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ABSTRACT

MRE11 and NBS1 function together as components of a MRE11/RAD50/NBS1 protein complex, how-
ever deficiency of either protein does not result in the same clinical features. Mutations in the NBN
gene underlie Nijmegen breakage syndrome (NBS), a chromosomal instability syndrome characterized
by microcephaly, bird-like faces, growth and mental retardation, and cellular radiosensitivity. Addition-
ally, mutations in the MRET 1A gene are known to lead to an ataxia—telangiectasia-like disorder (ATLD), a
late-onset, slowly progressive variant of ataxia-telangiectasia without microcephaly. Here we describe
two unrelated patients with NBS-like severe microcephaly (head circumference —10.2 SD and —12.8
SD) and mutations in the MRE11A gene. Both patients were compound heterozygotes for a truncating
or missense mutation and carried a translationally silent mutation. The truncating and missense muta-
tions were assumed to be functionally debilitating. The translationally silent mutation common to both
patients had an effect on splicing efficiency resulting in reduced but normal MRE11 protein. Their levels
of radiation-induced activation of ATM were higher than those in ATLD cells.

MRE11
NBS1
Microcephaly

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of the central nervous system is highly sen-
sitive to DNA damaging agents and therefore several autosomal
recessive disorders with defective DNA damage repair exhibit
neurological abnormalities such as microcephaly and neurodegen-
eration [1,2].

The MRE11/RAD50/NBS1 (MRN) protein complex and the
ataxia-telangiectasia mutated (ATM) protein, together play a cen-
tral role in DNA double strand break repair [3]. Mutations in the
ATM (MIM# 607585) and MRE11A (MIM# 600814) genes each give
rise to a progressive cerebellar ataxia syndrome: ATM mutations to
ataxia-telangiectasia (A-T [MIM# 208900]) [4], and MRE11A muta-

* Corresponding author. Tel.: +81 82 257 5809; fax: +81 82 256 7101.
E-mail address: shinya@hiroshima-u.ac.jp (S. Matsuura).

1568-7864/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2010.12.002
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tions to ataxia-telangiectasia-like disorder (ATLD [MIM# 604391])
[5,6]. A-T is an autosomal recessive disorder characterized by
growth deficiency, progressive cerebellar ataxia, dysarthria, telang-
iectasia, frequent respiratory infections, and immunodeficiency.
ATLD is also characterized by cerebellar ataxia, butits onset is later
in life and its progression is slower than in A-T. In addition, there
is no telangiectasia and immunoglobulin levels are normal.
Mutations in two different genes involved in the
MRE11/RAD50/NBS1 complex are known to lead to a heredi-
tary disorder with severe microcephaly: the NBN gene (MIM#
602667) to Nijmegen breakage syndrome (NBS [MIM# 251260])
[7-9], and the RAD50 gene (MIM# 604040) to Nijmegen breakage
syndrome-like disorder (NBSLD [MIM# 613078]) [10]. NBS is
an autosomal recessive disorder characterized by microcephaly,
growth and mental retardation, immunodeficiency, radiosen-
sitivity, and cancer predisposition; NBSLD is a disorder with
microcephaly, mental retardation, bird-like face, and short stature,

1.
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Patient 1

Fig. 1. Sagittal brain magnetic resonance imaging. (Left) Normal individual. (Right) Patient 1 at age 18 months with generalized cerebral hypodysplasia.

but without severe infections, immunodeficiency, or cancer
predisposition.

We here describe two unrelated patients with Nijmegen
breakage syndrome-like severe microcephaly and compound het-
erozygous mutations in the MRE11A gene.

2. Materials and methods
2.1. Clinical report

A 35-year-old woman was referred to us at 18 weeks of preg-
nancy for evaluation of intrauterine growth retardation. Ultrasound
scan showed a fetus with a small femora and a disproportionately
small head. Caesarian section was performed at 32 weeks of preg-
nancy, and a boy (Patient 1), was delivered. His birth weight was
966 g (—4.8 SD), length 35 cm (-6.7 SD), and head circumference
22 cm (—8.1SD). He had severe microcephaly, a bird-headed facial
appearance with receding forehead, and a prominent nose. Ante-
rior fontanel was not palpable. His parents and two elder brothers
were all healthy and phenotypically normal. There was no family
history of consanguinity. Brain magnetic resonance imaging at age
18 months demonstrated hypoplasia of the cerebrum, smooth gyri,
and enlarged lateral ventricles (Fig. 1). He had patent ductus arte-
riosus, which was surgically corrected at age 5 months. Bilateral
cryptochidism was operated on at age 3 years. He stood holding
onto a chair at age 30 months, sat alone with a stoop at age 3 years,
and walked at age 3 years. At age 3.5 years, he weighed 7.4 kg (—4.1
SD), measured 78.5 cm (—4.8 SD), and had a head circumference of
34cm(-10.2 SD). G-banded chromosomes were 46, XY. He had no
severe or recurrent infections and his immunoglobulin levels were
normal. Now aged 8 years, he s toilet trained, speaks several mean-
ingful words, but does not speak a two-word-sentence. He attends
a primary school, and is affable and friendly. He is farsighted with
astigmatism. He is able to run with a slow pitch and kick a soccer
ball. He shows neither ocular apraxia nor cerebellar ataxia.

Patient 2, a boy, was born at 37 weeks of gestation to a 29-year-
old mother and a 28-year-old father, both healthy and unrelated.
The pregnancy was unremarkable. An older brother was healthy
without malformations. Birth weight was 1560 g (—4.1 SD), length
39cm (—5.9 SD), and head circumference 25 cm (—6.1 SD). At age
30 months, he sat alone but could not stand or walk. At age 5 years,
he shuffled while sitting, but was unable to stand. At age 13 years,
he weighed 9.2 kg (—4.2 SD), measured 97 cm (—7.0 SD), and had
a head circumference of 35cm (—12.8 SD). He had severe micro-
cephaly, a bird-like face with sloping forehead, a big nose, large

and simple ears, short palpebral fissures, a small mouth, and a small
and receding chin. His shoulders, elbows, hips, and knees exhibited
adecreased range of motion. Also noted were scoliosis, subluxation
of the left elbow joint, bilateral cryptorchidism, and bilateral talipes
equinus. His tendon reflexes were slightly exaggerated. G-banded
chromosomes were 46, XY. His immunoglobulin levels were nor-
mal. Now aged 33, he lives in an institution for handicapped
individuals. He does not speak meaningful words, but recognizes
people, communicates by gesture, and shows fondness by touching.
He is bedridden, is unable to roll over, and is handfed. He did not
develop secondary sexual characteristics. He does not show ocular
apraxia and had neither malignancy nor severe infections.

2.2. Immortalized skin fibroblast cells

Informed consent was obtained from Patients 1 and 2 and their
families prior to this study. Primary skin fibroblast cells cultured
from the two patients were immortalized by transfection with an
SV40 virus and phTERT retrovirus vector [11]. We used as refer-
ences immortalized fibroblast cell lines (designated as SVT) from
various related disorders: NBS (GM7166VA7) [12], A-T (AT5BIVA)
[13],and ATLD (D6807-SVT) [6,14]. A fibroblast cell line from a nor-
mal individual (SM-SVT) served as a control. A mouse hybrid cell
line A9(neo11)-1 containing human chromosome 11 was provided
by Dr. M. Oshimura, and microcell-mediated chromosome transfer
was performed as previously described [12]. Fibroblast cell lines
were maintained in D-MEM supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT, USA).

2.3. EBvirus-transformed lymphoblastoid cell lines (LCLs)

LCLs were established from peripheral blood lymphocytes of the
two patients and their family members. We used LCLs from NBS
(94P247)[9],ATLD(200704L),and A-Tasreferences,and a LCL from
anormal individual (96-007M)as a control. ANBS cell line (94P247)
was provided by Dr. K. Sperling. An ATLD cell line (200704L) was
established from a blood sample from a boy with ATLD [15], sup-
plied by Drs. S. Nonoyama and K. Imai. LCLs were cultured in RPMI
1640 with 20% fetal bovine serum.

2.4. Mutational analysis
PCR primers for MRE11A gene (GenBank NM_005591.3) were

synthesized to amplify all coding exons and intron-exon bound-
aries [16]. PCR products were directly sequenced using an ABI
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PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City,
CA). RT-PCR primers were synthesized to amplify the MRET1A
cDNA spanning exons 1-8 (5'-CGAAAAGAAGACAGCCTTGG-3’ and
5'-TCCAAAAATTGTTCTGGAATGA-3") (GenBank NM_005590.3). RT-
PCR products were visualized following electrophoresis on a 2%
NuSieve agarose gel. PCR primers for RAD50 (GenBank Z75311.1)
and NBN cDNAs (GenBank AF058696.2) were synthesized to
amplify the openreading frame with several overlapping segments.

Transcript levels of the MRE11A-c.338A and MRE11A-c.338G
alleles in LCLs from a normal individual, Patient 2 and the par-
ents were determined by the cycleave quantitative real time PCR
assay (Cycleave-qPCR, TaKaRa Co. Ltd.) carried out in triplicate.
Transcripts from the HPRT1 allele were used as a quantification con-
trol. RNaseH sensitive fluorescent probes that specifically recognize
the MRE11A-c.338A and MRE11A-c.338G alleles were used for the
assay. The qPCR results were analyzed by the AACT method. qPCR
primers and probes used for the assay are listed below.

