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Fig. 1. CBL mutations identified in patients. (A} Sequencing charts of leukemic cells and peripberal bloed at complete remission from Patient PL1. (8] Sequencing charts of

JMME cells and buccal mucosa from Patient PL32,

CBL mutations are associated with an 11qg-acquired uniparental
disomy {aUPD}involving the CBL locus, which converts these muta-
tions into a homozygous state [3]. An SNP array analyzed the
difference in DNA between PB samples at disease onset (leukemia
cells} and leukocytes in remission. The analysis revealed a UPD
11q13.1qter that contained the CBL locus only in the T-ALL sam-
ple {Table 1}, In addition, homozygous deletions of 4¢25, which
encodes the LEFT gene, and of 9p21.3, including the region that
encodes COKNZA, were detected. A UPD at 9pter-pi3.3 was also
observed. The deletion of 14q11.2, which encodes TCRA. and the
one-copy deletion in 7¢34 (including TCRB) that were observed in
the DNA from the T-ALL cells may be due to a TCR rearrangement.
The effects of the gain of the immunoglobulin light chain at 2p11.2
and the gain at 17¢q12, which contains CCL3L3, CCI41.2 and TBC1D3,
are unknown.

Table 1
Cenetic abnormalities of T-ALL at diagnosis.

3.4. ELK and c-jun transactivation in cells expressing mutant CBL
proteins

The CBi p.C381R mutation that was identified in one T-ALL
patient has also been identified in a JMML patient and a single
patient with MDS[5.23|. However, a functional analysis of p.C381R
has not been performed.

A WT allele and the two CBL mutants, p.C381R and p.R420Q,
were introduced in NIH 313 cells, and ELK transactivation was
examined to elucidate the activation of the ERK pathway. The allele
p.R420Q was used as a positive control because this mutant acti-
vates ERK {121 ELK is a transcription factor that is phosphorylated
by activated ERK and that binds the serum response element in
the promoters of the immediate early genes, including c-FQS {241,
ELK transactivation was remarkably enhanced in celis expressing

Chromosamal

Copy number state Copy numhber state Lossigain Size {kb} “Start.Llinear Position +¥nd, Linear. Position Genes included in
sites (leukemia) {germiine) the region
tigli3.igter 2 up 59575.00 64877380 134452384 CBL and others
14¢11.2 1 P Loss 369.894 21660717 22030660 TCRA. TCRD, TCR
17q12 3 2 Gain 192.98 11460821 316537497 COL3L3, CCL4L2,

TRC1D3
Iping 4 3 Gain 460.63 88914227 B9374858 ICK®
2p1iz 3 2 Gain 109.16 89753412 89862571 KT
4q25 4 2 Loss 104,82 109193454 109304271 LEFT
T34 a 2 Loss 491,57 141711730 142203700 TCRE
Op112 3 2 Gain 127.88 44667843 447495701
Gp213 0 2 Loss 117.67 21864256 21981523 CUKNZA
Opterpii3 2 UPD 33701.54 1 33701540 CDKN2A and others

Abbreviations: CBL, Cas-Br-M {murine] ecotropic retroviral transforming sequence: TCRA, T cell recepror aipha; TCRID T cell receptor delta; CCL3L3, chemnokine ligand 3-like
3; CCLAL2, chernokine ligand 4-like 2; TBC1D3, TBC1 domain family, member 3; IGK#, immunoglobulin kappa locus; LEFT, lymphoid enbancer binding factor 1; TCRB, T eel]

receptor beta: CDXN2A, cvclin-dependent kinase inhibitor 2A.
* Denoted by NCBE 36 reference human genome (hgl81
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Flg. 2. ELK, c-jun, and HES1 transactivation in cells expressing mutant CBL proteins, The resuits are expressed as the mean and standard deviation of mean values from
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tiens of newborn calf serum (NCS). (D} For EGF stimulation, the ELX transactivation level in cells expressing p.C281R stimulated with EGF was significantly enhanced compared
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p.C381R and p.R420Q in DMEM containing 10% NCS compared with
WT CBL-transfected cells (Fig. 2A), The transactivation of the tran-
scription factor ¢-Jun was examined in NIH 373 celis. Studies have
shown that c-jun activily is upreguiated by the phosphorylation
of c-Jun NH2-terminal kinases {JNK) [25]. In this case, c-jun trans-
activation was significantly enhanced in cells expressing p.C381R
and p.R420Q} in DMEM containing 10% NCS (Fig. 2B}, These results
demonstrate that CBL mutants activate the ERK and [NK pathways,
possibly via the upstream activation of RAS in the presence of
Serum.

ELK transactivation was examined in different NCS roncen-
trations to evaluate the effect of serum concentration. ELK
transactivation in cells expressing p.C381R and p.R420Q was
enhanced in an NCS concentration-dependent manner (Fig. 2C).
Significant ELK activation was observed in cells expressingz p.C381R
and p.R420Q in DMEM with 0.5% NCS. The effects of EGF and PDGF
on ELK transactivation were examined in cells expressing WT CBL
ot p.C381R CBL. The ELK transactivation levels in cells express-
ing p.C381R that were stimulated with 100 ng/mi EGF (Fig. 2D} or
100 ng/mi PDCF (Fig. 2E) were signilicantly enhanced compared
with those of unstimulated cells. However, EGF and PDGF stimu-
lation did not significantly alter the ELK transactivation levels in
cells expressing WT CBL. These results suggest that the p.C381R
mutation constitutively activates the RAS pathway.

CBL mutations aflect endogenous WT CBL in a dominant-
negative manner [7]. NIH 373 cells were co-transfected with WT
CBL and C381R to evaluate the effect of p.C381R on WT CBL. The
hypertransactivation response that was induced by the CBL mutant
was abolished by the co-transfection of WT CBL [ ¥Fig. 2F), suggesting
the pathogenic importance of the WT CBL allele loss.

3.5, HES transactivation in cells expressing mutant CBL

HES1 is a target gene for NOTCHT. WT or mutant CBL constructs
were transiently transfected in NIH 373 cells with the HES-Luc
reporter and a constitutively active intracellular domain of NOTCH1
{ICN1}construct. ICN1 expression significantly increased the trans-
activation of HES {Fig. 2G, IC-NOTCH1 lane). The introduction of
CBL WT or mutants significantly reduced the HES transactivation
levels compared with cells expressing ICN1 (Fig. 2G). The HES1
transactivation levels in cells expressing p.C38 1R were significantly
decreased compared with CBL WT-expressing cells.

4. Discussion

tn this study, a homozygous p.C381R mutation and a UPD of
the region that included CBL were identified in T-ALL cells, and a
heterozygous germliine p,W408R mutation was identified in one
patient with JMML. An additional mutation analysis identified two
NOTCHI mutations and homozygous deletions of LEF1 and CDKN2A
in T-ALL cells. A functional analysis revealed that cells expressing
the p.C381R mutant constitutively transactivated ELK and c-Jun.
Co-transfection of WT and the p.C381R mutation in NIH 373 cells
revealed that WT inhibited the ELK-activating effects of p.C381R.
The HES1 transactivation levels in cells expressing p.C381R were
significantly decreased compared with CBL WT-expressing cells,
suggesting that this CBL mutation plays a role in NOTCH signaling
pathway.

CBL mutations are rare in ALL patients, Recently, mutations in
CBL have been identified in 2 infant ALL patients with MLL gene

rearrangements |26]. Nicholson et al, analyzed the linker-RING
domains of CBL in a cohort of 180 diagnostic and 46 relapsed
ALL patients and identified deletionsfinsertions of CBL, including
the splicing acceptor or donor site of exon 8 in three ALL sam-
ples [27]. CBIL mutations in ALL may promote the proliferation
of leukemia cells by activating the RAS pathway {[27] and our
study). Alternatively, our HES-reporter assay in cells that expressed
the NOTCH1 constitutive active mutant showed that CBL p.C381R
downregulated the NOTCH1 signaling pathway, suggesting that
the CBL p.C381R mutation may contribute to leukemogenesis
through interaction with NOTCH]. The relationship between CBL
and NOTCH]1 has not been elucidated, but one report has demon-
strated that CBL promotes the ubiquitin-dependent Iysosomal
degradation of membrane-associated NOTCH1 [28]. In the case
of NOTCH3, its interactions with pre-TCR lead to the recruitment
and persistence of the CBL to the lipid rafts in thymocytes from
mice expressing the constitutively active intracellular demain of
NOTCH3, which suggests that CBL may regulate the NOTCH3 and
pre-TCR relationship during T-cell leukemogenesis {24]. Further
analysis will elucidate the role of the CBL mutation in T-ALL leuke-
mogenesis.

Somatic and germline CBL mutations have been clustered in
either the linker domain or the RING finger domain (Fig. 3). The
loss of the ubiquitination of activated receptor tyrosine kinases is
thought to contribute to the transforming potential of leukemia-
associated mutant CBL proteins. The distributions of somatic and
germline mutations were atmost similar. However, Y371, which
is a hot spat for CBL mutations in |MML, is rarely mutated in
other myeloid malignancies [5). The germline p.W408R mutation
has been identified in a patient with [MML |5]. Individuals with
germline CBL mutations display a variable combination of dysmor-
phic features, including mild hypertelorism, a short upturned nose,
a deeply grooved philtrums and thick lips, which are reminiscent
of the facial gestalt of NS [10]. Patient PL52, who had a germline
p.W408R mutation, had normal development and no dysmorphic
features at 15 months of age. However, her young age may have pre-
cluded any firm conclusions. Long-term follow-up examinations
and an analysis of wider cohorts is necessary to further charac-
terize the phenotypic spectrum that is associated with germiine
mutations in CBL.

