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Abstract Keywords

Context: Pathological upregulation of the RAS/MAPK pathway causes Costello, Noonan and  Costello syndrome, noconan syndrome,
cardio-facio~cutensous (CFC) syndrome; however, little is known about PI3K/AKT signal PI3K/AKT pathway, RAS/MAPK pathway,
transduction in these syndromes. Previously, we found a novel mutation of the SOS7 gene S0S7

(T158A) in a patient with Costello/CFC overlapping phenotype, Objective: The aim of this study
was tdo investigate how this mutation affects RAS/MAPK as well as PI3K/AKT pathway signal History
transductjon.

Materials and methods: Wild-type and mutant (T158A) Son of Sevenless 1 (SOS1) were Received 21 January 2013
vansfected into 203T cells. The fevels of phospho- and total ERK1/2, AKT, p7056K and ps6 were ~ Revised 19 February 2013

examined under epidermal growth factor (EGF) simulation. Results: After EGF stimulation, the ~Accepted 20 February 2013
ratio of phospho-ERK1/2 to total ERK1/2 was highest at 5 min in mutant (T158A) SOS1 cells, and P ublished onfine 26 March 2013
at 15 min in wild-type 5051 cells. Phospho-AKT was less abundant at 60 min in mutant than in
wild-type SOS1 ceils, Phosphorylation at various sites in p7056K differed between wild-type and
mutant cells. Eighteen hours after activation by EGF, the ratio of phospho-ERK1/2 to total ERK1/
2 remained significantly higher in mutant than in wild-type SOS1 cells, but that of phospho-AKT
to total AKT was unchanged. Discussion: T158A is located in the histone-like domain, which may
have a role in auto-inhibition of RAS exchanger activity. of $0S1. T158A may disrupt auto-
inhibition and enhance RAS signaling. T158A also affects PI3K/AKT signaling, probably
via negative feedback via phospho-p70S6K. Conclusion: The SOS? T158A mutation altered the
phosphorylation of gene products involved in both RAS/MAPK and PI3K/AKT pathways.

Introduction Noonan and CFC syndromes (5~7,10). Lepri et al. classified
Noonan-asscciated SOS7 mutations into three types: class 1|
with predicted conformational rearrangements of domains
resulting in reduced enzyme auto-inhibition, class 2 with

Protein kinases and other messengers form highly interactive
networks to achieve the integrated functions of cells. One of
these critical signaling networks is a family known as rat . . .
N > y . predicted enhancement of SOSI’s catalytic function
sarcoma virus oncogene homologue (RAS)/mitogen-activated . . . . )
.. . . . membrane binding, and class 3 with mutations |
protein kinase (MAPK) cascade, which plays a major role in . . .
. . o - . the catalytic domain (CDC25; Figure 1) (10). The.
the regulation of embryogenesis, cell differentiation, prolif- . . ST
X X were inferred to disrupt auto-inhibition of RA
eration and apoptosis (1.2). L. ,,
. . . activity (class 1 and class 2), or to promote.
Recently, germ-line mutations in RAS pathway genes have , LT
, e j . . CDC25 (class 3), resulting in increased
been recognized to cause Noonan, Costello and cardio-facio~ .
. RAS. The molecular pathogenesis o
cutancous (CEC) syndromes (3-7). These syndromes share . .

) S ’ . caused by a gain of function mutat

common clinical features, such as congenital heart defects, . .G
.. . ) ) be elucidated. A mouse carryin
short stature, characteristic facial features and mental retard- .