MRE11A-F: 5'-ACGTTTGTAACACTCGATGAA-3’;

MRE11A-R: 5-CTGGAATTGAAATGTTGAGG-3';

MRE11Ac.338A: (Eclipse) 5-dAdAdG(A)dTdGdGdCdAdA-3’
(FAM);

MRE11Ac.338G: (Eclipse) 5-dAdAdG(G)dTdGdGdCdA-3’ (ROX);
HPRT1-F: 5'-CAGGCAGTATAATCCAAAGATG-3';

HPRT1-R: 5'-ACTGGCGATGTCAATAGGA-3';

HPRT1-probe: (Eclipse) 5'-dCdAdGdCdA(A)dGdCdT-3' (FAM).

2.5. Western blot analysis

Western blotting was performed as described previously [17].
Primary antibodies used were: mouse anti-MRE11 monoclonal
antibody (MRE11-12D7, 1:1000, GeneTex, Irvine, CA); mouse anti-
RAD50 monoclonal antibody (13B3/2C6, 1:1000, GeneTex, Irvine,
CA); rabbit anti-NBS1 polyclonal antibody (NB100-142, 1:500,
Novus Biologicals, Littleton, CO); mouse anti-GAPDH monoclonal
antibody (6C5, 1:1000, Santa Cruz Biotechnology, Santa Cruz,
CA); and mouse anti-B-tubulin monoclonal antibody (1:2000,
Sigma-Aldrich, St. Louis, MO).

2.6. Radiation-sensitivity analysis

Clonogenic analysis was performed on fibroblast cell lines to
learn of their radiosensitivity as previously described [12]. Chro-
mosome breakage analysis of LCLs was carried out as follows. Cells
wereirradiated with 2 Gy X-ray and harvested 24 h after irradiation.
Giemsa-stained chromosome slides were prepared, and chromatid
or chromosome breaks and quadriradials were counted.

2.7. ATM autophosphorylation after y-irradiation

Immortalized fibroblast cells or LCLs were irradiated with 0.5 Gy
of v ray. At 15min and 30min after irradiation, the cells were
analyzed with Western blotting using rabbitanti-ATM-p198 1 mon-
oclonal antibody (1:1000, Epitomics Inc., Burlingame, CA) and
mouse anti-ATM monoclonal antibody (2C1, 1:1000, GeneTex,
Irvine, CA). Band intensities were estimated using a densitometer
and are presented as means +standard deviation. The statistical
differences were analyzed with Student’s t-test. Statistical signifi-
cance was assumed for p<0.05.

2.8. DNA damage response assay

ATM-dependent G2/M checkpoint arrest was performed accord-
ing to the methods described previously [18].
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2.9. p53 phosphorylation after y-irradiation

Lymphoblastoid cells were irradiated with 0.5 Gy of y ray. At
15min and 30 min after irradiation, the cells were analyzed with
Western blotting using rabbit anti-phosphorylated p53 (Ser15)
polyclonal antibody (1:1000, Cell Signaling Technology, Beverly,
MA) and mouse anti-p53 monoclonal antibody (1:1000, Oncogene
Research Products, CA).

2.10. Caspase 3 activation after y-irradiation

Immortalized fibroblast cells were irradiated with 0 or 10 Gy of
+yray. At 72 h after irradiation the cells were analyzed with Western
blotting using rabbit anti-cleaved caspase 3 monoclonal antibody
(#9664, 1:1000, Cell Signaling Technology, Beverly, MA).

3. Results
3.1. Identification of MRE11A mutations

Several studies have demonstrated that microcephaly, as was
present in the two patients we described, is a common feature
in a variety of DNA damage repair defective disorders [2]. There-
fore, we examined DNA damage repair proteins including ATM,
ATR, MRE11, RAD50, and NBS1 in the two patients. Western blot
analysis showed normal levels of ATM and ATR (data not shown)
and reduced levels of MRE11, RAD50, and NBS1 in both patients
(Fig. 2a). We, therefore, sequenced all the MRE11A, RAD50, and
NBN coding sequences in both patients and found only the MRET1A
mutations c.658A>Cand ¢.659+1G>Ain Patient 1,and c.658A>Cand
¢.338A>G in Patient 2 (Fig. 2b). In Patient 1, c.658A>C was derived
from the father, and c.659+1G>A from the mother. Two broth-
ers were a heterozygote for c.659+1G>A. RT-PCR and sequencing
analysis demonstrated that ¢.659+1G>A resulted in exon 7 skip-
ping leading to a premature termination codon (p.Ser183ValfsX31)
(Fig. 2¢). The ¢.658A>C substitution located within exon 7 did not
alter amino acids but affected splicing efficiency that resulted in
exon 7 skipping (Fig. 2¢). RT-PCR analysis of exons 1-8 of MRET1A
cDNA from Patient 1 detected areduced but considerable amount of
correctly spliced transcripts in addition to the exon-skipped tran-
script (Fig. 2c). Western blot analysis of fibroblasts from Patient
1 detected a reduced amount of normal-sized MRE11 protein
(Fig. 2a). No smaller-sized protein corresponding to the predicted
truncated form was detected in both lymphocytes and fibroblasts.
The c.658A>C substitution was not found in 100 normal Japanese
individuals. These results indicated that the c.658A>C mutation
leads to exon 7 skipping but that some of the RNA is correctly
spliced.

Patient 2 was another compound heterozygote with c.658A>C,
the same single-base substitution as the one found in Patient 1, and
¢.338A>G, asingle-base substitutionin exon 5. The c.658A>C substi-
tution was inherited from the mother while c.338A>G was derived
from the father. A DNA sample from the older brother was not avail-
able. Cloning and sequencing of the RT-PCR products of Patient 2
revealed two kinds of mRNA from the ¢.338G allele; normal sized
transcripts carrying the ¢.338A>G substitution and intermediately
sized transcripts resulting from exon 5 skipping (Fig. 2¢). The nor-
mal sized products lead to an amino acid substitution of Asp to Gly
at the 113th residue (p.Asp113Gly). The 113th residue is located
within the highly conserved phosphoesterase domain, which is
essential for endonuclease activity [19]. On the other hand, the
intermediately sized transcripts resulting from exon 5 skipping
lead to a premature termination codon (p.Phe106GInfsX10). We
then examined the levels of the transcripts from the c¢.338A and
c.338G alleles by quantitative RT-PCR analysis. The correctly spliced



Y. Matsumoto et al. / DNA Repair 10 (2011) 314-321 317

Family 1 Family 2
a LCLs
- - Ny
= - — = e - A -
P 5 8 o 2 25 e 3 " Fibroblasts
S ® 8 = 5 5 § & % o
Z2 o 2 0o 0 @O a = w 2

Normal
Patient 1

MRE1] == — . e — SR G—

RADS) WS  emsempaEsanp = —— MRE11 ..
NBS1 WD = w———— - —— GAPDH <
GAPDH
b Nuclease domain (1-246) DNA binding domains (407-421, 643-692)
MRE11 N 708 a.a.
4 Exon 7 Intron 7 Exon 7 Intron 7
CAAGATGGCAA CAGAACAGgtaaaac CAGAACAGgtaaaac
G C

A & ”

i f\ ]

;/\ﬂiwig \ ;_Iw \\

c.338A>G C.658A>C C.658A>C, CA659+1 G>A

Patient 2 Patient 1
~— N
c T 5 5 B T 5 5 8
Family1 2 £ 2 g Famiy2 2 £ £ E
=L 2 = £ 2
866 bp
751 bp
2e-07 7 :
d >= Family 2
£E
38
o £ 1e-07 1 - =
£9 : :
© O =
© O
o &
04
_ o _ [aV) b o
- - e L e
E 2 3 5§ § 2 3 5 8 & & §
5 o — | = -6 et p—1 = ~6 —1 -
2 2 &£ & 2 2 & & 22888
MRE11A-c.338A MRE11A-c.338G HPRT1