The effect of mutant CBLs on ERK activation depends on the
level of endogenous WT CBL {7.30]. Therefore, we examined ELK
transactivation in NIH 373 cells, which have low endogenous CBL
protein expression [31]. Our study demonstrated that ELK transac-
tivation in cells expressing p.C381R decreased with increasing WT
CBL expression, These results suggest that the p.C381R mutation
functions in a dominant-negative manner or as a gain-of-function
mutation.

In this study, SNP array analyses of samples from leukemia
cells and leukocytes obtained from patients in remission revealed
a copy number imbalance that was specific for leukemia cells.
The homozygous deletion of the entire LEFI gene was iden-
tified in the T-ALL sample with the CBL mutation. LEF1 is a
member of the lymphoid enhancer factor/T-cell factor family
of DNA-binding transcription factors that interact with nuclear
[B-catenin in the WNT signaling pathway [32]. Manoallelic or bial-
lelic LEFT microdeletions have been identified in 11% (5 of 47)
of primary samples [rom the diagnostic specimens of 47 chil-
dren with T-ALL, using high-resolution array comparative genomic
hybridization {33]. The homozygous deletion of CDKN2A and

with unstimulated cells, (E) For PDGF stimulation. the ELK transactivation [evel in cells expressing p.C381R stimulated with 100 ngiml PDGF was enhanced compared with
unstimuiated cells, (F} Co-transfection of WT CBL and {38 1R CBL. The hypertransactivation response induced by CBL p.C381R was sholished by the co-transfection of WT
CBL. (G} Mutant CBL canstructs in pCMVE were transiently transfected in MIH 3T3 cells with the HES-Luc reporter and the intracellular NOTCH (ICNT} construct where

appropriate.
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Fig. 3. The CBL structure and mutatien spectrum. CBL comprises an N-terminal tyrosine kinase binding domain (TKB) connected by a linker to the RING-finger domain
implicated in E2 enzyme binding. These domains are followed by a proline-rich region and a C-terminal portion containing tyrasing phosphorylation sites. The molecular
interaction of CBL with cytokine receptors and other signaling molecules are also shown on top. The CBL mutations identified in hematologic malignancies partially overlap

with those identified in the germiine,

CDKN2ZB, which are frequently inactivated in various hematolog-
ical malignancies [34], was also identified in the T-ALL sample. A
comparison of the copy numbers of DNA samples from leukemia
cells and germline DNA will help to highlight the abnormalities in
leukemia.

In conclusion, we identified a CBL p.C381R mutation in leukemia
cells from one patient with T-ALL A functional analysis demon-
strated that the mutation constitutively activated the RAS-MAPK
pathway and inhibited the constitutive activation of the NOTCH
signaling pathway. Further studies will be needed to determine the
relationship between CBL and leukemogenesis,
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Summary

Context To date, approximately 35 different POUTF! mutations
have been described in patients with familial and sporadic com-
bined pituilary hormone deficiency (CPHD) from different ethnic
backgrounds. The majority are missense mutations clustered
within the conserved POU-specific and POU-homeo domains,
encoded by exons 4 and 6, respectively.

Objectives This study aimed 1o identify the molecular basis and
clinical characteristics of a Japanese CPHD family with a novel
POUIFI mutation, .

Design The POUIF] gene was sequenced in identical twin broth-
ers with mild CPHD. The mutation identified was also evaluated in
family members as well as 188 Japanese controls and then exam-
ined in functional studies.

Results A novel heterozygous splice site mutation (Ex2 + 1G>T;
€214 + 1G>T) was detected. This mutation was also present in
their undiagnosed mother, but not in any of the controls. In vitro
splicing studies suggested this musation to result in an in-frame
skipping of exon 2, thus producing an internally deleted protein
lacking most of the R2 transactivation subdomain (TAD-R2). Het-
erologous expression studies of the mutated POUIFL protein
showed only modest reductions in its transactivation activities in
HEK293T cells, while acting as a dominant-negative inhibitor of
the endogenaus activities of POUIF] in pituitary GH3 cells,
Conclusions This is the first report of @ mutation at the exon 2
donor splice site of POUIFI, affecting TAD-R2, The addition of
this mutation to the growing list of pathological POUIFI muta-
tions may provide deeper insights into clinical heterogeneity in the
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expressions of individual mutations and a better understanding of
the structure-function relationships of POUIFL.

{Received 12 April 2011; returned for revision 10 May 2011; finally
revised 28 June 20115 accepted 29 June 2011)

Introduction

POUIF1/PIT-1, a member of the POU family of transcription fac-
tors, is essential for pituitary growth and development.™ POULFI
also regulates cell-specific gene expression of somatotropes, lacto-
tropes and thyrotropes, and is thus responsible for restricted
expression of the corresponding pituitary hormones, GH, PRL and
TSH. Previous studies have shown that the promoters of these
genes contain a number of POU1F1-binding sites.” However,
because POU1F] is present in all three cell types, interactions with
other transcription factors [eg. oestrogen receptor {ER}, thyroid
hormone receptor {TR), Zn-15, Ets-1, GATA-2, Oct-1 and
POUILFL itself], as well as with transcriptional cofactors [e.g.
cAMP-response element-binding protein—binding protein {CBP)
and nuclear receptor corepressor (NeoR)], are vital to achieving
their selective and targeted expressions.™

The predominant isaform of POUIFL, POULFL-o/PIT-19, is a
291.amino acid (aa) protein conlaining three important functional
motifs: {i} an amino-terminal transactivation domain {TAD; span-
ning 880 aa of the human protein], (i) a POU-specific domain
(POU-5, 128-198 aa} that is unique 1o this class of transcription
factors, and (iii) a carboxy-terminal POU homeodomain (POU-
HD, 214-273 aa)."™® Previous studies suggested that TAD can be
further divided into two subregions, R1 (845 aa) and R2 (46-80
aa), cach encoded mainly by exons 1 and 2, respectively. Functional
mapping demonstrated TAD-RI to be responsible for basal tran-
seriptional activity, whereas TAD-R2 cousisls of the strong activa-
tion region [50-70 aa) as well as the inhibitory/Ras-responsive
region {70-80 aa) that is also implicated in interactions with other
transeriptional corepressars and coactivatars {e.g. ER and TRY.®

@ 2011 Rlackweli Publishing Lid



Both POU-5 and POU-HD contain helix-turn-helix DNA-recogni-
tion motifs, and they together constitute a bipartite DNA-binding
structure essential for site-specific, high-affinity DNA binding of
POUTF] as well as for its dimer formation and specific protein—
protein interactions.

In mammals, including humans, two minor POU1F] isoforms,
POUIFI-B/PIT-1[ and PIT-1T, have been identified *™ Roth are
generated by the alternative use of the splice acceptor site for exon
2, and thus, as compared to POUIFL-o, they only differ by addi-
tional aa residues {26 and 14 aa, for POULFL-f and PIT-1T, respec-
tively) inserted between the R1 and R2 subregions. Neverrheless,
POUILF1-B and PIT-1T have been described as exhibiting different
expression patterns and unique transcriptional properties. As
apposed to POULEL-o, POUTFL-P suppresses GH, PRL and TSHf}
promoters in a pituitary-specific manner, blocking Ras-induced
PRI promoter activity, whereas PIT-1T appears to be a thyrotrope-
specific isoform required for optimal 781 promoter activation.

In murine models, a point mutation {p.W261C) or a genetic
rearrangement (Pit-157) in the Poulfl gene results in dwarfism
and anterior pituitary hvpoplasia with Gh, Pr] and Tsh deficien-
cies."™'" In humans, 2 number of POUIF! mutations have been
described in a subset of patients with combined pituitary hormone
deficiency (CPHI); MIM 613038)."" ln CPHD patients with
POUIFI mutations, deficiencies of GH and PRL are generally com-
plete and present early in life, whereas TSH deficiency can be more
variable. The production of ACTH, LH and FSH is preserved. Brain
magnetic resonance imaging [ MRI} may show a normal or hypo-
plastic anterior pituitary. The majority of POUIF] mutations iden-
tified to date show recessive inheritance; however, at least six
{p.P14L, p.P24L, p.Q167K, p.K2I6E and p.R271W) are reportedly
inherited in a dominant manner with highly variable penetrance.
Of these, p.R271W is the most frequent, having been identified in
different ethnic groups. Tt has been suggested that the p.R27IW
form of POUIF] may impair dimerization and act as a dorinant-
negative inhibitar of the wild-type POUIFL"

In the present study, we describe the identification and charac-
terization of a novel splice site mutation {Ex2 + [G>T) of the
POUIFI gene, which is found in a heterozygous state in Japanese
identical twin brothers presenting an exceptionally mild CPHD
phenotype. The mutation most likely leads to skipping of exon 2,
and generation of a mutant protein, POUIF1 A48-72, which
merely Jacks most of the TAD-R2 subregion. In vitre funciional
study of the mutated protein showed only modest reductions in its
transactivation activity in nonpiruitary cells, while potentially act-
ing in a dominant-negative manner on the endogenous activity of
POUIFI in pituitary cells.