- . o - . . sy s . shows many Noonan-like featu
ation. The activation of RAS is associated with its conversion model mice. multiple sign
from the GDP- to the GTP-bound form. Son of Sevenless 1 :ﬁciuii‘ o t onl 151;3
(80S1) is a RAS-specific guanine nucleotide exchanger (8.9). I tng mo ¥ the

e i .. i L h and Stat3. To belt
Familial or de nove mutations in SOSJ have been found in ..
syndromes, it is ne

kinases are ac
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Figure 1. SOS1 domain structare and location P112R.

of identified amino acid substitutions in HF T
domain of SOS1. The functional domains of

SOS1 are as follows: DH, DBL homology: E108L -
PH, pleckstrin homology; HL, helical linker;
REM, RAS exchange motif; CDC23, RAS
guanine nucleotide exchange factor and Grb2
binding. HF, DH, PH and HL. constitute a
regulatory segment, whercas REM and
CDC25 form a catalytic unit. Previously
reported variants in HF domain (white
arrows) are KI170E (class 1), E108L (class 2)
and P112R (class 2). Effect of T37A on SOS1
function is unknows. T158A (black arrow) is
a novel mutation found by our previous study.

T37A

This mutation caused substitution from threonine to alanine
at position 158 located in the histone-like fold (HF) domain
(Figure 1). This mutation is located close to a previously
reported mutation K170E, which is predicted to cause con-
formational rearrangement of domains, resulting in reduced
enzyme auto-inhibition (10). In this study, we investigated
whether the SOSI T158A mutation can activate the RAS/
MAPK pathway to cause Costello/CFC syndrome. Human
embryonic kidney 293T cells were transfected with wild-type
human SOS1 and mutant (T158A) isoform SOS1. Using these
cells, we studied the phosphorylation of ERK1/2 and AKT
under stimulation by epidermal growth factor (EGF).

Materials and methods

We expressed wild-type SOS1 and mutant TIS8A SOS1 in
human embryonic kidney 293T cells and measured the
phosphorylation level of downstream effectors of the RAS/
MAPK pathway, such as extracellular signal-regulated
kinasel/2 (ERK1/2), and ribosomal protein S6 (pS6), as
well as that of v-Akt murine thymoma viral oucogene
homolog (AKT), the main regulator of the PI3K/AKT
pathway, and ribosomal protein S6 kinase, 70KDa
(p70S6K). Human embryonic kidney 2937 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) plus
10% fetal bovine serum (FBS) and antibiotics. Human SOS7
containing plasmid was purchased from NITE Biological
Resource Center (Osaka, Japan). The primers were designed
to amplify target mutation (forward: SOS1MutlF: ATATACG
GCATTATGAAATTGCAAAACAAGATAT and reverse:
SOSIMutlR: AATTTCATAATGCCGTATATTTCTITACAT
AAT). We generated Costello/CFC  syndrome-associated
SOS] mutant T158A using the Gene Tailor site-directed
mutagenesis system (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. Wild-type and TI158A mutant
plasmids were transfected into DHS5«TM-TIR Escherichia
coli. By sequencing the picked-up colonies, we confirmed the
T158A mutation. Wild-type or mutant T158A SOS7 expres-
sion constructs were transfected into 293T cells using
MultiFectam reagent (Promega, Madison, WI). One day
prior to transfection, the cells were plated in six-well plates at
a density of 1 x 107 cells per well and were grown to 85%
confluence. Plasmid DNA (2.5 pg) containing either wild-
type or mutant SOSI was suspended with 125l of 20mM
Tris-HCI buffer (pH 7.4). Then, 62.5 ul MultiFectam reagent
was added to the plasmid solution and was incubated for

Mutated SOSI affects RAS and PI3K pathway 125

Grb2 binding

/ 050333

PH-HL

< regulatory segmentemm—» He—-— catalytic unit -—-—-—ar!

