy chain (mmhc), myosin light chain 2v (mlc2v)] and neuronal [microtubule-associated protein 2 (map2)] genes.

Elongation factor 1o (eflo) was used as the loading control.

SB203580-induced neuronal differentiation and found that
they were strikingly similar (Fig. 7A). Once activated by
p38 MAPK-mediated phosphorylation, MEF2C activates the
transcription of many cardiac-specific genes. Our observations
suggested that p38 MAPK might induce BMP-2-regulated
cardiomyogenesis by EBs via direct regulation of MEF2C.
Importantly, a highly conserved consensus binding site for
MEF2 has been identified in both the mouse and human
proximal BMP-2 promoters. To test whether MEF2C could

directly regulate BMP-2 transcription, we first carried out
reporter assays in HeLa cells in which luciferase was placed
under the control of a proximal region (—1703/—1 bp) of the
mouse bmp-2 promoter; this region contains the MEF2-
binding site. HeLa cells engineered to overexpress MEF2C
showed a 3-fold increase in luciferase activity, whereas
SB203580 treatment repressed this transactivation (Fig. 7B).
To determine whether MEF2C could physically bind to the
BMP2 promoter region, we carried out ChIP analyses of day
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6 EBs that had been allowed to spontaneously differentiate.
The region of the mouse bmp-2 promoter encompassing the
—656/ — 635 bp MEF2-binding site was successfully im-
munoprecipitated using anti-MEF2C antibody, indicating
that MEF2C can indeed bind to the endogenous bmp-2 pro-
moter (Fig. 7C, top left panel). MEF2C did not bind to the
promoter region of the control bahdl gene present on the
same chromosome (Fig. 7C, top right). Further, SB203580
treatment inhibited the binding of MEF2C to the MEF2-
binding site (Fig. 7C, bottom left). As a positive control, we
examined the binding of MEF2C to the promoter of the
mouse mef2c gene, which itself is a target of MEF2 transac-
tivation. The resulting ChIP pattern was similar to that de-
rived for bmp-2 (Fig. 7C, middle). Collectively, these data
indicate that BMP-2 is a direct transcriptional target of
MEF2C.

Discussion

In this study, we analyzed the influence of the 3 major
MAP kinases, ERK, ]NK, and p38, on ES cell lineage com-
mitment. Our results show that ERK and p38 MAPK play an
essential role in the cardiomyogenesis of mES cells. An in-
teresting cellular response of our work is that, at the same
time as it promotes the induction of cardiomyocyte differ-

entiation, p38 MAPK activity specifically inhibits neuronal
differentiation. We demonstrate that p38 MAPK achieves
these effects by activating the transcription factor MEF2C,
which in turn directly regulates BMP-2 expression. Several
previous studies also reported that p38 MAPK regulates both
murine and human ES cell survival and lineage commitment,
including cardiomyocyte differentiation [29-32]. Our work
revealed the molecular mechanism of a switch between
cardiomyocyte and neuronal commitment of mES cells.

The pyridinylimidazole compound SB203580 inhibits the
catalytic activity of p38a and p38p MAPKSs via competition
for ATP, but SB203580 does not inhibit the closely related
ERK or JNK enzymes or any other serine-threonine protein
kinases [33]. Graichen et al. reported that SB203580 at con-
centrations lower than 10 uM induced cardiomyogenesis of
human ES cells, whereas at concentrations more than 15 pM,
it strongly inhibited cardiomyogenesis [30]. These results
indicate the dose-dependent differences in lineage determi-
nation in human ES cells. However, we could not observe the
phenomena using mES cells in the presence of SB203580 at
concentrations of 5-20 uM (Fig. 3C). In our mES cell differ-
entiation system, more than 90% EBs differentiated into
cardiomyocytes in the absence of SB203580, and so it may be
difficult to evaluate the enhanced induction of cardiomyo-
genesis by low concentrations of SB203580.



1732

WU ET AL.