Subjects and methods

Patients

This study was approved by the Ethics Commirtee for Human Gen-
ome/Gene Research at the University of Tokushima, Patients were
recruited as part of the study of the Japan Growth Genome Consor-
tium for genetic analysis of Japanese faniilies with hereditary short

16,57

stature. After obtaining written informed consent, genomic

© 2011 Blackwell Publishing Led, Clinical Endocrinology, 76, 78-87
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DNA was extracted from peripheral blood leucocytes. DNA from
188 unrelated healthy Jupanese subjects {94 women and 94 men)
was used for mutation controls.

DNA analysis

The six POUIFi-cading exons and their flanking intronic regions,
as well as the putative promoter, were analysed by sequencing. Pri-
mer sequences are shown in Table S1-1 and 2. PCR and sequencing
reactions were performed as described previously.™' The fre-
quency of the Ex2 + 1G»T mutation in control subjects was deter-
mined using a mismatched-primer PCR-RELP assay. PCR was
carried out using primers hPOUIFI_FINF {Table S1-1) and
hPOUIFI_Int2_RFLP_Ri: FTCCCCAAATTCAATAACATG-
TAAAAGACAACTTTaggTTA-3" (lower-case letters indicate the
mismatched bases). Digestion of the wild-type allele with BstEll
{NEB, Beverly, MA, USA) yielded two fragments (268 and 40 bps),
whereas the mutant aliele was identified by the presence of undi-
gested fragments {308 bpl.

Cell cultures

HEK293T and COS-7 cells were maintained in DMEM {Invitrogen,
Tokyo, Japan} supplemented with 10% foetal bovine serum {FBS}
and antibiotics. Rat GH3 cells were grown in DMEMJF12 {Invitro-
gen) supplemented with 10% horse serum, 2-5% FBS and antibiot-
ics.

Heterologous splicing assay

The POUIFT exon 2 and its flanking intronic sequence {675 bp)
were amplified by PCR from the DNA of an affected individual and
a control subject (Table 51-3), subcloned iato the pSPL3 vector
{Invitrogen}, and designated as pSPL3-POULFI-Ex2-WT or
pSPL3-POUIFI-Ex2-MUT. Splicing assays were performed in
HEK2931 or COS-7 cells (1 x 10" cells/b-cm dish), which were
transfected with 8 pg of plasmid DNA using FuGENE HD (Roche,
tndianapolis, IN, USA). Forly-eight hours later, total RNA was iso-
lated using an RNeasy Mini kit {Qiagen, Valencia, CA, USA} and
reverse-transcribed  using Superscript U1 {Invitrogen). Spliced
products were detected by PCR with the primer combination SD6
and SA2 (vector-specific set), or exon 2-specific FI/F2 and SA2
{Table S1-4). Amplification of f-acfin mRNA was used to assess
reaction efficiency.

Expression and promoter-reporter constructs

A wild-type human POUIF] expression vector, POUIFI-WT-
pcDNA3, was provided by Dr Y. Okimura {Kobe Women's Univer-
sityl. An in-frame deletion of exon 2 was incorporated into the
POULFI-WT-pcDNA3 using a KOD-Plus-Mutagenesis kit {Toy-
obo, (Osaka, Japan} and designated as POUIF]-A48-72-pcINAS,
Full-length p300 and CBP expression vectors were gifts from Dr &,
{shii {RIKEN], Luciferase reporter constructs, rPRLO.6-Luc-pGL3
and rGHG.6-Luc-pGL3, containing either the rat Pri (484 to
+16664 relative to the transcription start site) or the rat Gh {=533
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to +64) promoter sequence, were created by PCR amplification of
the correspanding regions and subcloning into a pGL3-Basic plas-
mid {Promega, Madison, Wi, USA) Oligonucleotide sequences
used are shown in Table 51-5 and 6.

Immunoblotting

Western blotting of whole-cell lysates from GH3 or transfected
HEKZ93T cells was carried out according to the standard proce-
dure. Subcellular fractionation of transfected cells was performed
using the NE-PER kit {Pierce, Rockford, IL, USA) The following
primary antibodies were used: anti-PIT-1 {1:1000 dilution; SCR,
Santa Cruz, CA, USA}, anti-p62 {1:2000; BD Biosciences, San Jose,
CA, USA), anti-PARP ({1:1000; C8T, Tokyo, Japan), anti-GAPDH
{1:4000; Clontech-Takara, Kvoto, Japan) and anti-Actin {1:5000;
Sigma, St. Louis, MO, USAJ antibodies.

Indirect immunofluorescence

Immunofluorescence staining of transfected HEK293T cells was
performed as described previously,’™ using anti-PIT-1 antibody
{1:100) and Alexa Fluor 546-conjugated goat anti-rabbit 1gG
[1:200; Invitrogen} as the primary and secondary antibodies,
respectively.

Luciferase reporter gene assay

HEK293T cells were seeded on collagen-coated 24-well plates
{Iwaki, Nagova, Japan) | day before transfection {5 x 10" cells/
well), after which the reporters {pGL3 250 ng, pRL-TK 125 ng}
and POULFI-WT or A48-72 expression plasmid {250 ng) were
introduced into cells at a 3:1 ratio of FuGENE HD (ul) to DNA
{pg). Forty-eight hours afier transfection, the cells were lvsed and
analysed for luciferase activity using a Dual-Luciferase Reporter
Assay System [Promega). To improve efficiency in GH3 cells,
which are refractory to transient transfection, these cells
{1 % WY cellshwell) were transfected in suspension immediately
after trypsinization at a 5:1 ratio of FuGENE HD to DNA, and the
assay was performed 72 h later.

Electrophaoretic mobility shift assay

Electrophoretic mobility shift assay (EMSAs} were performed using
nuclear extracts from GH3 or transfected HEK293T cells, as
described previously.'” The unlabelled and biotin-labelled human
hGHRHR-P2  probes  {the  sense  sequence,  5-AT-
CCTGGTGAATATTCAGCGGTCT-3") and those derived from the
rat Prl P3 promoter sequence'® {rPRL-P3; Panomics, Redwoad
City, CA, USA]} were utilized,

Statistical analysis

Data are presented as means & ST Statistical significance was anal-
ysed emploving the two-tailed unpaired t-test for comparisons
between control and experimental groups. P < 0-05 was considered
statistically significant.

Resuits

Case report

In September 1993, 5-vear-old identical twin brothers (Family F:
1.1 and 1L.2; Fig. 1a) were referred to the paediatric endocrinology
clinic of the Asahikawa Medical University Hospital to determine
the aeticlogy of their short stature. They were the first children of
unrelated Japanese parents, born by caesarean section on the first
day of the 38th week of gestation. Both parents were healthy, and
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Fig. 1 Pedigree of Family F. {a} Pedigree of Family F with the POUIF!

Ex2 + 1G=T mutation. Black filled symbols identify index cases. Males,
squares; fermales, circles; M, mutated alicle; N, normal allele. (b} Growth
curves of patients [1.1 and 11.2. Heights and body weights are plotted on the
Cross-Sectional Growth Chart 1990™ for Japaness boys (0-18 yvears old).
Closed and epen circles {red, 111 green, 1120 indicate the height and weight
of the patients, respectively.
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the father had a normal adult height (L.1: 37 vears old, 172'1 em/
+(-3 SD7, whereas the mother was rather small in stature (1.2
38 vears old, 148-0 cm/—2-0 8D}, At birth, the patients were found
to be small for gestational age (birth length and weight of HL1:
446 cm/—23 SD and 2364 g/~1'8 SD and 1L2: 430 em/=3-1 5D
and 1942 g/—29 SD}. They had episodes of transient neonatal hyp-
aglycaemia and hyperbilirubinaemia. The mother had no medical
history of hypothyroidism. After delivery, she had breastfed both
infants without problems, but soon switched to formula feeding
because she developed post-transfusion hepatitis. At the first hospi-
tal visit, the patient’s heights were more than 25 SD below the aver-
age for bovs of their age, and bone ages were delaved more than
2 years behind chronological age (Table 1) Results of hormonal
evaluation indicated that they had partial GH deficiency, showing
blunted GH peak responses (<6 ng/ml} to at least two different
stirnuli but more than 3 ng/mi to all stimuli on the GH provocative
tests, together with decreased serum 1GF-1 levels. Their serum 1G-
FBP-3 levels were not measured. Basal and TRH-stimulated levels
of PRL were low in both brothers. Basal free T4 and TSH levels were
within normal range, and the peak TSH responses after TRH stim-
ulation were normal or slightly blunted. Their serum LH and FSH
levels were in the prepubertal range both before and after LHRH
stimulation. Neither basal nor stimulated levels of ACTH and cor-
tisol were measured. No brain MRI data were obtained for either
patient. Based on the clinical and endocrinological findings, they
were diagnosed as having partial CPHD, with mild GH and PRL
deficiencies and borderline TSH deficiency. They had no or only
mild symptoms. Eventually, it was decided that medical therapy,
including GH and levothyroxine administration, was not neces-
sary. The constructed growth chart showed similar grawth curves
for the brothers throughout the entire period of growth and indi-
cated lack of a pubertal growth spurt {Fig. 1b}. Their final heights
were 111z 1604 cm/=1-8 SD and [1.2: 159-8 cm/—1-9 SD1, A younger
brother’s height was within normal range {11.3: 1358 cm/-1-5 SD
at age 11 vears). In May 2011, the 56-year-old mother agreed to
donate blood samples. Her laboratory tests yielded the following
results: basal GH 0:07 ng/ml [reference range (RR) 0-28-1-64],