Fig. 2. MRE11 deficiencies associated with MRET1A mutations. (a) Western blot analyses of MRE11, RADS0, and NBS1 in lymphoblastoid cell lines (LCLs) from Patients 1
and 2 and their family members. Nijmegen breakage syndrome (NBS) cells were used as an NBS1-deficient reference, and anti-GAPDH antibody for equal loading. Levels of
MRE11, RAD50, and NBS1 were reduced in both patients. Right panel shows a reduced MRE11 protein band of normal size in fibroblasts from Patient 1. (b) MRE11 protein
structure and MRETIA mutations in Patients 1 and 2 as determined by genomic DNA sequencing. Patient 1 was a compound heterozygote with c.658A>C, a single-base
substitution in exon 7,and ¢.659+1G>A, a substitution at an exon-intron junction of the splice donor-site. Patient 2 was a compound heterozygote with c.658A>C, the same
single-base substitution in exon 7, and c.338A>G, a single-base substitution in exon 5. (c) RT-PCR analyses of exons 1-8 of MRE11A cDNAs from Patients 1 and 2 and their
family members. RT-PCR of Patient 1 yielded two bands of 866 bp and 751 bp. The 866 bp band corresponds to the correctly spliced transcripts, and the 751 bp band to exon
7-skipped transcripts. The arrow on the left margin indicates the transcripts from the c.658A>C mutant allele. Analyses in the parents yielded two bands of 866 bp and 751 bp.
RT-PCR of Patient 2 showed three bands of 866 bp, 778 bp, and 751 bp. The 866 bp band corresponds to the correctly spliced transcripts from the c.658A>C allele and the
€.338A>G allele. The 778 bp band corresponds to exon 5-skipped transcripts, and the 751 bp band to the exon 7-skipped transcripts. (d) Quantitative RT-PCR analysis of the
transcript levels from the ¢.338A and the ¢.338G alleles of Patient 2 and their family members. Transcripts from the HPRTT allele were used as a quantification control. The

correctly spliced transcripts from the ¢.338G allele of Patient 2 showed 25% of the normal level. By contrast, the transcript levels from the ¢.338G allele of the father were
not affected.
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Fig. 3. Clonogenic survival curves for X-ray-irradiated fibroblasts. (a) Radiosensitivity was measured by counting colonies surviving radiationdoses of 0-6 Gy. Colony survival
was expressed as a logarithm. ATLD, ataxia-telangiectasia-like disorder; A-T, ataxia-telangiectasia. A-T cells were highly sensitive to radiation. Cells from Patients 1 and
2.and ATLD all showed intermediate levels of sensitivity. Microcell-mediated transfer of a human chromosome 11 (including the MRET1A locus) into the cells from Patient
2 restored radiation sensitivity. (b) Formation of MRE11 and NBS1 radiation-induced nuclear foci. Cells were analyzed by immuno-staining at 24h after 6 Gy irradiation.
Normal cells served as a control, and NBS cells served as an NBN-deficient reference. MRE11 and NBS1 formed nuclear foci after irradiation in normal cells. In contrast, cells

from Patients 1 and 2 showed only very faint signals.

transcripts from the ¢.338G allele of Patient 2 showed 25% of the
normal level (Fig. 2d). By contrast, the transcript levels from the
¢.338G allele of the father were not affected. The ¢.338A>G substi-
tution was not detected in 100 normal Japanese individuals.

3.2. Cells from Patients 1 and 2 exhibit radiation-hypersensitivity

A clonogenicradiation sensitivity assay was performed on fibro-
blast cells from Patients 1 and 2 on ATLD and A-T cells as references,
and on normal cells as a control. The cells from Patients 1 and 2,
and ATLD were hypersensitive to X-ray irradiation, as measured by
the share of surviving fractions after irradiation (Fig. 3a). A-T cells

-2

~

showed more marked radiation-hypersensitivity than in Patients
1 and 2, and ATLD. We introduced chromosome 11 (containing
the MRE11A locus) into the cells from Patient 2 through microcell-
mediated transfer [12]. Two microcell-hybrid clones obtained and
both showed restoration of radiation-sensitivity (Fig. 3a).

Next, we studied MRE11 and NBS1 radiation-induced nuclear
foci formation 24 h after exposure to 6 Gy. MRE11and NBS1 formed
nuclear foci after irradiation in normal cells. In contrast, cells from
Patients 1and 2 showed only very faint signals of NBS1and MRE11.
It is noteworthy that a few NBS1 foci were present in Patient 1.
These findings are likely to be compatible with the level of the
protein in the cells (Fig. 3b).

5.
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Table 1
Chromosomal aberrations in lymphocytes after 2 Gy irradiation.

Cells No. of cells analyzed Chromosome aberrations Total no. of aberrations Chromosome
ti s
Chromatid break Chromosome break Quadriradial chromosome Abemations pec call
Normal 100 10 17 3 20 0.20
ATLD 100 12 46 64 122 1.22
Patient 1 105 20 64 47 178 1.70
Patient 2 100 66 65 67 198 1.98
A-T 100 62 102 34 198 1.98

Table 1lists chromosomal aberrations induced by ionizing radi-
ation in LCLs from Patients 1 and 2, ATLD and A-T. Chromosome
aberrations scored included chromatid and chromosome breaks
and quadriradials. Cells from Patients 1 and 2 both showed an
increase of aberrations comparable to those in ATLD and A-T cells.

3.3. Cells from Patients 1 and 2 have levels of ATM activation
higher than those in ATLD cells

We analyzed cells from Patients 1 and 2, A-T, and ATLD for
radiation-induced ATM activation. ATM is phosphorylated at ser-
ineresidue 1981 in response to irradiation [20]. We therefore gave
0.5Gy of vy ray radiation to LCLs from Patients 1 and 2, A-T, and
ATLD, and analyzed with Western blotting the intensity of their
phosphorylated ATM bands. The LCLs from Patients 1 and 2 showed
an increased intensity of the phosphorylated ATM band after irra-
diation, while very little ATM phosphorylation was observed at 0
and 15 min after irradiation in ATLD cells (200704L), and a phos-
phorylated band appeared only after 30 min (Fig. 4a). The fibroblast
cells of Patients 1 and 2, and ATLD (D6807SVT) showed responses
similar to the LCLs (Fig. 4b).

3.4. Cells from Patients 1 and 2 have G2/M checkpoint defects,
and levels of p53 and caspase 3 activation higher than those in
ATLD cells

Mitotic index was examined in the cells irradiated with 2 Gy of
v ray in order to monitor the ATM-dependent G2/M checkpoint.
Fibroblasts from Patients 1 and 2, and ATLD (D6807SVT) 30 min
after irradiation all showed a slight decrease in mitotic index, inter-
mediate between control and A-T cells. At 2 h after irradiation, cells
from Patients 1 and 2 showed a decrease of mitoticindex to the level
of normal cells, while ATLD cells showed a response intermediate
between the control and A-T cells (Fig. 5a).

We studied phosphorylation of p53, an ATM substrate, in the
LCLs from Patients 1 and 2, A-T, and ATLD. The LCLs from Patients 1
and 2 showed an increase of p53 phosphorylation at serine residue
15 after irradiation, whereas ATLD cells showed a noticeably small
increase of p53 phosphorylation (Fig. 5b). We also studied caspase
3 activation in the cells from Patients 1 and 2, A-T, and ATLD as an
endpoint of ATM-dependent apoptosis by Western blotting. Cas-
pase 3 cleavage was apparent after irradiation in normal cells and
Patients 1 and 2 cells, but not in A-T and ATLD cells (Fig. 5¢).

4. Discussion

We have described two unrelated patients with severe micro-
cephaly resembling Nijmegen breakage syndrome (NBS). NBS is
a hereditary disorder caused by biallelic mutations of the NBN
gene [7-9]. It is characterized by severe microcephaly, a bird-like
facial appearance, growth and mental retardation, chromosomal
instability, and cellular radiosensitivity [21]. The two patients we
described both had all these features, but they showed neither
immunodeficiency nor cancer predisposition, as is typical of NBS.
We sequenced the NBN, MRE11A, and RAD50 coding sequences in

both patients, and found only the MRE1 1A mutations. Patient 1 had
€.658A>C substitution plus a splicing mutation in the MRE1 1A gene,
and Patient 2 had c.658 A>C substitution and c.338A>G substitution.
The c.658A>C substitution common to both patients resulted in a
reduced level of normally functioning MRE11 protein. On the other
hand, the ¢.338A>G substitution in Patient 2 resulted in a reduced
level of MRE11 protein with a single amino acid substitution in
the highly conserved domain. Therefore, the splicing mutation in
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Fig. 4. Radiation-induced ATM activation. (a) Western blot analysis of phosphory-
lated ATM protein after irradiation of LCLs with 0.5 Gy vy ray. A-T cells served as an
ATM-deficient cell line, and ATLD LCL (200704L) was used as a control. Phospho-
rylated ATM in LCLs from both Patients 1 and 2 increased after irradiation, while
ATLD cells did not. ATLD LCL (200704L) was derived from a compound heterozy-
gote for a MRET1A missense mutation (p.Trp243Arg) and a splicing mutation that
resulted inexon 10 skipping,leading to an in-frame deletion (p.340-366del27)with-
out correctly spliced transcripts [15]. The statistical significance of the differences
in phosphorylated ATM/total ATM was examined by t-test. *p<0.05; **p<0.01 (nor-
mal, Patient 1, or Patient 2 versus ATLD). The data are shown as average + standard
error determined from three separate experiments. (b) Western blots of phospohry-
lated ATM protein at 30 min after irradiation of fibroblasts with 0.5 Gy of y ray. A-T
cells served as an ATM-deficient cell line, and ATLD fibroblasts (D6807SVT) harbor-
ing homozygous nonsense mutations were used as a control. Phosphorylated ATM
in fibroblasts from both Patients 1 and 2 increased after irradiation, whereas ATLD
cells did not.
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Fig. 5. Radiation-induced G2/M checkpoint and, p53 phosphorylation and caspase 3 activation as indicators of ATM activation deficiency. (a) Ataxia-telangiectasia (A-T)
fibroblasts were used as an ATM-deficient reference, and ATLD fibroblasts (D6807SVT) harboring homozygous nonsense mutations were used as a control. Cultured fibroblast
cells on a slide were irradiated with 2 Gy of 'y ray, and stained 30 min or 2 h later with DAPI and rabbit anti-phospho-histone H3 polyclonal antibody. Mitotic index in each
cell line without irradiation was estimated as 100%. Fibroblasts from Patients 1 and 2, and ATLD cells all showed a slight decrease in mitotic index at 30 min after irradiation,
intermediate between normal and A-T cells. At 2 h after irradiation, cells from Patients 1 and 2 showed a decrease of mitotic index to the level of the normal cells, while ATLD
cells showed a response intermediate between normal and A-T cells. Each column represents an average =+ standard error from three separate experiments. (b) Western blots
of phospohrylated p53 protein after irradiation. A-T and ATLD cells were used as controls. LCLs were irradiated with 0.5 Gy of 'y ray. At 15 min and 30 min after irradiation,
the cells were analyzed with Western blotting using rabbit anti-phosphorylated p53 (Ser15) polyclonal antibody (1:1000, Cell Signaling Technology, Beverly, MA)and mouse
anti-p53 monoclonal antibody (1:1000, Oncogene Research Products, CA). Phosphorylated p53 in LCLs from Patients 1 and 2 increased after irradiation, whereas such an
increase was smaller in ATLD cells. The statistical significance of the differences in phosphorylated p53/B-tubulin was tested by t-test. *p <0.05; **p<0.01 (normal, Patient
1, or Patient 2 versus ATLD). The data are shown as average + standard error determined from three separate experiments. (c) Western blot analysis of cleaved caspase 3
protein after 10 Gy +y-irradiation of fibroblast cells. Cleaved caspase 3 bands were seen in normal, Patients 1 and 2 cells, but not in A-T and ATLD cells.