FIG. 7. Bone morphoge-
netic protein 2 (BMP-2) is a A

untreated SB203580 (10 uM)

direct transcriptional target
of myocyte enhancer factor
2C (MEF2C). (A) Similar
patterns of mef2c and bmp-2
expression. Embryoid bod-
ies (EBs) were left untreated
or treated with 10uM
SB203580 on days 3-6, and B
mRNA expression of bmp-2
and mef2c was analyzed
by reverse transcriptase—
polymerase chain reaction
(RT-PCR). Glyceraldehyde-
3-phosphate dehydrogenase
(gapdh) was used as the
loading control. (B) MEF2C
regulates bmp-2 promoter
activity. A proximal region
(—1703/—-1) of the mouse
bmp-2 promoter (containing
the MEF2-binding site) was
cloned into the pTAL-Luc
reporter vector to yield
pTAL-BMP-2-Luc, which

- pTAL-BMP~2-Luc + + +
was transfected into HeLa pCDNA3-Mef2c + +
cells. HeLa cells were co- SB203580  _ _ +
transfected with pcDNA3-
Mef2c plasmid expressing
MEF2C. Half of these co- C S Qq? & ‘{9 o l{&’
transfected cells were trea- & é(l & & $[
ted with 10puM SB203580. ¥ & S <
Luciferase activity was de- & T < <

termined in cell lysates
at 24h after transfection.
Results are expressed as
the mean fold luciferase ac-
tivation + SD compared
with pTAL-BMP-2-Luc-
transfected HeLa cells. (C)

bmp-2 primer

e
n

Fold Activation
N
(=]

-
o

mef2c primer bahd1 primer

MEF2C binds to the bmp-2
promoter. EBs were left un-

treated or treated with 10 pM SB203580 on days 3—6. ChIP analyses of extracts were carried out on day 6 using anti-MEF2C
antibody or control anti-actin IgG to immunoprecipitate chromatin. Precipitated DNAs were analyzed by PCR using primer pairs
for the promoter regions of the brp-2, mef2c (positive control), or bromo adjacent homology domain containing 1 (bahd1) (negative

control) genes.

Consistent with our findings, Aouadi et al. have reported
that loss of p38 MAPK activity due either to treatment with
the chemical inhibitor PD169316 or to genetic p38c. defi-
ciency is sufficient to block cardiomyogenesis and induce a
high level of neurogenesis [34]. These results clearly show
that it is p38a that is mainly responsible for p38 MAPK
functions during ES cell lineage commitment: the control of
p38u activity constitutes an early switch, committing ES cells
into either cardiomyogensesis (p38 on) or neurogenesis (p38
off). However, the molecular mechanism of p38 off-dependent
neurogenesis was unclear.

P38 MAPK induces cell cycle exit and differentiation in
many cell types, and activated p38 has been shown to
phosphorylate several downstream signaling molecules im-
portant for cardiomyocyte differentiation and hypertrophy
in murine P19 cells and mice [35-37]. In our study, we found
that p38 MAPK is spontaneously activated between days 2
and 6 after the formation of EBs. Further, our data indicate

that this spontaneous p38 MAPK activity is critical between
days 3 and 4 for the cardiac commitment of ES cells. In-
hibition of p38 MAPK activity at this early juncture drives ES
cells toward the neuronal lineage. These findings stand in
sharp contrast to those of other groups investigating the role
of p38 MAPK in later stages of neuronal differentiation [38].
P38 MAPK activation is required for neurite formation and
neuron survival in PC12 and P19 cells during the late stages
of differentiation. Okamoto et al. reported that the
p38u/MEF2 pathway prevents cell death during neuronal
differentiation in P19 cells [39]. Thus, the role of p38 MAPK
during the complex process of neuronal differentiation ap-
pears to be stage dependent.

BMPs are part of the larger superfamily of TGF-B ligands,
which signal through a well-defined molecular pathway [21].
BMPs were found to be required for maintaining cultured
mES cells in an undifferentiated state [40]. In our study, we
demonstrate both that p38 MAPK regulates the expression of
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BMP-2, and thereby controls mES cell lineage commitment,
and that BMP-2 treatment inhibits SB203580-induced neu-
ronal differentiation. Further, like SB203580, the exogenous
BMP antagonist Noggin prevents the spontaneous differen-
tiation of mES cells into cardiomyocytes and promotes neu-
ronal differentiation. These data suggest a dynamic role for
BMP in specifying cell fate and emphasize that defining the
molecular context of BMP signaling is critical for under-
standing how ES cells are regulated at a physiological level.

MEF2C is an important transcription factor that transac-
tivates many genes encoding cardiac structural proteins, and
p38 MAPK is a well-known regulator of MEF2C [14,41-43].
Gene-targeted mouse embryos lacking MEF2C have cardio-
genic defects [17]. BMP-2 is also required for cardiogenesis,
and BMP2-deficient embryos exhibit an early defect in car-
diac development [44]. In our study, we found that BMP-2 is
a direct transcriptional target of MEF2C, and that p38 MAPK
may regulate BMP-2 by controlling MEF2C activation.
However, we found that simple stimulation of ES cells with
BMP-2 did not augment cardiomyocyte generation (data not
shown), suggesting that BMP-2 is essential but not sufficient
for cardiac induction. It is likely that other MEF2C-dependent
genes encoding cardiac structural proteins are also required
for normal cardiac development. It will be interesting to
investigate whether MEF2C~/~ ES cells can differentiate spon-
taneously into neurons. Additionally, unknown factors in
FBS contribute to the frequency of beating EBs and play
important roles in cell lineage commitment.