Table 1. Clinical and harmone data at initial presentation
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1GF-1 89 ng/ml {~1:37 SI; RR 74-208}, IGFBP -3 1-76 pg/ml {RR
1:99-3-19}, PRL 1-38 ng/ml {RR 6-12-30-5), TSH 1-84 uIU/mi {RR
0:50-5-004, free T3 3:36 pg/ml {RR 2:30-4-30), free T4 1-08 ng/ml
(RR 0-90-1-70}, cortisol 90 pg/ml (RR 40-18-3} and ACTH
9-8 pg/ml {RR 7-2-63-3}. Thus, her data were at least suggestive of
mild GH and PRL deficiencies, similar to the clinjcal presentations
of her affected sons, but a definitive diagnosis could not be estab-
tished owing to lack of GH secretion data and brain MRL

Anovel Ex2 + 1G>T mutation in the POU1FT gene affects
splicing of exon 2

Int both affected brothers of Family F, a heterozygous Ex2 + 1G»T
{c.214 + 1G>T) mutation of POUIF] was identified {Fig. 2a). This
nucleotide change disrupted 2 highly conserved GT dinucleotide
sequence of the splice donor site at the exon 2-intron 2 boundary.
The BEx2 + 1G>T musation was also heterozvgous in their mother
{1.2; Fig. 2b}, but was not found in the father or a younger brother,
or in zny of the 188 Japanese controls.

The effect of Ex2 + 1G>T on in vitre splicing efficiency was
examined using minigene constructs, POUITL-Ex2-WT and
Ex2-MUT (Fig. 2c). When transfected into HEK293T cells, sub-
sequent RT-PCR analysis using vector-derived primers SD6 and
SA2 shawed that POULFI-Ex2-WT produced two splice prod-
ucts {Fig. 2d, wp panel): a prominent 332-bp band reflecting
exon 2 inclusion and a very faint 410-bp product resulling
from alternative use of the exon 2 splice acceptor site {ic.
POUIFI-§ isoform). On the other hand, POUIFI-Ex2-MUT
generated only one product that did not contain exon 2. When
using SAZ and POUIF]-specific primers {F1 and F2}, a dear
single band corresponding 1o the normally spliced products
(F2 % SA2) as well as a faint band representing the POUIF!-f
isoform (F1 »x SAZ) were observed for POUIFI-Ex2-WT, but
these were not detected for Ex2-MUT {Fig. 2d, middle panels).
Similar observations were also made after transfecting COS-7
shown). Thus, our data

cells {date not suggested  that

Ex2 + 1G=T results in a large decrease in splicing efficiency

TSH PRI LH FSH
GH pesk {ng/mi]  {WlUW/mi) {ng/ml}  (mIU/mi) {(mIU/mi)
Bascline; Baseline; Baseline;  Baseling
Age BA FreeTd IGF-1 T Args Ins; e-dopa; under under under under
Subject Sex (years) Height femy  Weight (kg)  (wears] {ng/dl} {ng/ml) {ng/dl} GHRH TRH TRH LHRH  LHRH
L1 M 55 QRT(=265D) 131 (-198D) 34 67 20 =3 504 390; 664,947 1-23;12°5 (095,477 (23; 402 1406032
1.2 M35 9T i =-2-&5D) 129(-208D) 32 1-60 20 <5 S 3 AT0 407 127 1335144 09600 (263 387 194624
I3 MOl TA0(-098D) nia nfa nfa nfa n/a nfa nfa nfa nia nfa

BA, bone age using the radivs-ulna-short bones (RUSH method; T, testosterone; Arg, arginine Ins, insuling n/a, not available, Serum GH concentrations were
measured using an [RMA kit { Dalichi Radioisotope Laboratories, Tokye, JTapan}, and the original GH values {IL1, 807; 625; 1063 1513 {12, 133, 762 748;
20-3) were corrected vsing the formula recommended by the Foundation for Growth Science in Japan to obtain the approxintate values based on the Interna-
tiom] Standard of recombinant human GH. Reference values for age are as follows: free T4, P1-26; IGT-1, 29-173; testosterone, < 10 GH peak, =6 {arginine,
insulin, t-dopa and GHRHEY; TSI, 003-35 (baseline), 1335 (under TRHY; PRL, 1:7-15+4 (baseline}, 29-4-35-8 {under TRH 5 LH, 00212 (bascline); FSH

1-4--3-0 {baseline).
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Fig. 2 A novel heterozygous Ex2 + 1 G»7T splicing mutation in the POUIFI pene. {a} Sequence chromatograms display a portion of the exon 2-intron 2
boundary fram a control individual {upper panel) and the index patient in Family F (111, lower panel}. Patient F: 111 has a heterozygous G=T wansition {red
asterisk] at position 1 of intron 2 {Ex2 + 1G=T), which abolishes the canonical donor splice site (GT dinucleotides), Ex, exon; [VS, intervening sequence, {b}
In & mismatch PCR-RELP assay, digestion of a 308-bp amplicon with BstEll yields 265- and 40-bp fragments (the 40-bp [ragment is teo short to be visible on
the agarose gel), This mutation abolishes the Bst2l site, and the 308-bp fragment remains intact {111, IL2 and L2}, Shown is a blackiwhite inverted image of a
gel stained with ethidium brosnide, M, TINA size marker. {¢) Representation of the pSPLA-POUIFI-Ex2-WT {wild-type) or Ex2-MUT {mutant} minigene
constracts, A genomic fragment, containing POUTF] exon 2 {150 bp) and 275 bp of the 5~ and 240 bp of the 3-intronic lanking sequence, was subcloned
inte the Xhol/BamHT site of pSPL3. Open box, exon 2 of POUIF]; grey box, an extended exon 2 specific for the POUTFL- B isoforms shaded boses, pSPL3
vector exons, exa and exby; horizontal arrows, vector-derived primers $126 znd 542, and exon Z-specific primers, Fi and F2. Note that primer F1 is specific to
the POUIFI-fi isoform, whereas F2 is common 1o both the 2 and the P isoform. Mutation site is indicated by an asterisk. (d} In vifra splicing assay, HEK293T
cells were transiently transfected with POUIF1-Ex2 minigene constructs or empty pSPL3 vector (negative control}. Subsequent RT-PCR analysis was per-
formed with four different seis of primers. Top panel, amplicons abtained with the primer pair SD6/SA2, Note that the Ex2-WT construct yielded two bands
of 332 and 410 bps that correspond to the inclusion of exons 2 and 2 respectively, while anly 3 260-bp band was penerated by the Ex2-MUT or empty vectors,
Middle pancls, the primer pairs FI/SA2 or F2/5A2 produced the normally spliced products from the Ex2-WT construct, but no band is seen in the Ex2-MUT

construct. Lower panel, RT-PCR products for fi-actin (a RT-PCR quality control} are shown. Black/white inverted images are shown,

and in skipping of exon 2, rather than in the activation of a
cryptic donor splice site.

POUITF1-148-72 construct does not affect nuclear
targeting and DNA binding in HEK293T cells

As our i vitro splicing assay results indicated that Ex2 + 1G=T
causes an in-frame skipping of this exon, we generated a mutant
expression construct with deletion of exon 2 {POUIF1-A48-72),
and its functional properties were compared with those of the wild-
type construct (POUIFI-WT), Immunoblotting of total cell lysates
from POULFL-WT-transfected HEK293T cells with a POUIFL-
specific antibody revealed 33- and 31-kDa immunoreactive bands,
arising from alternative translation initation codon usage of
POUTFI mRNA,™ at levels similar to endogenous proteins in GH3
cells {Fig. §1). On the other hand, two smaller bands, 30 and
28 kDa, corresponding to forms with exon 2 deletion, were
detected in cells transfected with POUTF1-A48-72,

We next examined whether A48-72 affects nuclear localization
of POULF1. Subcellular fractionation of POUIFL-WT or A48-72-
expressing HEK293T cells followed by immunoblotting showed

strong nuclear localization in each case (Fig. 3a). Consistently,
immunacytochemical staining for POULF] showed virtuaily iden-
tical, intense nuclear staining for both WT and A48-72 forms
{Fig. 3b).