Patient 1 and the missense mutation in Patient 2 were assumed to It was reported that the MRE11/RAD50/NBS1 protein complex
be functionally debilitating. is involved in radiation-induced ATM activation [14]. We therefore
MRE11Ais known as the gene underlying ataxia-telangiectasia- analyzed level of radiation-induced ATM activation in cells from

like disorder (ATLD), a milder and slowly progressive variant of Patients 1 and 2, and those from ATLD patients. Cells from Patients
A-T without microcephaly [5]. To date, seven families with ATLD 1 and 2 showed the level of ATM activation higher than those in
patients have been reported: two in the UK., one in Italy, three in ATLD cells. The cells from Patients 1 and 2 both showed the levels
Saudi Arabia, and one in Japan. These patients with MRET1A muta- of p53 phosphorylation and caspase-3 activation higher than those
tions included: compound heterozygotes with a splicing mutation in ATLD cells. The differences are likely to be attributable to the
plus a missense mutation; homozygotes for a missense mutation; presence of normally functioning MRE11 proteinin Patients 1and 2.
compound heterozygotes with a missense mutation plus a non- Several explanations are conceivable for the unusual clinical
sense mutation; and homozygotes for a nonsense mutation. features in the two patients. First, ATM-dependent neuronal apop-
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tosis has been proposed as a mechanism underlying microcephaly
in DNA damage disorders [2,22-24]. According to this model, the
two patients might have undergone extensive neuronal apoptosis
during development due to the relatively higher level of ATM acti-
vation, and developed severe microcephaly, while ATLD patients
cannot activate ATM, thereby failing to engage in apoptosis but
presenting with neurodegeneration. The second possibility is that
the effect of microcephaly might be mediated through NBS1. Since
MRE11A mutations often affect the levels of NBS1 and RAD50, and
NBS1 deficiency uniformly leads to microcephaly, the effect of these
MRE11A mutations might be indirectand those that resultin greater
diminution in the levels of NBS1 might be more prone to micro-
cephaly. The third possibility is that an additional gene(s) other
than MRE11A might be involved in development of microcephaly.
The molecular mechanism underlying neuropathology remains to
be elucidated.

In conclusion, we have identified and characterized the two
patients with MRE11A mutations but severe microcephaly. This
report suggests that MRE11 deficiency has a wider spectrum of the
clinical features than that has been thought.
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Pin1 Associates with and Induces Translocation of CRTC2 to
the Cytosol, Thereby Suppressing cAMP-responsive Element
Transcriptional Activity™
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Pinl is a unique regulator, which catalyzes the conversion of a
specific phospho-Ser/Thr-Pro-containing motif in target pro-
teins. Herein, we identified CRTC2 as a Pin1-binding protein by
overexpressing Pinl with Myc and FLAG tags in mouse livers
and subsequent purification of the complex containing Pinl.
The association between Pinl and CRTC2 was observed not
only in overexpression experiments but also endogenously in
the mouse liver. Interestingly, Ser'®® in the nuclear localization
signal of CRTC2 was shown to be involved in the association
with Pinl. Pinl overexpression in HepG2 cells attenuated fors-
kolin-induced nuclear localization of CRTC2 and cAMP-re-
sponsive element (CRE) transcriptional activity, whereas gene
knockdown of Pinl by siRNA enhanced both. Pinl also associ-
ated with CRTC1, leading to their cytosol localization, essen-
tially similar to the action of CRTC2. Furthermore, it was shown
that CRTC2 associated with Pinl did not bind to CREB. Taken
together, these observations indicate the association of Pinl
with CRTC2 to decrease the nuclear CBP-CRTC-CREB complex.
Indeed, adenoviral gene transfer of Pinl into diabetic mice
improved hyperglycemia in conjunction with normalizing phos-
phoenolpyruvate carboxykinase mRNA expression levels, which
is regulated by CRE transcriptional activity. In conclusion, Pin1
regulates CRE transcriptional activity, by associating with
CRTC1 or CRTC2.

Pinl was initially cloned as a NIMA kinase-interacting pro-
tein (1). Since its discovery, numerous proteins have been iden-
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tified as Pinl substrates, including p53, cyclin D1, and Tau
(2-5). Pinl interacts with a number of target proteins through
recognition of phospho-Ser/Pro motifs, and the proline confor-
mational change induced by Pinl modifies the structures and
functions, such as stabilization, phosphorylation, and translo-
cation, of target proteins (4—7). Pinl possesses the WW and
PPlase® domains in its N-terminal (amino acids 1-38) and
C-terminal (amino acids 39-163) regions, respectively. To
date, many reports have supported an important role for Pinlin
diseases such as cancer and Alzheimer disease (4, 5). In this
study, we demonstrated that Pin1 is also involved in metabolic
disease via regulation of CRTC2 (CREB-regulated transcrip-
tional co-activator 2; also known as TORC).

The cAMP-responsive element (CRE)-binding protein
(CREB) stimulates transcriptional activity through recruit-
ment of the histone acetylase CBP and through an association
with CRTC, leading to formation of the CREB-CBP-CTRC com-
plex on a CRE site (8 -16). Thus, multiple molecular mecha-
nisms affect the CREB-CBP-CTRC complex, resulting in the
regulation of CRE transcriptional activity. They include the
phosphorylations of CREB at Ser®*, CBP at Ser**®, and CRT C2
at Ser'”* (16, 17). The phosphorylation of CRTC2 at Ser'”*
reportedly leads to an association with 14-3-3 protein and
thereby to its nuclear exclusion and degradation (16).

The CRTC family consists of three members, CRTCI,
CRTC2,and CRTC3 (16, 18). CRTC1 is highly expressed in the
brain, whereas the other two are ubiquitously expressed (19). In
the liver, insulin induces the phosphorylation of CRTC2 at
Ser'”, and this phosphorylation leads to the aforementioned

? The abbreviations used are: PPlase, peptidyl-prolyl cis/trans-isomerase; CRE,
cAMP-response element; CREB, CRE-binding protein; NLS, nuclear localiza-
tion signal; MEF, mouse embryo fibroblast; STZ, streptozotocin; PEPCK,
phosphoenolpyruvate carboxykinase; CRTC, CREB-regulated transcrip-
tional co-activator.
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association with 14-3-3 protein and the nuclear exclusion and
degradation of CRTC2 (16, 20). In contrast, glucagon induces
dephosphorylation of CRTC2 and translocation from the
cytosol to the nucleus, thereby forming the CREB-:CBP-CRTC2
complex and inducing gluconeogenesis (21). Thus, CRTC2
plays important roles in hepatic glucose metabolism.

In this study, we identified CRTC2 as a Pin1-binding protein.
Interestingly, the portion of CRTC2 responsible for the associ-
ation with Pinl was revealed to be in the nuclear localization
signal (NLS) domain. Herein, we demonstrate that Pinl regu-
lates the functions and subcellular localizations of CRTC family
proteins, thereby altering CRE transcriptional activity.

EXPERIMENTAL PROCEDURES

Materials—Anti-Pinl antibody was generated by immuniz-
ing rabbits with the peptide QMQKPFEDASFATRTGEMSG-
PVFTDSGIHIITRTE (amino acids 129-163 of human Pinl).
Anti-FLAG tag and Myc tag antibodies were purchased from
Sigma-Aldrich. The antibodies against CRTC2, CREB, 14-3-3
protein, GFP, and DsRed were purchased from Cell Signaling
Technology. Anti-rabbit HRP antibodies conjugated to horse-
radish peroxidase were obtained from Amersham Biosciences.
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serumwere purchased from Invitrogen. All other reagents were
of analytical grade.