In conclusion, our study has revealed an intriguing role
for p38 MAPK as a cell fate switch during ES cell differen-
tiation. The choice between cardiac and neuronal cell de-
velopment depends on the early stage function of BMP-2,
whose expression in turn depends on transactivation by the
p38 MAPK target MEF2C.
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A De Novo Deletion of 20q11.2—q12 in a Boy
Presenting With Abnormal Hands and Feet, Retinal
Dysplasia, and Intractable Feeding Difficulty
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Proximal interstitial deletions involving 20q11-q12 are very
rare. Only two cases have been reported. We describe another
patient with 20q11.21—q12 deletion. We precisely mapped the
6.5-Mb deletion and successfully determined the deletion land-
marks at the nucleotide level. Common clinical features among
the three cases include developmental delay, intractable feeding
difficulties with gastroesophageal reflux, and facial dysmor-
phism including triangular face, hypertelorism, and hypoplastic
alaec nasi, indicating that the 20q11.2—q12 deletion can be
a clinically recognizable syndrome. This is also supported
by the fact that the three deletions overlap significantly. In
addition, unique features such as arthrogryposis/fetal akinesia
(hypokinesia) deformation and retinal dysplasia are recognized
in the patient reported herein. © 2011 Wiley-Liss, Inc.

Key words: 20q interstitial deletion; abnormal hands and feet;
retinal dysplasia; feeding difficulty

INTRODUCTION

Interstitial deletions of the long arm of chromosome 20 are rare. To
our knowledge, a total of 12 patients have been reported in the
literature [Petersen et al., 1987; Shabtai et al., 1993; Aldred et al.,
2002; Genevieve et al., 2005; Callier et al., 2006; Borozdin et al., 2007;
Igbal and Al-Owain, 2007]. Among them, only two cases showed
the proximal q deletion (20q11-q12), not extending to q13 [Callier
et al,, 2006; Igbal and Al-Owain, 2007]. One patient had a 6.6-Mb
deletion at 20q11.21—q11.23 [Callier et al., 2006], and the other
(Igbal and Al-Owain, 2007] showed a 6.8-Mb deletion at 20q11.2—
q12. Here, we report on the third patient with a 6.5-Mb deletion

© 2011 Wiley-Liss, Inc.
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at 20q11.21—ql12, clinically showing mental retardation, minor
craniofacial anomalies, and intractable feeding difficulties. The
deletion has been precisely analyzed at the nucleotide level and his
detailed clinical manifestations will be presented.
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The 18-month-old boy was the first product of healthy 22-year-old
mother and 25-year-old father without any consanguinity. Preg-
nancy was uneventful. Family history was unremarkable. He was born
by spontaneous vaginal delivery at 38 weeks of gestation. Birth weight
was 2,230 g (—1.7 SD), length 44.0cm (—1.9 SD), and OFC 32.5cm
(—0.3 SD). Multiple malformations including patent ductus arterio-
sus, patency of foramen ovale, and dysmorphic face were noted. He was
tube-fed due to poor swallowing and oxygen therapy was required until
4 months because of respiratory disturbance. X-ray examination at age
of 1 month revealed small thorax and mild slender long bones. In
addition, right eye retinal fold was pointed out. At age of 3 months,
upper gastrointestinal tract was investigated because of recurrent
vomiting, and gastroesophageal reflux (GER) and esophageal hiatus
hernia were found. Esophageal hiatus hernia was alleviated spontane-
ously, but GER persisted.

At age of 4 months, he was referred to us for evaluation of
his developmental delay. He was noted to have the following cranio-
facial features: triangular face, premature closure fontanelle, slopping
forehead, wide bending eyebrows, hypertelorism, low-set and poste-
rior rotated ears, long columella nasi, mild hypoplastic alae nasi, short
and well-defined philtrum, thin lips with tucked-in lower lip, sub-
mucosal cleft palate, microretrognathia and posterior low hair-line
(Fig. 1A,B and Table I). Additionally, abnormal hands and feet were
recognized, consisted of restriction of all proximal interphalangeal
joints and over-extension of all distal interphalangeal joints of hands
and feet, radial deviation of 2nd fingers, clinodactyly of the 2nd and
5th fingers, lack of flexion creases bilaterally, right preaxial polydac-
tyly, left single palmar, and talipes valgus. Mild restriction of elbow,
hip and knee joints bilaterally was also noted (Fig. 1C-E and Table I).