We further performed EMSAs using two different EMSA probes
containing previously characterized POULF1-binding sites, one
specific for the distal P2-binding element of the human GHRHR
promoter (hGHRHR-P2}'” and the other from the rat P+ proximal
AP region (1PRL-P3)." Nuclear extracts from POUIFI-WT-
expressing cells formed a distinct DNA—protein complex in both
cases (Fig, 3¢}, which was confirmed by supershift with anti-
PQUIFI antibody. Similar EMSA results were oblained in nuclear
extracts from the POUIFI-A48-72-expressing cells, suggesting
DINA-binding activity to be unaffected by the mutation,

POUTF1-448-72 exhibits reduced but not abolished trans-
activation capacity and an impaired synergic interaction
with p300 in HEK293T cells

To characterize the effect of A48-72 on the function of POUILF]
in transactivation of target promoters, HEK293T cells were

@ 2011 Blackwell Publishing Lid, Clivical Endocrinology, 76, 78-67
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Fig. 3 The A48-72 mutant POUTET maintaing normal nuclear targeting and DNA-binding ability. (a) HEK293T cells were transfected with wild-type (WT)
or A48-72 mutant POULEL or empty vector (EV), and subjected 1o subcellular fractionation as deseribed in Subjects and methods. As a control, the same pro-
cedures were carried out sitmulisneously with nontransfected {NT) 2937 and GH3 cells. Equal amount af pratein fram either the nuclear {NE; 1 ug per lane!
ar the cytoplasmic {CE; 10 ug per lane) fractions were loaded ona 10-15% SDS-PAGE gel, rransferred and reacted with anti-POUTEL antibody. To sssess the
purity of the NE and CE fractions, immunablot analysis was also conducted with amtibodies against nuclear {p62 and PARP) and cytoplasmic {GAPDH) mar-
ker proteins. Actin {present in both NE and CF fractions] was probed as a loading control. {b] indirect imununeflusreseent localization of POUIFL in
HEK293T cells rransiently transfected with POULFL-WT {upper) or A48-72 (lower} expression constructs, Merged images of anti-POUTF] (red) and DAPI
iblue) are shown. While arrows indicate a nucleus positive for FOULFL which appears pink as the red stain is overlaid with blue, (¢} Electrophoretic mobility
shift assays [EMSAs), Nuclear extracts (NE) from transtected HEK293T and GH3 (positive control? cells were prepared and subjected to EMSA with
POUIF!-specific oligonucleotide probes (hGHRHR-P2 and ¢PRL-P3}. Competilion experiments were performed with unlabelled competitar probes ata

100-fold molar excess. For supershift experiments, antibodies specific for POUTET or normal [gG (NI a5 2 negative control) were used. SCindicates
POUTFI-specific complex: 88, supershifted complex; NS, nonspecific bands and complex: FP, free probe.

cotransfected with various amounts of either POUIFI-WT or
A48-72 expression constructs with luciferase reporter genes con-
wining rat Prl or Gh proximal promoter sequences {(rPRLO.
6-Luc or rGHO.6-Luc). As shown in Fig. 4a, POUIFI-A48-72
showed significantly decreased, but not absent, transcriptional
activity (61-81% to the WT activities), When cotransfected with
WT, equivalent amounts of A48-72 did not inhibit instead addi-
tively activared rPRLO6-Luc and rGHO.6-Luc activities (Fig, 4b},
suggesting that A48-72 does not exhibit a dominant-negative
effect in HEK293T cells.

CBP and p300 were previously described to act as coactivators of
a large number of transcription factors, including POUTF1.* Con-
sistently, cotransfection of the POULF1-WT with cither the CBP or
P00 expression constructs resulted in a synergistic enhancement
of transactivation of the rar Pri and Gh promoters (Fig. 4c}. When

@ 2011 Blackwell Publishing Ltd, Clinfcal Endocrinology, 76, 78-87

POUIF1-A48-72 was cotransfected with CBP, a similar synergy
was observed, whereas no such effects were seen with p300, suggest-
ing the A48-72 mutant to be specifically defective in its ability to
synergize with p300.

POUTF1-448-72 displays a dominanit-negative activity
against endogenous POUTF1 and suppresses the rat Gh
promater activity in GH3 cells

Because previous studies suggested the possible cell type specificity
of dominant-negative effects of some POUIFL mutations, we
sought to examine the effect of the A48-72 mutation against endog-
enous POULF] protein, For this purpose, we conducted reporter
assays asing GH2 somatolactotrope cells, which express Poulfl as

well as Pri and Gl genes. As shown in Fig, 5, the baseline reporter
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Fig. 4 Reduced transactivation ability and impaired synergy with p300 of the A48-72 POULF] form. A. HEK293T cells seeded in a 24-well plate were cotrans-
fected with a reporter construct {rPRLOG-Lug, lefl; rGHO.6-Luc, right panel), a renilla luciferase construct {pRL-TK, for normalization} and increasing
amounts (0-06-0-23 pg DNA per welld of plasmid encoding wild-type (WT) or A48-72 mutant human POUTFL Total amourts of (ransfected DNA were kept
conslant by adding empty vector pcINA3 (EV) as appropriate. The cells were lysed 48 b afier transfection, and Iuciferase activity was measured. Data were
noemalized and expressed as fold activation relative wo the value of the 'EV only’ control, which was set 1o 1. White bar, EV; black bars, POUTF1-WT; dark grey
bars, POULFL-A48-72. Each bar represents the mean = 8D of four determinations in ane representative series of expesiments ou of three performed. The sta-
tistical significance of differences was determined using the two~tailed unpaired f-lest. *P < 0:0001 v EV, "P < (001 and *°P < 00001 »s POUITL-WT. (b)
To assess whether the A48-72 mutant can inhibit the ability of the WT protein to transactivate the GH and PRI promoters, equal amounts (0-1 pg each per
well of @ 2d-well plate) of POUIFI-WT and A48-72 plasmid DNAs were transfected into HEK293T cells along with either rPRLLS-Luc or rtGHL6-Luc repor-
ter plasmidl, and Juciferase assays were carried out. Cells transfected with POUIFI-WT or A48-72 alone, keeping the amount of DNA constant by addition of
empty vector [EV), were compared. Data were normalized and expressed as fold activation relative to the values of the "WT+EV control, which wereset o 1.
White bar, rPRLO.6-Lug; black bars, rGHO.6-Lue. One representative experiment out of four is showrs, *P < 805 and **P < 00001 v WT+EV. {¢} To evaluate
the etfects of the A48.72 mutation on the symergistic interactions between POULTL and either cAMP-response element binding protein-binding protin
{CBP) or p300, as coactivatars, on GH and PR promaters, POUTFT-WT and A48-72 were transfected with either CBP or p300 expression construets as indi-
cated, along with either rPRLOA-Luc or rGH.6-Luc. Lucilerase assays were then performed. Refative lucilerase sctivity is indicated as the mean = 8D fold
activation relative to the value of the ‘POUIFI-WTHEV" transfection {set to 1), A representative result from three independent experiments is shown, each
performed in quadruplicate and each vielding similar results, *F 2 0-001 and **P < 00001 v EV,"P < 0001 and P < 0-0001 vsEV,

imum dose}, while suppressing rPRLO.6-Luc activity only at the
highest dose (84-5% inhibition).

gene activities {cotransfected with empty vector) of the rPRLO,
6-Luc and rGHO6-Luc constructs were significantly elevated,
reflecting endogenous gene expressions. Consistent with previous
observations showing that cotransfection with wild-type POULFL

. . o Discussion
elicited only marginal enhancements of target promoter activitics

in pituitary cells,""?" the introduction of POUIFI-WT into GH3
cells showed only small but significant increases in reporter gene
activities, with maximum inductions of 1-22- and 1-17-fold for Pr!
and Gh promoters, respectively. Unlike with POUIF1-WT, trans-
fection of POU1F1-A48-72 significantly suppressed rGHO.6-Luc
activity in a dose-dependent manner (53-9% inhibition at the max-

The classification and distribution pattern of the discasc-associated
POUIF! mutations showed that the majority {approximately 60%]
are missense mutations within the POU-S and POU-HD domains
{Fig. 82, Table 52}, encoded by exons 4 and 6, respectively. Mean-
while, anly a few mutations specifically alfecting the TAD region
{e.g. p.P141 and p.P24L} have been described to date, and the same

© 2011 Blackwell Publishing Lid, Clinical Endocrinology, 76, 78-87
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Fig. 5 The A48-72 mutant POUTFL inhibits the activities of the PRL and GH promoters in GH3 cells. GH3 cells seeded in a 24-well plate were transfecied
with the rPRLO.6=Luc or rGHOA-Luc constructs and indicated amounts {ug) of expression vectors encoding FOULFI-WT and POUIF-A48-72, or EV, using
an optimized cell-specific protocol (see Subjects and methods), The pRL-TK vector was also used as an internal control, pGL3- Basic as 2 negative control,
Cells were harvested 72 h after transfections, and luciferase activities were measured. Refative luciferase activity is indicated as the mean 2 5D fold activation
relative to the value of each reporter without POULF1-WT and POUIF1-A48-72 transfections (set to 1), A representative result (rom three independent
experiments is shown, each performed in quadruplicate and each yielding similar results. The statistical significance of differences was determined using the

two-tailed unpaired t-test. *F < 0-0001 vs empty pGL3-Basic (=1, "P = 0:01, "P < £:001 and “P < 00000 v EV,

is true for those involving specific splice sites. To our knowledge,
Ex2 + 1G=T is the first demonstration of a mutation specifically
involving exon 2, thus affecting TAD, and ane of the few examples
of aberrant splicing mutations of POUTFI.