Preparation of Adenoviruses Expressing MEF-tagged Pinl,
CRTC1,and CRTC2—The Myc-TEV-FLAG (MEF) tag cassette
was generated by DNA synthesis and inserted into cloning sites
in the mammalian expression vector pcDNA3 (Invitrogen;
termed pcDNA3-MEF), as reported previously (22). To create
the N-terminally MEF-tagged Pinl construct, human Pinl
¢DNA was inserted into pcDNA3-MEF. Then the coding portion
of MEF-tagged Pinl was isolated from pcDNA3-MEF-Pinl, and
the recombinant adenoviruses containing the cDNA coding for
MEF-tagged Pinl were constructed as described previously
(22). Recombinant adenoviruses expressing human Pinl with
the C-terminal HA tag or N-terminal MEF tag were also con-
structed and used for adenoviral gene transfer to HepG2 cells
and mouse liver. Similarly, adenoviruses expressing GFP-
tagged CTRC1, CRTC2, and GFP-tagged CRTC2 were pre-
pared. Adenovirus encoding LacZ served as a control, and the
adenoviral gene transter was performed as reported previously
(22).

Purification of MEF-tagged Pin1 from Mouse Livers—Recom-
binant adenovirus expressing MEF-tagged Pinl was generated,
purified, and concentrated using cesium chloride ultracentrif-
ugation as reported previously (22). Adenovirus encoding LacZ
served as a control. Male mice, 9 weeks of age, were obtained
from the Nippon Bio-Supp. Center (Tokyo, Japan). They were
injected, via the tail vein, with adenovirus at a dose of 2.5 X 107
plaque-forming units/g body weight. Four days after adenovi-
rus injection, the mouse livers were removed and lysed in lysis
buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 10% (w/v) gly-
cerol, 100 mM NaF, 10 mm EGTA, 1 mm NazVO,, 1% (w/v)
Triton X-100, 5 uM ZnCl,, 2 mM phenylmethylsulfonyl fluo-
ride, 10 pg/ml aprotinin, and 1 pg/ml leupeptin). The lysates
were centrifuged at 100,000 X g for 20 min at 4 °C. The super-
natant was passed through a 5-um filter, incubated with 150 pul

ACTTEN

OCTOBER 22, 2010+VOLUME 285+NUMBER 43

Pin1 Binds to CRTC2 and Suppresses CRE Activity

of Sepharose beads for 60 min at 4 °C and then passed through
a0.65-pm filter. The filtrated supernatant was mixed with 150
wl of anti-Myc-conjugated Sepharose beads for the first immu-
noprecipitation. After incubation for 90 min at 4 °C, the beads
were washed five times with 1.5 ml of TNTG buffer (20 mm
Tris-HCI, pH 7.5, 150 mMm NaCl, 10% (w/v) glycerol, 0.1% (w/v)
Triton X-100), twice with buffer A (20 mm Tris-HCI, pH 7.5,
150 mM NacCl, and 0.1% (w/v) Triton X-100), and finally once
with TNT buffer (50 mum Tris-HCI, pH 8.0, 150 mm NaCl, 0.1%
(w/v) Triton X-100). The washed beads were incubated with 15
units of TEV protease (Invitrogen) in 150 ul of TNT buffer to
release bound materials from the beads. After incubation for
60 min at room temperature, the supernatant was pooled,
and the beads were washed twice with 75 ul of buffer A. The
resulting supernatants were combined and incubated with
25 pl of FLAG-Sepharose beads for the second immunopre-
cipitation. After incubation for 60 min at room temperature,
the beads were washed three times with 500 ul of buffer A,
and proteins bound to the FLAG beads were dissociated by
incubation with 1 mMm synthetic FLAG peptides in buffer A
for 120 min at 4 °C. Approximately 3 pg of protein (0.01% of
starting materials) were routinely recovered by this proce-
dure. The samples were electrophoresed and subjected to
SDS-PAGE and immunoblotting.

Cell Culture—Sf9 cells were grown in TC100 (Invitrogen)
medium containing 10% fetal calf serum at 27 °C. HepG2 hep-
atoma cells were grown in DMEM containing 10% fetal calf
serum at 37 °C in 5% (v/v) CO, in air.

Preparation of Baculoviruses Expressing Pinl and CRTC2
Constructs—The full-length coding regions of human Pinl,
GFP, GFP-tagged Pinl, CRTC2, and DsRed-tagged full-length
and various deletion mutant forms of CRTC2 and S136A
CRTC2 were subcloned into pBacPAK9 transfer vector (Clon-
tech), and the baculoviruses were prepared according to the
manufacturer’s instructions. For protein production, Sf9 cells
were infected with these baculoviruses and grown for 48 h.

Preparation of Glutathione S-Transferase (GST)-Pinl Fusion
Protein—The cDNAs encoding full-length human Pinl, the
WW domain of Pinl, and the PPlase domain of Pin1 were sub-
cloned into a pGEX-5X-1 vector (Amersham Biosciences),
which was used to transform Escherichia coli ]M105 (Promega).
Transformed cells were grown to an Ay, of 0.6 in LB medium
supplemented with 0.1 mg/ml ampicillin and stimulated for 3 h
with 1.0 mum isopropyl-B-p-thiogalactopyranoside. GST fusion
proteins were conjugated to glutathione-Sepharose 4B (Amer-
sham Biosciences) and used for GST pull-down experiments.

GST Pull-down—HepG2 cells expressing MEF-CTRC?2 and its
mutants were homogenized with homogenizing buffer (20 mmol/
liter Tris/HCI (pH 7.4), 1% Triton X-100, 0.25% sodium deoxy-
cholate, 0.25 mol/liter NaCl) containing 0.2 mmol/liter phenyl-
methylsulfonyl fluoride and 5 pg/ml aprotinin and centrifuged at
15,000 rpm for 30 min at 4 °C, and the supernatants were then
recentrifuged at 100,000 X g for 1 h. The supernatants (2 pg/ml
protein concentration) were incubated with 1 ml of glutathione-
Sepharose 4B for 1 h at 4 °C to remove nonspecifically bound pro-
teins and then incubated with purified GST alone, GST-Pin1, and
GST-Pin1 deletion mutant proteins for 1 h and finally washed six
times with homogenizing bufter. glutathione-Sepharose 4B beads
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FIGURE 1. Pin1 associates with CRTC2. A and B, Pin1 with the N-terminal MEF tag was overexpressed in the mouse liver using adenovirus gene transfer, and
the Pin1-containing complex was purified. The samples were electrophoresed and subjected to silver staining (A). Analysis using LC/MS revealed: Band (1),
DNA-directed RNA polymerase Il A; Band (2), suppressor of Ty 6 homolog + DNA-directed RNA polymerase Il A; Band (3), DNA-directed RNA polymerase Il
polypeptide B + DNA-directed RNA polymerase I. B, the samples were subjected to the immunoblotting with anti-CRTC2 antibody. C, CRTC2 or control LacZ
was overexpressed with GFP or GFP-Pin1. Then the cell lysates were immunoprecipitated (/P) with anti-CRTC2 antibody, followed by immunoblotting (/B) with
anti-GFP antibody. D, the cell lysates from the mouse liver were immunoprecipitated with control IgG or anti-Pin1, and the immunoprecipitates were then
immunoblotted with anti-CRTC2 and anti-Pin-1. £, HepG2 cell lysates expressing CRTC2 with a FLAG tag were incubated with glutathione beads conjugated
with GST or GST-Pin1. After washing the beads, SDS-PAGE was performed followed by immunoblotting with anti-FLAG or anti-GST antibodies. F, HepG2 cell
lysates expressing CRTC2 with a FLAG tag were incubated with glutathione beads conjugated with GST, the GST-WW domain, or the GST-PPI domain. After
washing the beads, SDS-PAGE was performed, followed by immunoblotting with anti-FLAG or anti-GST antibodies. G, CRTC2 and either GFP or GFP-Pin1 were
simultaneously overexpressed in HepG2 cells. With or without okadaic acid treatment for 0.5 h, the cell lysates were immunoprecipitated with anti-CRTC2,

followed by immunoblotting with anti-GFP antibody. Representative immunoblotting data from three independent experiments are shown.

were boiled in Laemmli sample buffer, which was used for the
SDS-PAGE and immunoblotting.

Preparation of Streptozotocin-treated Diabetic Mice and
Gene Transfer of Pinl into Mouse Livers—Streptozotocin
(STZ)-treated diabetic male C57BL/6 mice (8 =10 weeks of age)
were prepared as reported previously (20). These mice were
injected, via the tail vein, with adenovirus at a dose of 2.5 X 107
plaque-forming units/g body weight. Animals were fasted for
14 h and then were refed for 4 h before sacrifice. Blood glucose
was measured with a portable blood glucose monitor, Glutest-
Ace (Sanwa Kagaku Kenkyusho, Nagoya, Japan). All animal
studies were conducted according to the Japanese guidelines
for the care and use of experimental animals.