At 15 months, his weight was 7.5kg (—2.3 SD), length 71.8 cm
(—2.7SD),and OFC 44.4 cm (—1.6 SD). He could roll over one side
and shift a toy from one hand to the other. Social smile was seen, but
he could not recognize his parents (DQ 48). His dysphagia persisted
based on the modified swallowing study [Kanda et al., 2005]; he
required tube-feeding, and rejected oral intake. Ophthalmic exam-
ination at 15 months revealed broom-like pattern of retinal vessels
extending from optic disc to periphery with a falciform retinal fold
in the right eye, causing visual impairment. In the left eye, mild
opacity in the lateral portion of vitreous body was found. These
findings led to the diagnosis of bilateral retinal dysplasia. Anterior
segment and optic disc were normal. Left hearing loss was suspected
by auditory brainstem response, otoacoustic emission, and behav-
ioral observation audiometry. Brain magnetic resonance imaging
revealed cortical atrophy and mild ventriculomegaly. Blood
biochemistry and abdominal ultrasonographic examination were
all normal. Serological TORCH (toxoplasma, rubella, cytomegar-
ovirus, and herpes simplex) testing was negative. At 18 months, the
shortening of 5th middle phalanges of fingers and absence of middle
phalanges of the toes were confirmed by X-ray examination.

CYTOGENETIC AND MOLECULAR ANALYSIS

G-banded chromosomal analysis (550 bands level) of the patient’s
blood lymphocytes indicated normal karyptype (46,XY) (data not

shown). Fluorescence in situ hybridization (FISH) analysis using all

chromosomal subtelomeric clones did not show any abnormalities.
Array CGH analysis using NimbleGen 385K Array (Roche NimbleGen,
Inc., Madison, WI) demonstrated a 6.5-Mb heterozygous deletion at
20q11.2—q12 (UCSC genome coordinates 2006 Mar. version, chromo-
some 20: 31,269,661-37,782,841 bp) (Fig. 2A). The deletion was also
confirmed by FISH using BACs (RP11-322B6 and RP11-782Cl16 at
21q11.21,and RP11-54P22 and RP11-467]15 at 20q12), RP11-787C16
and RP11-54P22 was deleted while RP11-322B6 and RP11-467]15 were
not deleted (Fig. 3). The deletion junction was successfully amplified by
PCR using primers (Primer A: 5'-TGA TAGAGC CAA CTGGGT CAT
GTG C-3, Primer C: 5-TCT AGC TTG CTG AAT TCC TGC CTG A-
3') (Fig. 2B) and its product was sequenced. The deleted region was
from 31,274,015 to 37,783,826 bp (6,509,811 bp) with 5-bp overlap
(ATAGA) (Fig. 2C). The deletion occured de novo as FISH and
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junction PCRs denied the deletion in parental samples (FISH data not
shown and Fig. 2B by PCR using primers A, B,and C [primer B: 5'-AGC
TGC TCA AAG TGG GGT ATT CTG G-3')).

DISCUSSION

In this study, we precisely analyzed the 6.5-Mb deletion at 20q11.2—
ql12 in a boy, presenting with abnormal hands and feet, retinal

dysplasia, and intractable feeding difficulty. Proximal interstitial
deletions of 20q11—q12 are very rare. Only two cases have been
reported and analyzed either by chromosomal CGH and FISH
analysis or BAC array CGH with 1-Mb resolution [Callier et al.,
2006; Igbal and Al-Owain, 2007]. Clinical features are presented
in Figure 1 and summarized in Table I. Three deletions are over-
lapping and the shortest region of overlap is from 20q11.22 to
q11.23 (Fig. 3). Common clinical features among three cases are



412

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

. Genome

Chrornosome 20

@gé)?@f@&d’ﬂ&ﬂﬁﬁfﬂ@;&i}
. F F A -f: & 4%:!& & P P

~ position

Log2 ratio

= =
T ¥
.

t

(Mb)
- Chromosmal bangENq"_m . q'11_22 L q11 23 - q12 TEL
_ Genome position N 320 34 0
B Chromosome 20911.21912  ,, M Pt Fa Mo NC Péi;nér
CEN i TEL 1500
Primer A B R c 1000 4A/B
Deletion region 500
PCR amplycon: A/B = 1214 bp <4A/C
AIC = 412 bp M: marker, NC: negative control
C 31,273,999