The in vitro splicing assay suggested that Ex2 + 1G>T causes an
in-frame skipping of exon 2 in the mRNA, thus generating an inter-
nally deleted protein, lacking nearly four-fifths (aa 48-72) of the
TAD-R2 subdomain, Functional analysis of POULF1-A48-72
showed reduced but not abolished ability to transactivate the rat
Pri and Gh promoters, with an impaired synergistic interaction
with p300, in nonpituitary HEK293T cells. In contrast, dominant-
negative activity was exhibited against endogenous POUIFL in
GH3 somatolactotrope cells. These data are generally consistent
with previous studies, which suggested the TAD-R2 subregion, as a
whole, ta play only a contributory role in basal transcriptional
activity, although it is likely to be crucial for transcriptional synergy
with other transcriptional cofactors (e.g. ER and TR) and, in a sim-
itar way, for Ras responsiveness.” ™' A previous report also
revealed a motif containing three tyrosine residues separated by six
aa residues (Y6Y6Y) encoded by exon 2 to be critical for these
effects.” In addition, the potential dominant-negative effects of sev-
eral POUIF] mutations have heen extensively investigated, and it
was emphasized that such effects are largely dependent on experi-
mental conditions and likely to be detectable only in a cell type- or
promoter-specific manner.™ The p.R271W mutation was ini-
tially found to dominantly inhibit the activation of the GH and
PRL genes by wild-type POUIFL™ although this was later dis-
puted.™ In a more recent study, however, the dominant-negative
effects of p.R27IW were shown to be detectable only in cells pos-
sessing an endogenous POUTFL In the case of p.K216E, the

€ 2011 Blackwell Publishing Lid, Clindeal Endocrinelogy, 76, 78-87

mutation was found not only to be a superactive stimulator of GH
and PRL promoter activities in nonpititary CV-1 cells but also to
inhibiz retinoic acid-induced upregulation of PoulfT expression in
GH3 cells.” :

[t should be noted that, in the majority of previously described
CPHD patients with PGUIFI mutations, GH and PRL deficiencies
were usually complete, leading to carly and progressive growth
failure and severe short stature, while the time of anset and the
degree of TSH deficiency could be variable. In addition, recessive
POUIFI mutations reportedly show no obvious phenotype when
heterozygous. In this context, our patients had relatively mild short
stature and represented a state of partial, rather than an abselute,
deficiency of GH. We assume that a similar situation lkely
occurred in their undiagnosed mother who also presented with
mild short stature and harboured the same mutation: however,
detailed evaluations including the GH provocative tests and brain
MRI are obviously needed before a definitive diagnosis can be
established. While a single Ex2 + 1G>T mutation was detected in
only one allele of these patients, this mutation falls outside the
POUIF! mutational hotspot domains, POU-S and POU-HD, and
has the potential to act as a dominant-negative inhibitor of
endogenous POUIFL. We thus speculate that the rather unusually
mild CPHD phenotype of our patients mav be attributable to these
unique features in mutational location and type of Ex2 + 1G>T. It
is also noteworthy that Ex2 + 1G=T is expected to simultanzously
disrupt the POULFI-P and PIT-1T isoforms, containing different
5-extended variants of exon 2, which are believed to play
distinctive and important roles in the regulation of POUIFL-
dependent I The Ex2z + 1G»T mutation may
contribule 1o the unique clinical phenotypes of our patients in this

promaoters.
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regard; however, further experimental evidence is needed to sup-
port this hypothesis.

In summary, we have described herein the fivst identified splice
site mutation {Ex2 + 1G=T) at the exon 2—intron 2 splice junction
of the POUIFI gene, which eccurred in heterozygous form in iden-
tical twin brothers presenting mild CPHD. The addition of this
mutation to the growing list of pathological POUIFI mutations
may provide meaningful insights into clinical heterogeneity in the
expression of individual mutations and a deeper understanding of
the structure—function relationships of the POUILFL protein.
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Relative frequency of underlying genetic causes for
the development of UPD(14)pat-like phenotype

Masayo Kagami!, Fumiko Kato!, Keiko Matsubaral, Tomoko Sato!, Gen Nishimura? and Tsutomu Ogata

#,1,3

Paternal uniparental disomy 14 (UPD(14)pat) results in a unique constellation of clinical features, and a similar phenotypic
constellation is also caused by microdeletions involving the DLKI-MEG3 intergenic differentially methylated region (IG-DMR)
and/or the MEG3-DMR and by epimutations (hypermethylations) affecting the DMRs. However, relative frequency of such
underlying genetic causes remains to be clarified, as well as that of underlying mechanisms of UPD(14)pat, that is, trisomy
rescue (TR), gamete complementation (GC), monosomy rescue {MR), and post-fertilization mitotic error (PE). To examine this
matter, we sequentially performed methylation analysis, microsatellite analysis, fluorescence in situ hybridization, and array-
based comparative genomic hybridization in 26 patients with UPD{14)pat-like phenotype. Consequently, we identified
UPD(14)pat in 17 patients (65.4%), microdeletions of different patterns in 5 patients (19.2%), and epimutations in 4 patients
(15.4%). Furthermore, UPD{14)pat was found to be generated through TR or GC in 5 patients (29.4%), MR or PE in 11
patients (64.7%), and PE in 1 patient {(5.9%). Advanced maternal age at childbirth (=35 years) was predominantly observed
in the MR/PE subtype. The results imply that the relative frequency of underlying genetic causes for the development of
UPD(14)pat-like phenotype is different from that of other imprinting disorders, and that advanced maternal age at childbirth
as a predisposing factor for the generation of nullisomic oocytes through non-disjunction at meiosis 1 may be involved in the

development of MR-mediated UPD(14)pat.

Evropean Journal of Human Genetics (2012) 20, 828-932; doi: 10.1038/ejhg.2012.26; published online 22 February 2012

Keywords: genetic cause; maternal age effect; monosomy rescue; UPD(14)pat subtype

INTRODUCTION

Human chromosome 14322 carries a ~1.2Mb imprinted region
with the germline-derived primary DLKI-MEG3 intergenic differen-
tially methylated region {IG-IDMR) and the post-fertilization-derived
secondary MEG3-DMR, together with multiple imprinted genes.t?
Both DMRs are methylated after paternal transmission and unmethy-
Jated after maternal transmission in the body, whereas in the placenta
the IG-DMR alone remains as a DMR and the MEG3-DMR is rather
hypomethylated irrespective of the parental origin®? Furlhermore, it
has been shown that the unmethylated IG-DMR and MEG3-DMR of
maternal origin function as the imprinting centers in the placenta and
the body, respectively, and that the IG-DMR acls as an upstream
regulator for the methylation pattern of the MEG3-DMR in the body
but not in the placenta?

As a result of the presence of the imprinted region, paternal
uniparental disomy 14 (UPD{l4}pat) (OMIM #608149) causes a
unique constellation of body and placental phenotypes such as
characteristic face, bell-shaped small thorax, shdominal wall defect,
polyhydramnios, znd placentomegaly®>*® Furthermore, consistent
with the essential role of the DMRs in the imprinting regulation,
microdeletions and epimutations affecting the IG-DMR or both

DMRs of maternal origin result in UPD{14)pat-like phenotype in.

both the body and the placenta, whereas a microdeletion invelving the

maternally inherited MEG3-DMR alone leads to UPD{14)pat-like
phenotype in the body, but not in the placenta >’

Of the three underlving genctic causes for UPD{14)pat-like
phenotype  (UPD{14)pat, microdeletions, and epimutations),
UPD{14)pat is primarily generated by four mechanisms, that is,
trisomy rescue {TR), gamete complementation {GC}, monosomy
rescue (MR), and post-fertilization mitotic error {PE)S TR refers'to
2 condition in which chromosome 14 of maternal origin is lost
from a zygote with trisomy 14 formed by fertilization between &
disomic sperm and a normal oocyte. GC results from fertilization
of a disomic sperm with a nullisomic oocyte. MR refers to a condition
in which chromosome 14 of paternal origin is replicated in a zygote
with monosomy 14 formed by fertilization berween 8 normal sperm
and a nuilisomic ovcyte. PE Is an event afler formalion of a nermal
zygote. In this regard, a nullisomic oocyte specific to GC and MR is
produced by nen-disfunction at meiosis 1 (M1) or melosis 2 (M2},
and non-disjunction at M1 is known to increase with maternal age,
probably because of a long-term {1050 years) meiotic arrest at
prophase 1.7

However, relative frequency of the genetic causes for UPD(14)pat-
like phenotype remains to be determined, as well as that of underlying
mechanisms for the generation of UPD{14)pat. Here, we report our
data on this matler, and discuss the difference in the relative frequency

Iepertmant of Molkecular rrdomnnbgy Mational Research Institute for Child Health and E@Jel"&fﬂ& it Tokyn, Japary Depariment of Rad: shogy, Tokyo Metaon
Medica! Center, Fuchu, Japan; *Deparlment of Pediatrics, Hamamatsy University Schoo of §

rolitar Childhien's

ine, Hamamatsu, Japan

*Correspondence: Professor T Ogate, Department of Pagialrics, Hamamalsy Upiversity School of Medicine, Hamarmaisy 431-3192) Japsn. Tel +B1 53 435 23.0:

Fax: +81 53 435 2312, E-mai; tomogela@hema-med.ac)p

Receved 23 May 2011; revised 10 Movember 2011; acceptad 26 Dacember 2011; publishad onling 22 Fab

ruary 2012



among imprinted disorders and the possible masernal age effect on the
relative frequency.

PATIENTS AND METHODS

Patients

This study comprised 26 patients with UPD(1d)pat-fke phenotype (3 male
patients and 17 female patients} (Table 11 Of the 26 patiznts, 15 patients bave
been reported previously; they consisted of nine sporadic patients with full
UPE14)paz,*® one sporadic patient with segmental UPD{14)pat,? the proband
of silding cases and four sporadic patients with different patterns of micro-
deletions involving the unmethylated DMRs of maternal origin,®™ and thres
patients with epimutations (hypermethylations) of the two normally unmethy-
lated DMRs of maternal origin® The remaining eight patients wers new
sporadic cases.