Immunoprecipitation and Immunoblotting—For the immu-
noprecipitation experiments, whole-cell extracts from HepG2
or Sf9 cells or mouse liver lysates obtained after an overnight
fast were prepared in lysis buffer, as described above. Cell or
tissue extracts were incubated for 4 h at 4 °C with the indicated
antibody and then for 1 h with 30 pl of protein G-Sepharose

33020 JOURNAL OF BIOLOGICAL CHEMISTRY

beads. The pellets were washed five times with 1 ml of lysis
buffer and then resuspended in Laemmli sample buffer, boiled
for 3 min, and analyzed on SDS-polyacrylamide gels.

Western blot analysis was carried out as described previously
(22). In brief, 10 pg of protein were separated by SDS-PAGE
and electrophoretically transferred to polyvinylidene difluoride
membranes in a transfer buffer consisting of 20 mm Tris-HCl,
150 mM glycine, and 20% methanol. The membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline with
0.1% Tween 20 and incubated with specific antibodies, followed
by incubation with horseradish peroxidase-conjugated second-
ary antibodies. The antigen-antibody interactions were visual-
ized by incubation with ECL chemiluminescence reagent
(Amersham Biosciences).

Immunostaining—HepG2 cells were fixed with 4% paraform-
aldehyde for 10 min, rinsed with phosphate-buffered saline
(PBS), and then exposed to 0.2% Triton X-100 in PBS for 5 min.
Cells were subsequently incubated for 1 h at room temperature
with anti-rabbit CRTC2 (1:500), and fluorescein isothiocya-
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A. NES C. - 258 RESULTS
Identification of CRTC2 in the
1 42 56 144 271-287 308-320 693 Pinl-containing Complex from
Mouse Liver—The adenovirus to
D-1 1 124 m MEF-tagged Pinl was introduced
D-2 121 I 233 into mice, and the Pinl-containing
D-3 223 I 4 30 SRS as. complex was purified. Purified Pinl
D-4 421 474 126 Ser~Ala in the complex was electrophoresed
Biz 473 ? 551 e and subjected to silver staining,
which showed the presence of Pinl
B. D. bait proteins and many binding pro-
\P: GFP - :gf((;:;tcz l:l teins (Fig. 14). Bands (1), (2),and (3)
1B: DsRed i [E were identified to be DNA-directed
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GFP + + + + + + GFP agree with previous reports (23).
GFP-Pin1 + - + + . + CRTC2 wild . . Then we performed the immuno-
D1 D2 D3 D4 D5 ps CRTC2 136SA , blotting using many antibodies to

FIGURE 2. Pin1 associates with the NLS domain of CRTC2. A, the constructs of CRTC2 deletion mutants and
baculoviruses expressing these six mutants with the C-terminal DsRed tag were prepared. B, the six deletion
mutants with C-terminal DsRed tags were overexpressed with GFP or GFP-Pin1in Sf9 cells. The celllysates were
immunoprecipitated (/P) with anti-GFP antibody, followed by immunoblotting (/B) with anti-DsRed antibody.
The upper panel shows the binding of the Deletion-2 mutant to GFP-Pin1 but not to GFP alone. C, the orienta-
tions of three candidate Ser/Pro motifs in the Deletion-2 mutant involved in the association with Pin1. D, wild-
type CRTC2 or CRTC2 S136A was overexpressed with GFP-Pin1 or GFP in Sf9 cells. The cell lysates were immu-
noprecipitated with anti-CRTC2 antibody followed by immunoblotting with anti-GFP. The upper panel shows
that CRTC2 S136A does not associate with Pin1, unlike the wild-type CRTC2. Representative immunoblotting

data from three independent experiments are shown.

nate-labeled anti-rabbit IgG (1:750) was used as the secondary
antibody. Immunofluorescence was visualized with a laser-
scanning confocal imaging system.

Luciferase Assay—The following plasmids were obtained
from commercial sources: pTAL and pTAL-CRE from Clon-
tech (Palo Alto, CA), pM from Stratagene (La Jolla, CA), and
pGL4 and pRL-TK from Promega (Madison, W1). HepG2 cells
in a 24-well collagen-coated plate were co-transfected with
pTAL-CRE vector (0.25 pg/well) with an internal reporter,
pRL-TK (0.25 pg). Luciferase activities were determined using
the Dual-Luciferase Reporter Assay System (Promega Corp.).

RNA Analysis—RNA extractions were carried out using
TRIzol, followed by purification over a QLAEASY RNA column.
Reverse transcription and quantitative PCR were carried out as
already described. The primer set for human phosphoenol-
pyruvate carboxykinase (PEPCK) was GGTTCCCAGGGTG-
CATGAAA and CACGTAGGGTGAATCCGTCAG (114 bp),
and that for human GAPDH was ACCACAGTCCATGCCAT-
CAC and TCCACCACCCTGTTGCTGTA (451 bp).

Chromatin Immunoprecipitation Assay with Anti-CRTC2,
CBP, or CREB Antibodies—HepG2 cells with or without forsko-
lin stimulation were immunoprecipitated with anti-CRTC2,
anti-CBP, or anti-CREB antibody, using the Chip-IT** express
enzymatic kit (Active Motif Corp.). Then precipitated DNA
was amplified by PCR using primers against the relevant
promoters.

Statistical Analysis—Results are expressed as means * S.E.,
and significance was assessed using one-way analysis of vari-
ance unless otherwise indicated.

BSPE.
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detect another protein included
in the Pinl-containing complex
because many faint bands were visi-
ble with silver staining.

Many transcriptional co-activa-
tors are included among the target
proteins of Pinl (4, 5). In addition,
although one of the regulatory
mechanisms of Pinl is protein stabi-
lization, recent reports have shown that Pinl is involved in
translocation of target proteins, such as Bax (24). These results
suggest that CRTC2 is a candidate Pin1 target protein because
CRTC2 is a transcriptional co-activator and is translocated
between the cytosol and the nucleus. As a result, immunoblot-
ting using anti-CRTC2 antibody indicated the presence of
CTRC2in the Pinl complexes (Fig. 1B). To confirm the asso-
ciation between CTRC2 and Pinl, CRTC2 and each GFP-
Pinl or GFP were simultaneously overexpressed in HepG2
and Sf9 cells. As shown in Fig. 1C and supplemental Fig. 1,
GFP-Pinl, but not GFP alone was detected in the anti-
CRTC2 immunoprecipitate. Furthermore, CRTC2 was
detected in the immunoprecipitate with anti-Pinl antibody
but not that with the control IgG from mouse liver (Fig. 1D).
Thus, the association between CRTC2 and Pinl is
physiological.

Pinl possesses the WW and PPlase domains in its N termi-
nus (amino acids 1-38) and C terminus (amino acids 39 —-163),
respectively. To identify the domain of Pin1 responsible for the
association with CRTC2, we prepared GST-Pinl, the GST-Pinl
WW domain, and the GST-Pinl PPlase domain. These GST
proteins were conjugated to beads, followed by incubation with
cell lysates from MEF-tagged CRTC2 overexpressing HepG2
cells. GST-Pinl but not GST alone bound to CRTC2 in vitro
(Fig. 1E). Using this pull-down system, it was shown that the
GST-WW domain, but not the GST-PPIase domain, binds to
CRTC2 (Fig. 1F). In addition, okadaic acid treatment signifi-
cantly increased the association of CRTC2 with Pinl (Fig. 1G),
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(A) CRTC2-GFP Wild
Forskolin (-) Forskolin (+

(B) CRTC2-GFPS136A
Forskolin (-)

LacZ

Negatve

SIRNA

Pint
sIRNA

Forskolin (+)

E .. ..

(C) LacZ

Forskolin(-)  Forskolin30min  Forskolin(-)  Forskolin 30 min

Negative SiRNA Pin1siRNA
Forskolin(-)  Forskolin10min  Forskolin(-)  Forskolin 10 min

Pin1 overexpression

FIGURE 3. Effect of Pin1 on subcellular localization of GFP-tagged CRTC2.A and B, LacZ or Pin1 was overexpressed, or HepG2 cells were treated with control
or Pin1 siRNAs. Then GFP-tagged CRTC2 was overexpressed in HepG2 cells. These cells were treated with forskolin, and the subcellular localization of
GFP-tagged wild type or S136A CRTC2 was examined at the indicated periods after initiating forskolin stimulation. Representative data from four independent
experiments are shown. C, LacZ or Pin1 was overexpressed in HepG2 cells, or the cells were treated with control or Pin1 siRNAs. These cells were treated with
forskolin, and the subcellular localization of endogenous CRTC2 was determined by immunostaining at 10 or 30 min after initiating forskolin stimulation. Nuclei
were stained with DAPI. Representative data from five independent experiments are shown.

suggesting the involvement of serine and/or threonine phos-
phorylation(s) in CRTC2.
Pinl Associates with Ser'*°-containing Motif in the NLS

Domain of CRTC2—Subsequently, to reveal the domain of

CRTC2 responsible for the association with Pinl, six Ds-Red-
tagged CRTC2 N terminus deletion mutants (Fig. 24) and GFP-
tagged Pinl were simultaneously overexpressed in Sf9 cells. As
shown in Fig. 2B, CRTC2 deletion mutant 2 (D-2), containing
amino acids 121-238, was immunoprecipitated with GFP-
tagged Pinl but not with GFP alone. This portion contains
three serine-proline motifs (Fig. 2C). Each of these serine resi-
dues was replaced with alanine, creating a mutant that did not
associate with Pinl. As shown in Fig. 2D, CRTC2 with serine
136 replaced by alanine did not bind to Pinl, whereas CRTC
with serine 129 or 131 bound to Pinl (data not shown). These
observations indicated that the association between CRTC2
and Pinl is mediated via the phosphoserine 136-containing
motif in CRTC2 and the WW domain in Pinl. Ser'®® is in the
NLS domain, and a high level of Ser'*® phosphorylation was
demonstrated in a previous report (16).