20q11.21

20q12
37,783,809

FacagtgaagtaATAGAAGAGGTTACAGA

. withlucatlon‘of thé delet}oli are shown. B:PCR sgstem [Ieft}to delineate the deletlon and its result [right] C: Deletion jum:tion sequence.Upperand
lower sequences are normal ones around at proximal [20q11 21] and distal [20q12] deletion breakpoints, respectively. | Mlddle sths the deletion

31,274,027
1

1
ATABMATGGATGGATAGAtggacagatgga
del(20) CEN ATAAATGGATGGATAGAAGAGGTTACAGA

TEL

37 783, 837

. junction in the patlent Gray shadow indicates matched sequences‘ .

growth/developmental retardation, intractable feeding difficulties
with GER, cerebral atrophy, and dysmorphic face including trian-
gular face, hypertelorism, and hypoplastic alae nasi. In addition,
two out of three patients shared many other facial dysmorphism
including sparse hair, downslanting palpebral fissures, long
columella, short and well-defined philtrum, thin lips, microretrog-
nathia, and low-set ears. These findings suggest that the 20q11.22—
q11.23 deletion can be a recognizable microdeletion syndrome. In
addition, unique findings of hands and feet abnormalities as well
as retinal dysplasia were found in our patient.

Intractable feeding difficulties in the three patients, is the largest
concern for the family, and are speculated to be caused by combined
factors: prolonged dysphagia (in our case), aspiration associated
with GER (in all three), upper gastrointestinal tract abnormalties

(pyloric stenosis [Callier et al., 2006] or esophageal hiatus hernia in
our case), vomiting/diarrhea because of feeding intorerance
[Callier etal., 2006], sensory abnormalities (in all), and food refusal
(in the Callier et al. and our patient).

According to UCSC genome browser (March 2006 assembly),
the 6.5-Mb deleted segment identified in our patient encompasses
at least 96 known genes, including nine genes related to human
disorders. One of these is growth/differentiation factor-5 (GDF5,
also knownas CDMP1). Thisis a protein which belongs to the GDF-
subgroup of BMPs and plays an key regulatory role in embryonic
skeletal and joint development. GDF5 abnormalities are known to
causea variety of different skeletal disorders. Interestingly, Everman
etal. [2002] and Yang et al. [2008] indicated that functional GDF5
haploinsufficiency was the culprit of brachydactyly type C (BDC,
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OMIM #113100) by in vitro studies. As our patient has the GDF5
haploinsufficiency, he may have the risk for BDC. However, he
did not show this manifestation. He did have polydactyly, talipes
valgus, and absence of the middle phalanges of the toes, which have
been often found in individuals with BDC [Everman et al., 2002;
Temtamyand Aglan, 2008]. Our patient did have a fetal akinesia (or
hypokinesia) deformation phenotype (FADP). The short neck,
hypertelorism, micrognathia, small thorax, postnatal respiratory
disturbance, prolonged feeding difficulty, and slender long bone
could represent FADP. FADP is a clinically and genetically hetero-
geneous constellation arising from fetal akinesia or decrease in utero
movement due to intrinsic factors including neuropathy, myopathy,
and restrictive dermopathy or extrinsic factors that limit fetal move-
ment (e.g., tetragen exposure or fetal crowding) [Witters et al., 2002;
Bamshad et al., 2009]. As extrinsic factors (e.g., abnormality of
amniotic fluid, fetal crowding, congenital infection, and use of the
drug in utero) could not be confirmed in this patient and the
arthrogryposis and FADP are accompanied by other organ anomalies
and developmental delay, the gene(s) at 20q11.21-q11.23 may be a
primary intrinsic cause. Unfortunately, as skeletal malformations in
the other two cases having the 20q11.2—q12 deletion were not fully
described [Callier et al., 2006; Igbal and Al-Owain, 2007, it is difficult
to discuss the relationship between skeletal features and gene(s) in
20q11.2—q12 deletion.

Retinal dysplasia associated with falciform retinal fold and
impaired vision was also noted. Retinal dysplasia is defined as
abnormal growth and differentiation of embryonic retina either
due to in utero environmental factors such as viral infection,
tetragen exposure, retinopathy of prematurity or genetic factors.
To our knowledge, this is the first description of retinal dysplasia
associated with 20q11.2—q12 deletion.
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