Phenotypic findings of the 26 patients are summarized in Supplementary
Teble 1; detailed clinical features of patlents 6 and 16-25 are s described
previously, ™ and those of the eight new patients 3, 5, 10~14, and 26 are shown
in Supplemnentary Table 2, together with those of patients 1, 2,4, 79, and 150
whom detailed phenotypes were not described in the previous report® All the
26 patients were identified shortly sfter birth because of the unique beil-shapsd
thorax with coat-hanger sppearance of the ribs on roentgenograms oblained
because of asphyxia, Subsequent clinical analysis revesled that 25 of the 24
patients exhibited both body and placental UPD{1dpaclike phenotype,
whereas the remaining one previously reported patient {patieat 22) manifested
bedy, but not plcentsl, UPD{14jpat-like phenotype’ The karyotype was
found to be normel in 25 patients, although cytogenetic analysis was not
performed in one previously reperted patient who died of respiratory filurs at
2h of age {patient 6).' One patient {patient 15} was conceived by in vitro
fertilization-embryo transfer.” This study was approved by the Instituse Review
Board Committee al the National Center for Child Health and Developmens,
and performed after obtaining written informed consent,

Table 1 Summary of patients examined in this study

UPDI14]pat-like phenctepe
i Hagami el 8

Analysis of underlying genetic causes in patients with
UPD({14)pat-like phenotype
We sequentially performed methylation analysis, microsatellite analbysis, and
fluorescence i1 sty hybridization (FISH), using levkocyte genomic DNa
samiples and lymphocyte metaphase spreads of all the 26 patients with
UPD{14)par-like phenotype. The detalled methods were as reported pre-
viously® I brief, methylation analysis was performed for the IG-DMR
{CG4 and CGS) and the MEGZ-DMR {CG7 and the CTCF-biding sites C
and D} by combined hisulfite restriction analysis and bisulfite sequencing,
Microseteliite analysis was performed for multiple loct on chromosome 14, by
determining the sizes of PCR products obtained with fluorsscently labeled
forward primers and unlabeled reverse primers. FISH analysis was carried out
for the 1G-DMR and the MEG3-DMR using 5104-bp and 5182-bp long PCR
products, respectively, sogether with the RP11-56612 probe for 14q12 utilized as
an internal control

In this study, furthermors, oligonucleotide array-based comparative geno-
mic hybridization {CGH} was alse performed for the imprinted region of non-
UPD{14)pat patients, using a custom-build olige-microarray containing 12600
probes for 14q32.2-q32.3 encompassing the imprinted region and ~ 10000
reference probes for other cliromosomal region (4x 180K formal, Design 1D
032112} {Agilent Techrologies, Palo Alts, CA, USA). The procedure was as
described in the menafacturer's instractions.

Analysis of subtypes in patients with UPD{14}pat

UPI{14)pat subtype wes determined by microsatellite analysis.®? In brief,
neterodisomy for at least one locus was regarded as indicative of TR or
GU-medizred UPIH 14)par {TR/GC subtype), wheress isodisomy for all the
informative microsatellite loci was interpreted as indicative of MR- or
PE-mediated UPD{14)pac {MR/PE subtype) {for details, see Supplementary
Figure S1). Here, while heterodisomy and lsodisomy for & pericentromeric
region in the TR/GC subtype imply  disomic sperm generstion through M1

UPDtldipar Maternal age at Faternal age at
Patient Genetic cause subtype chifafirth fears) childbirth (yzars Remark Referance
1 Ue ] Alpat TRIGCIMI] 31 35 5
2 UPD{14}pat TRIGC £341] 28 249 5
3 UPO{I4pat TRIGE (M1 29 38 This report
4 UPD{ 14)pat TRIGC (MY 36 at 5
5 LUPD{14)pat TRGC [M2] 30 30 This rapart
6 UPD(14&)pat MR/PE &7 Unknown 4.5
7 UPD(14)pat MRPE k3 25 5
8 UPD{ L) pat MRIPE 3z 33 5
G UPD{ L dipat ME/PE 26 35 5
o UPD{14ipat CMEFPE 38 38 This report
11 UP{14)pat MRIPE 256 3z This regort
12 UFD(14)pst MRIPE 41 38 This report
13 JPD{14ipat MRIPE 30 28 This report
14 UED(lA)pst MRPE a3 34 This repert
i5 UPD(14)pat HMR/FE - 42 37 Bom aiter IVF-ET 5
18 UPD{14ipat MR/BE 3 36 ‘ 4,5
17 UPG{14ipat-seg. PE 27 24 Gegmaental iscdisomy 4.8
18 Microdeietion 31 a4 2
19 Microdeletion 23 36 2
20 Hicrodsletion 28 27 P
21 Micracaletion 27 37 G-DMR alone 3
22 Misradalation 25 25 MESIDIME slong 3
23 Enlmutation 35 36 2
24 Epimutation 28 26 2
25 Epimutation 27 30 2
26 Epimuiation EX) 33 This report

Abbesviation: WF-ET, in vivo fertilizabiorembeys yaosfer using parental gametes,
The micreseietions in patients 12-22 are dilfersnt in siza.
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and M2 non-disjunction respectively,” such diserimination bstween M
and M2 pon-disjunctions is impossible for the development of a nullisomic
oocyte, Furthermore, it is usually impossible to discriminate beiween
TR and GC, although the presence of trisomic cells is specific to TR. Similarly,
it is also usually impossible to discriminate between MR and PE, although
identificetion of segmental sodisomy or mosaicism is unique o PE
(PE subtype). '

Analysis of parental ages

We examined parental ages at childbirth in patients of different underlying
causes and different UPD{i4)pat subtypes. Statistical significance of the
relative frequency was examined by the Fisher’s exact probability test, and that
of the medizn age by the Mano-Whitney's Iitest, P<0.05 was considered
significant.

RESULTS

Analysis of underlying causes in patients with UPD{14)pat-like
phenotype :

For the eight new sporadic patients, methylation analysis invarfably
revealed hypermethylation of both DMRs, and microsatellite analysis
showed UPD(14]pat in seven patients and biparentally inherited
homologs of chromosome 14 in the remaining one patient {patient
263, FISH analysis for patient 26 identified two signals for the two
DMRs, and subsequently performed array CGH analysis showed no
evidence for genomic rearrangements {Supplementary Figure 82).
Thus, patient 26 was assessed to have an epimutation affecting the
two DMRs. Furthermore, the results of array CGH analysis confirmed
the presence of microdeletions in patients 18-21 and the absence of a
discernible microdeletion in patients 23-25 (Supplementary Figare 52)
{array CGH analysis was not performed in patient 22 with a 4303-bp

‘microdeletion® hecause of the lack of DNA sample available}. Thus,

together with our previous data, all the 26 patients with UPD(14)pat-
like phenotype had genetic alteration involving the imprinted region
on chromosomel4g32.2.

Consequently, the 26 patients with UPD(14}pat-like phenotype
were classified as follows: (1) 16 sporadic pstients with full
UPD(14)pat and | sporadic patient with segmental UPD{14}pat
{UPD{14)pat group); () the proband of the sibling cases and two
sporadic patients with different patterns of microdeletions involving
the two DMRs, one sporadic patient with a microdeletion involving
the [G-DMR alone in whom the MEG3-DMR was epimutated, and
one patient with a microdeletion invalving the MEG3-DMR alone
(deletion group); and (3) four patients with epimutations {hyper-
methylations] of both DMRs {epimutation group) {Figure 1 and
Table 17},

} uPD(iipatake prenatypa n=) |

M‘Q;’pérmemﬂmmn of
. notn DMRs (n=25)

UPLH14jpat (=17} | Bipaecial (78] || By i
<TRIGE in=5)

«MRFE (n=t1}

<FEIn=1)

i Microdatetion in=5}
« Both BIRs (1=
* IG-OMR siss H

Pheg apimatation of the WMEGI-DIMR
» MEGIDMR atos invi)

Epmulabin {n=d)

Figure 1 Classitication of 26 patients with UPD{14)gat-like phenotype,
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Analysis of subtypes in patients with UPD(14)pat

Heterozygosity for at least one locus indicative of TR/GC subtype was
identified in five patients (patients 1-5), and the disomic pattern of
pericentromeric region indicated M1 non-disjunction in patients 1—4
and M2 non-disjunction in patient 5. Full isodisomy consistent with
MR/PE subtype was detected in 11 patients {patients 6-16}, and
segmental isodisomy nnique to PE subtype was revealed in 1 patient
(patient 17} (Table 1, Figure 1, and Supplementary Figure 53).