Pinl Inhibits CRTC2 Translocation from the Cytosol to the
Nucleus—To test whether or not the effect of Pinl on CRE
transcriptional activity is mediated via the effect on the subcel-
lular localization of CRTC2, the GFP-tagged CRTC2 was over-
expressed, and the effects of the Pinl expression level on the
subcellular localization of GFP-tagged CRTC2 were analyzed in

33022 JOURNAL OF BIOLOGICAL CHEMISTRY

the absence or presence of forskolin stimulation (Fig. 34). In
the control LacZ-overexpressing or control siRNA-treated
HepG?2 cells, GFP-tagged CRTC2 was translocated from the
cytosol to the nucleus, as reported previously (9). Pinl overex-
pression markedly inhibited forskolin-induced translocation of
CRTC2 into the nucleus. In addition, gene silencing of Pinl
using siRNA markedly enhanced the nuclear translocation of
Pinl in comparison with treatment with control siRNA.
Although nuclear CRTC2 S136A (unable to bind to Pinl) was
required for forskolin stimulation, it had no effect on either
Pinl overexpression or Pinl siRNA (Fig. 3B).

In addition, we investigated the effect of Pinl on the distri-
bution of CRTC2 S171A. CRTC2 S171A (unable to bind to
14-3-3) was mainly present in the nucleus regardless of forsko-
lin stimulation (supplemental Fig. 2). Pinl overexpression
slightly increased CRTC2 S171A in the cytosol, whereas Pinl
siRNA treatment reduced the amount of CRTC2 S171A in the
cytosol. This effect of Pinl was essentially in agreement with
the results obtained for wild-type CRTC2.

Similar results were obtained by immunostaining the endog-
enous CRTC2 in HepG2 cells (Fig. 3C). Pinl overexpression
attenuated the forskolin-induced nuclear translocation of
CRTC2 as compared with LacZ overexpression. On the other
hand, treatment with Pinl siRNA increased CRTC2 in the
nucleus under forskolin stimulation as compared with the con-
trol siRNA.
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Neither the distribution nor the expression of Pinl was
changed by forskolin or insulin stimulation (supplemental
Fig. 3). Thus, a change in Pinl is not required for regulation of
the CRTC2 distribution.

Pinl Associates with CRTC1 and Induces Its Localization in
the Cytosol—The CRTC family consists of three isoforms,
CRTC1,CRTC2,and CRTC3. The motif of CRTC2 responsible
for the association with Pinl is present in the NLS and is con-
served in CRTC1 but not in CRTC3 (supplemental Fig. 44).
Thus, the associations of Pinl with CRTC1 were also investi-
gated using HepG2 cells. As shown in supplemental Fig. 4B,
FLAG-tagged CRTC1 was detected in anti-GFP immunopre-
cipitates from the cells expressing GFP-tagged Pinl and FLAG-
tagged CRTC1. As shown in supplemental Fig. 4C, FLAG-
tagged CRTC1, in which serine 155 is replaced with alanine, did
not bind to GFP-tagged Pinl, unlike the FLAG-tagged wild-
type CRTCI.

Then the effects of Pinl on localizations of CRTC1 were
examined. When LacZ was overexpressed, GFP-tagged CRTC1
was present in the cytosol and translocated to the nucleus in
response to forskolin stimulation (supplemental Fig. 4D). This
translocation was markedly inhibited by Pinl overexpression
(supplemental Fig. 4D).

CRTC2 Associated with Pinl Did Not Bind to CREB—Forma-
tion of the CREB-CBP-CTRC complex, which binds to a CRE
site, is critical for CRE transcriptional activation. We investi-
gated whether or not the CREB-CBP-CRTC2-Pinl complex can
form, using the baculovirus and Sf9 cell overexpression system.
When CRTC2 and CREB were both overexpressed in HepG2 or
Sf9 cells, CREB was detected in the CRTC2 immunoprecipitate.
Interestingly, the overexpression of Pin1 markedly reduced the
association between CREB and CRTC?2, in either HepG2 or Sf9
cells (Fig. 4, A and B).

Furthermore, the effect of Pin1 on the association between
CRTC2 and 14-3-3 was investigated. In Sf9 cell lysates over-
expressing CREB and CRTC2, both CRTC2 and endog-
enously expressed 14-3-3 protein were detected in anti-
CREB immunoprecipitates (Fig. 4C). In the case of triple
overexpressions of CRTC2, CREB, and GFP-tagged Pinl,
CRTC2 and 14-3-3 were detectable in the GFP-tagged Pinl
immunoprecipitate (Fig. 4D).

Similar results were obtained in the HepG2 cells. The asso-
ciation between MEF-tagged CRTC2 and endogenously
expressed 14-3-3 was not affected by the overexpression of Pinl
(supplemental Fig. 5A). In addition, Pinl overexpression did
not affect the phosphorylation level of Ser'”!, responsible for
the association with 14-3-3, in either basal or forskolin-stimu-
lated conditions (supplemental Fig. 5B). These results suggest
that Pinl-associated CRTC2 is capable of binding to 14-3-3
protein but not to CREB.

Pinl Inhibits CRE Transcriptional Activity and Its Down-
stream PEPCK Expression—Subsequently, to elucidate the role
of Pinl in CRE transcriptional activity, the effects of Pinl over-
expression and Pinl gene silencing using siRNA on the CRE
and PEPCK luciferase assay, and PEPCK mRNA level were
investigated in HepG2 cells (Fig. 5). The amount of overex-
pressed Pinl was ~5 times that of endogenous Pinl in HepG2
cells. Under these conditions, forskolin-induced transcrip-
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FIGURE 4. Binding of Pin1 to CRTC2 inhibits the association between
CREB and CRTC2 but not that between 14-3-3 and CRTC2. A, MEF-tagged
CRTC2, CREB, and Pin1 were overexpressed in HepG2 cells in the indicated
combinations. The cell lysates were immunoprecipitated (/P) with anti-FLAG
antibody and immunoblotted (/B) with anti-CREB antibody. B, CRTC2, CREB,
and Pin1 were overexpressed in Sf9 cells in the indicated combinations. The
cell lysates were immunoprecipitated with anti-CREB antibody and immuno-
blotted with anti-CRTC2 antibody. C, CREB and CRTC2 were overexpressed in
Sf9 cells. The cell lysates were immunoprecipitated with anti-CREB antibody
and immunoblotted with anti-14-3-3 protein antibody. D, CREB, CRTC2, and
either GFP or GFP-Pin1 were overexpressed in 5f9 cells. The cell lysates were
immunoprecipitated with anti-GFP antibody and immunoblotted with anti-
CRTC2 or anti-14-3-3 protein antibody. Representative data from four inde-
pendent experiments are shown.

tional activity and PEPCK mRNA induction were significantly
attenuated (Fig. 5, A—C). On the contrary, gene suppression of
Pinl using siRNA significantly enhanced these events (Fig. 5,
D-F). In addition, suppressions of CRE-luciferase and PEPCK-
luciferase activities by Pinl overexpression were observed in
immortalized human hepatocytes (supplemental Fig. 6) (25),
suggesting that this mechanism is independent of the glucose
sensitivity of the cell type. An inhibitory effect of Pin1 on CRE
luciferase activity was observed when wild type or S171A
CRTC2, but not S136A, was overexpressed, consistent with the
results showing Pinl to regulate the translocation of CRTC2
(supplemental Fig. 7). Thus, the Pinl expression level was
revealed to negatively regulate CRE transcriptional activity.
Chromatin Immunoprecipitation Assay with Anti-CRTC2
and CREB Antibodies—Because Pinl-associated CRTC2 did
not bind CREB, we performed a ChIP assay to investigate
whether or not Pinl affected recruitment of CRTC2 to cAMP-
responsive elements upstream of PEPCK, NR4A2, and CGA
genes (Fig. 5G). The PCR product obtained using the anti-CREB
immunoprecipitate was unchanged regardless of forskolin stimu-
lation or Pinl overexpression. In contrast, the PCR product of the
anti-CRTC2 immunoprecipitate was markedly increased by for-
skolin stimulation, and Pinl overexpression abolished this in-
crease. Forskolin stimulation induced CBP recruitment to the pro-
moter as well as CRTC2, but Pinl overexpression had no effect.
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FIGURE 5. Pin1 suppresses CRE luciferase activity and PEPCK mRNA level in HepG2 cells. A and 8, LacZ or Pin1 was overexpressed in HepG2 cells
transfected with pTAL and pTAL-CRE or pTAL-PEPCK. D and £, these transfected HepG2 cells were treated with control siRNA or Pin1 siRNA. In two experiments,
with and without forskolin stimulation for 6 h, the cell lysates from HepG2 cells were subjected to the luciferase assay. C and F, PEPCK mRNA levels were also
measured. Representative data from four independent experiments are shown. **, p < 0.01 versus LacZ or negative siRNA. G, HepG2 cells overexpressing LacZ
or Pin1 were subjected to the CHIP assay using anti-CRTC2, anti-CNP, or anti-CREB antibodies and primers corresponding to the PEPCK, NR4A2, and CGA
promoter regions. Representative data from four independent experiments are shown. /8, immunoblot; /P, immunoprecipitation. Error bars, S.E.