Analysis of parental ages

The distribution of parental ages at childbirth is shown in Figure 2.
The advanced maternal age at childbirth { =35 years) was predomi-
nantly observed in the MR/PE subtype of UPD(14)pat. Furthermore,
while the relative frequency of aged mothers { = 35 years) did not show
a significant difference between the MR/PE sublype of UPD{14])pal
(6/11) and (1) other subtypes of UPD{14)pat (1j6) {P=0.159), {ii)
deletion group {5} (P=0057), and (iii) epimutation group {1/4}
{P=(.338), it was significantly different between the MR/PE subtype
and the sum of other subtypes of UPD{14)pat, deletion group, and
epimutation group (2/15) (P=0.034). Similarly, while the median
maternal age did not show a significant difference betwesn the MR/PE
subtype of UPD(14)pal {36 years) vs (i} other subtypes of UPD{14)pat
(29.5 years) [P=0.118), {ii) deletion type (28 years) (P=0.088}, and
{iii} epimutation type (30.5 years) (P=0.295), it was significantly
different between the MR/PE subtype of UPD(14)pat and the sum of
other subtypes of UPD(14)pat, deletion group, and epimutation
group {29 years) (P=0.045),

The paternal ages were similar irrespective of the genetic causes and
the UPD(14)pat subtypes. In addition, the median paternal age was
comparable between the TR/GC subtype of UPD{14}pat that postu-
lates the production of a disomic sperm (35.0 vears) and the sum of
other subtypes of UPD{14)pat, deletion group, and epimutation
group that asswmes the production of a normal sperm {33.5 years)
(P=0.322).

DISCUSSION :

This study revealed that the UPD(14)pat-like phenotype was caused
by UPD{14)pat in 65.4% of patients, by microdeletions in 19.2% of
patients, and by epimutations in 15.4% of patients. Although the
relative frequency of underlying genetic factors for the development of
UPD{14)pat-like phenotype has been reported previously,'? most data
are derived from our previous publications. Thus, the present results
are regarded as the updated and extended data. on the relative
frequency. For the relative frequency, it is notable that 25 of the 26
patients were confirmed to have normal karyotype, although chromo-
some analysis was not performed in patient 6. Thus, while Robertso-
nian translocations involving chromosome 14 is known 1o be a

TRIGG LA d “ ) ) a o e
MR-"PE g aaa B 2o &g g nypagae
PE ° ©
Microdelation = Bz & LY w e
Epimutation e e 2o e e
25 & 35 40 25 30 35 4C
Maternzl age {wrs} Patermal age {‘j‘TS)

Figure 2 The distribution of parental sges 2t childbirlh according to the
underiying genetic causes for the development of UPD{14)pat-like phenotyps
and UPD{14)pat sublypes. Of the five plats for the TRAGC sublype, opan and
biack circles indicate the TRIGC subtype dus o non-disjunction at paternal
11 and M2, respoctively,



vredisposing factor for the occurrence of UPD(14)pat,' 1% such a
possible chromosomal effect has been excluded in nearly all patients
examined in this study.

The relative frequency of underlying causes has also been reported
in other imprinting disorders®7™!7 The data are summarized in
Table 2 {a similar summary has also been reported recently by
Hoffmann et af),' In particular, the results in patients with normal
karyotype are available in Prader-Willi syndrome (PW3).¥ Further-
motre, PWS is also known to be caused by UPD, microdeletions, and
epimulations affecling a single imprinting region,™'? although Silver—
Russell syndrome and Beckwith-Wiedemann syndrome (BWS) can
result fram perturbation of at least lwo imprinted regions,'™® and
BWS and Angelman syndrome can accur as a single gene disorder. 717
Thus, it is notable that the relative frequency of underlying causes is
guite different between patients with UPD(14}pat-like phenotype and
those with PWS.8? This would primarily be due to the presence of
low copy repeats flanking the imprinted region on chromoesome 15,
because chromosomal deletions are prone to eccur in regions harbor-
ing such repeat sequences.’’ Indeed, two types of microdelstions
mediated by such low copy repeats account for a vast majority of
microdeletions in patients with PWS?! whereas the microdeletions
identified in patients with UPD(14}pat-like phenotype are different to
each other, This would explain why microdeletions are less frequent
and UPD and epimutations are more frequent.in patients with
UPD({14)pat-like phenotype than in thase with PWS, '

Advanced maternal age at childbirth was predominantly observed
in the MR/PE subtype. This may imply the relevance of advanced
maternal age to the development of MR-mediated UPD{14)pat,
because the generation of nullisomic oocytes through M1 noan-
disjunction is a maternal age-dependent phenomenon,?* Although
no paternal age effect was observed, (his is consistent with the previous
data indicating no association of advanced paternal age with 2 meiotic
error.*® For the maternal age effect, however, several matters should be
pointed out: (1) the number of analyzed patients is small, although it
is very difficult to collect a large number of patients in this extremely
rare disorder; (2) of the MR/PE subtype, the advanced maternal age is
a risk factor for the generation of MR-mediated UPD{14}par, but not
for the development of PE-medizied UPD{14}pat; (3] it is impossible
to discriminate between maternal age-dependent M1 non-disjunction

UPD(14}pat-fike phenotype
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and malernal age-independent M2 non-disjunction in the MR and
GO subtypes (however, GC must be exiremely rare, because it requires
the concomitant ocourrence of a nullisomic cocyte and a disomic
sperm); {4} of the TR/GC subtype, the advanced maternal age is a risk
factor for the generation of GC-mediated UPD({14)pat, but not for the
development of TRemediated UPD{I1d)pat; and (&) if a ayplic
recombination{s) might remain undetected in some patients with
apparently full isodisomy, this argues that such patients actually have
TR- or GC-mediated UPD{14}pat rather than MR- or PE-mediated
UPD(14)pat. Thus, further studies are required to examine the
maternal age effect on the generation of MR-mediated UPD(14)pat.
In addition, while s relationship is unlikely o exist between advanced
materna] age and microdeletions and epimutations, this notion would
also await further investigations.

Such & maternal age effect is also expected in the TR/GC subtype
maternal UPDs after M1 non-disjunction, because the generation of
disomic oocytes through M1 non-disjunction is also a maternal age-
dependent phenomenon.” Indeed, such a maternal age effect has been
shown for PWS patients with normal karyotype; the maternal age at
childbirth was significantly higher in patients with heterodisomy for a
very  pericentromeric  region  indicative of TR/GC  sublype
UPD{15)mat after M1 non-disjunction than in those with other
genetic causes.™? Tor various chromosomes other than chromosome
15, furthermore, since maternal age at childbirth is higher in patients
with maternal heteradisomy than in those with maternal isodisomy,
this would also argue for maternal age effect on the development of
maternal UPDs. However, in the previous studies on maternal UPDs
other than UPD{l5xmat, the available data are quile insufficient to
assess the maternal age effect, For example, although 3 relatively large
number of patients with UPD{14}mat phenotype have been reported
in the literature (reviewed in reference Hoffmann et af),'® we could
identify only six UPD{I4)mat patients with normal karyotype in
whom maternal age at childbirth was documented and microsatellite
analysis was performed.?® 0 Furthermore, the microsatellite date are
insufficient to idemily the subtype of UPD{14)mal and to distinguish
between M1 and M2 non-disjunction in the TR/GC subtype. Thus,
while the maternal age at childbirth may be advanced in five patienis
with apparently TR/GC-mediated UPD{14)mat (27, 35, 37, 41, and 44
years 22230 (the maternal age at childbirth in the remaining one

Table 2 Relative frequency of genetic mechanisms in imprinting disarders
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UPD(1 4ipat-like phenclyoa B SRS A8 PHS
Uniparantal disomy 55.4% 16% 10% 2-5% 25% {25%)
UPD{14)pat UPB{11)pat (mosaic) UPD{7 Imat UPD{] Bipat UrD{1 Bhmat
Cryptic deletion 16,2% Rare - 70% F0% (729)
Cryptic duplication - Rare - o
Epimutation
Hypermethylation 15.4% % e e 2-5% (2%)
Affected DMR IG-OMRIMEGS-DMR {19-OMR - - SNRPN-OMER
Hypemathylation e 4% = 38% 2-5% —
Afferted DMR KyDARR1 HIZDMR SNEPN-DNMI
Gene mutation — % - 10-15% —
Mutaied gene COKNIC LIBE3A
Unkrown 25% =A40% 10%
Refarence This study 17 18 1% & 19

Abbreviaticns: A5, Angelmar syndrome; BWS, Backwith-Wisdemans syndrome, FWS, Prader-Witli syndrome; 3RS, &
Patienss with abnormal karyotypes gre included In BWS and AS, and not included i SRS, in PWS, the data including
rormial Karyotype 2lone are depicted in parentheses.

Ruasall syndroma.

catignts wilh abrarmal ke shown, and thosa from patisnizs with
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patient with apparenily MR/PE-mediated UPD(14)mat is 40 years),28
the notion of a maternal age cffect awaits further investigations for
UPD{14)mat, '

Finally, it appears to be worth pointing oul that methylation
analysis invariably revealed hypermethylated DMR(s) in zall the 28
patients who were initially ascertained because of bell-shaped thorax
with coat-hanger appearance of the ribs. This indicates that methyla-
tion analysis of the DMRs can be utilized for a screening of this
condition, and that the constellation of clinical features in the
UPD{14}pat-like phenotype, especially the bell-shaped thorax with
coat-hanger appearance of the ribs, is highly unique to patients with
UPD(14)pat-like phenotype.

In summary, this study confirms the relative frequency of under-
lying genetic causes for the UPD{14)pat phenotype and reveals the
relative frequency of UPD{14}pat subtypes. Furthermore, the results
emphasize the difference in the relative frequency of underlying
genetic causes among imprinted disorders, and may support a possible
maternal age effect on the generation of the nuilisomic oocyte

‘mediated UPD{14)pat. Further studies will permit a more precise

assessment on these matters.
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