Thus, it was suggested that CRTC2 associated with Pinl was
removed from CREB located in the CRE sequence in the PEPCK,
NR4A2, and CGA promoter region.

Hepatic Pinl Overexpression Reduces PEPCK Expression and
Decreases Hyperglycemia in STZ-induced Diabetic Mice—
CRTC2 is a major transcriptional co-activator for hepatic glu-
cose regulation via its effects on PEPCK expression. Thus, we
considered the possibility of the regulation of PEPCK expres-
sion by Pin1 in the liver, and an adenovirus expressing Pin1 was
introduced into STZ-induced insulin-deficient diabetic mice.
Due to the insulin deficiency, as reported previously, hepatic
PEPCK mRNA and serum blood glucose levels were markedly
increased in fed and fasted state, as compared with the control
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mice (Fig. 6). The adenovirus for Pinl expression was injected
intravenously, and 96 h later, overexpressed Pinl was detected
only in the liver (Fig. 64) and not in other tissues. With Pinl
overexpression in the liver, the increased hepatic PEPCK
mRNA level in STZ-mice was normalized, and blood glucose
elevation was also partially but significantly reduced in both the
fed and the fasting state (Fig. 6, B-E). Pinl overexpression
exerted the same effects on other CRE-dependent transcrip-
tional genes, such as G6Pase, PGC-1a, and CPT-1. These find-
ings revealed Pinl to be a regulator of CRE-dependent tran-
scriptional genes in vivo.

Pinl Expression Is Low in Fasting State—Finally, we investigated
the changes in Pinl expressions under different nutrient condi-
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FIGURE 6. Hepatic overexpression of Pin1 restored elevated CRE-dependent transcriptional genes and hyperglycemia in STZ-treated mice. STZ-
treated diabetic C57BL/6 male mice were injected with 2.5 X 107 plaque-forming units/g body weight of adenovirus containing B-galactosidase (LacZ) or
FLAG-tagged Pin1 construct via the tail vein. A, immunoblotting of hepatic tissue lysates with anti-FLAG or anti-Pin1 antibody. B and C, serum glucose
concentrations in fed and fasting states (n = 6, each group). D and £, CRE-dependent transcriptional gene mRNA levels in the liver. **, p < 0.01 versus STZ; ***,

p < 0.001 versus STZ. Error bars, S.E.
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FIGURE 7. Pin1 expression is regulated by nutrient conditions. Mice were
fed routinely, starved for 20 h, or refed for 4 h after a 20-h fast. Liver (feft) and
muscle (right) cell lysates were prepared and then immunoblotted with anti-
Pin1 antibody. A representative imnmunoblot (/B) is shown in the upper panel.
tions. Interestingly, we found that the Pin1 expression level is low
in the fasted state but is increased by feeding (Fig. 7). Thus, Pinl
expression appears to be regulated by nutrient conditions.

DISCUSSION

CRE transcriptional activity is enhanced through associa-
tion of the CREB-CBP-CRTC complex on a CRE site. The
co-activator of CREB termed the CRTC family consists of

OCTOBER 22, 2010+VOLUME 285+NUMBER 43

three isoforms, CRTC1, CRTC2, and CRTC3 (18). CRTC2
was reported to be important for the regulation of CRE tran-
scriptional activity and its downstream PEPCK gene expression
(20). Depletion of nuclear CRTC2 leads to the suppression of
CRE transcriptional activity (20). Thus, both the subcellular
localization of CRTC2 and CREB:CBP-CRTC complex forma-
tion are critical for CRE transcriptional activity. CRTC2 is
reportedly phosphorylated by AMPK and SIK, and phosphory-
lated CRTC2 binds to 14-3-3 protein and is thereby shifted from
the nucleus to the cytoplasm (21). The Montiminy group (16) has
identified 12 independent phosphorylated serine residues on
CRTC2 using tandem MS analysis. They demonstrated that PKA
inhibits the activity of SIK and reduces Ser*”* phosphorylation
leading to binding with 14-3-3 protein and translocation to the
cytosol (16). However, the importance of other phosphorylation
sites identified in their study, such as Ser*® remains unknown.
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In this study, it was demonstrated that Pinl associates with
the CRTC family of proteins consisting of CRTC1 and CRTC2.
Because the portion of CRTC1 and CRTC2 responsible for the
association with Pin1 is in the NLS domain, we considered the
possibility that the binding of Pinl to this portion would inter-
rupt NLS function, resulting in their export from the nucleus.
In fact, our observations using GFP-tagged CRTC1 and CRTC2
as well as staining of endogenous CRTC2 supported our
hypothesis. On the other hand, gene silencing of Pinl using
siRNA markedly induced nuclear localization of CRTC2 when
stimulated with forskolin. It is likely that altered localization of
CTRC2 due to Pin1 takes place independently of the binding of
14-3-3 protein to CRTC2 because Pinl overexpression affected
neither the Ser'”* phosphorylation level of CRTC2 nor the
association with 14-3-3.

A further interesting issue is that CRTC2 associated with
Pinl did not bind to CREB. This phenomenon cannot be attrib-
utable to the different subcellular distributions of CREB, CBP,
and CRTC because highly overexpressed CREB, CBP, and
CRTC2 are present in the cytosol of Sf9 cells. Taken together,
these observations indicate the association of Pinl with CRTC2
to decrease the nuclear CBP-CRTC2-:CREB complex via two
mechanisms (i.e. the export of CRTC2 and interruption of the
association between CRTC2 and CREB). Thus, the Pinl expres-
sion level is a key factor regulating CRE transcriptional activity.

We investigated the effects of various kinase inhibitors on the
association between CRTC2 and Pin1, using HepG2 cells, in an
effort to identify the kinase that is involved in the phosphory-
lation of S136A on CRTC2. However, we were unable to obtain
clear results. Although we did not discover which kinase(s)
phosphorylates the Ser'®® of CRTC2 responsible for the associ-
ation with Pinl in this study, high basal phosphorylation of
Ser'®® was already demonstrated in a previous report (16).

Prior studies have also shown that Pinl expression generally
correlates with cell proliferative potential in normal tissues (1,
26, 27) and is further up-regulated in many human cancers
(28 —31). In addition, interestingly, we noticed that the amount
of Pinl was higher in the fed than in the fasting state, in both
liver and muscle. However, neither insulin nor forskolin has any
effect on the expression of Pinl in HepG2. Thus, the mecha-
nism(s) involved in the altered expression of Pinl remains
unclear, although this is an important issue that merits further
investigation.

In theliver, CRE transcriptional activity plays a critical role in
gluconeogenesis (32-34). In addition, in the diabetic state,
insufficient suppression of CRE transcriptional activity is
regarded as a mechanism underlying hyperglycemia under
fasted conditions (35). In the present study, our final experi-
ment examined whether Pinl overexpression might improve
the hyperglycemia in insulin-deficient STZ-treated mice. In
these mice, gluconeogenic enzymes, such as PEPCK, under the
control of CRE transcriptional activity are reportedly up-regu-
lated (20, 36, 37) due to insulin deficiency and the relatively
increased effect of glucagon. The fact that Pinl overexpression
reduced the high PEPCK expression and its resultant fasting
serum glucose elevation in STZ-treated mice suggests that the
Pinl expression level is involved in regulating glucose metabo-
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lism. Thus, an agent affecting Pinl expression or activity may
represent a novel therapeutic strategy for diabetes.

To date, numerous proteins have been identified as sub-
strates of Pinl (4, 5, 38). With the proline conformational
change induced by Pin1, the structure and function of the target
protein are modified, which affects protein stabilization, sub-
cellular localization, phosphorylation, transcriptional activity,
etc. In the case of CTRC2, both subcellular localization and the
complex-forming function with CREB are affected.

Although we did not investigate the physiological effects
occurring via CRTC1 induced by the association with Pinl, we
did observe that Pin1 is highly expressed in the brain, whereas
its enzymatic activity is blunted by oxidative stress modification
that occurs in the early stages of Alzheimer disease (39).
Although the physiological function of Pin1 in neurons remains
largely unknown, numerous reports have implicated CRE tran-
scriptional activity in brain function (40-42). Thus, further
important evidence may be obtained from studies of Pinl and
CRTC1 in the brain or other tissues.

In summary, CRTC2 was identified as a new Pinl-binding
protein. The CBP-CRTC2:CREB complex promotes glu-
coneogenesis. Pinl binding to CRTC2 prevents this complex
formation, thereby suppressing CRE transcriptional activity
(supplemental Fig. 8). These findings indicate that Pinl is a
regulator of gluconeogenesis and may be a new target for
diabetic therapy.
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