30min at room temperature, followed by the addition of
62.5 1l serum-free DMEM medium. For transfection, 293 T
cells were incubated in this mixture for 4h and then in
complete DMEM medium with 10% FBS for 24 h. Next, for
EGF stimulation, cells were cultured in DMEM without
serum for 18 h. EGF (100 ng/ml medium) was then added and
incubated for 5, 15 and 30 min. We deterimined the level of
phospho-ERK1/2, phospho-pS6, phospho-AKT and phospho-
p70S6K at 5, 15 and 60min after the onset of stimulation by
EGF. All the cells were scraped, collected and washed twice
with phosphate-buffered saline, pH 7.4, and suspended in TS
buffer (0.5ml of 1M Tris HCI, pH 7.7, 1.5ml of I M NaCl,
I ml of 500 mM EDTA, 7wl distilled water containing 100 pl
protease inhibitor mixture (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) and sonicated on ice for 15s. The
lysates were centrifuged at 12 000 g for 30 min at 4 °C, and the
protein concentration of their supernatant was determined by
the Bradford assay. We also examined the effect of mutant
SOS1 transfection on the phosphorylation of ERK1/2 with a
longer interval after EGF stimulation. The 293T cells were
first stimulated by EGF in DMEM plus 10% FBS for 20 min
and then cultured in serum-free DMEM for 18h. To verify
the overexpression of transfected SOSI1 in 293T cells, an
antibody against SOS81 (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) was used. ERK1/2, AKT and pS6 activations
were detected by immunoblotting with antibodies against
phosphorylated ERK (phospho-ERK) (Thr202/Tyr204), phos-
phorylated AKT (phospho-AKT) (Serd73), phosphorylated-
p7086K  (phospho-p70S6K) (Thr389), phospho-p70S6K
(Thrd21/Ser424) and phosphorylated pS6 (phospho-pS6)
(Ser235/236) purchased from Cell Signaling Technology
(Beverly, MA). Band intensitics were quantified using
Tmage I software (version 1.44, NIH). For statistical analysis,
data were collected from at least three independent experi-
ments and compared using Student’s f test. Statistical
significance was determined as p<0.05.

This study was approved by the Ethics Committee of the
University of Tokyo.

Results

On Western blots, the 150kDa band corresponded to the fuli-
length SOS1. The amount of SOSi was at least three times
as high in cells transfected with mutant (T158A) SOS1 as
in non-transfected cell lines (Figure 2, upper left panel).
The weak SOS! immunoreactivity of non-transfected cells
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Figure 2. 8081 T158A mutation alters early
response of ERK/AKT/pS6 1o EGF. The
amount of the SOS1 protein was larger in cel)
tines overexpressing wild-type and matant
(T158A) SOS1 than in non-transfected, con-
trof cell lines (upper left panel). Upper right
panels show ERK /2, AKT and p86 activa-
tion in cells expressing wild-type and mutant
SOS1 that were starved and stimulated with
EGF for 0-30min. Lower panels show rela-
tive activity of ERK1/2, AKT and pS6
corrected by the ratio of phospho-protein o
total protein at basal stage (Omin). (a) The
peak of ERK1/2 phosphorylation was higher
in mutant (closed sguare) than in wild-type
SOS1 cells {open circle). (b) At 60min,
phosphorylation of AKT at was elevated in
wild-type SOS1 cells, but remained
unchanged @ mutant cells. (¢)
Phosphorylation of pS6 was higher in mutant
SOS1 cells than in wild-type SOSI cells.
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was considered to have resuited from endogenous expression
of SOS1 protein. There was no difference between cells
transfected with wild and mutated SOS1 protein.

Changes of total and phospho-ERK1/2, AKT and pS6 in
293T cells after EGF stimulation were studied by Western
blotting (Figure 2, upper right pancls). Western blotting of
fotal and phospho-ERKI1/2 detected 42 and 44 kDa bands,
respectively. Although the basal level of phospho-ERK1/2
was low, it increased rapidly after BEGF treatment (Figure 2a).
The ratio of phospho-ERK1/2 to total ERK1/2 was highest
Smin after EGF stimulation in mutant SOS1 cells, while it
was highest at 15 min in wild-type 5081 cells. Phospho-AKT
was barely detectable in wild-type SOSI cells under basal
conditions as well as 3 and 15min after stimulation. Sixty
minutes after stimulation, it became clearly detectable and
was less abundant in mutant SOS1 cells than in wild-type
SOS!t cells (Figure 2b). The increase of phospho-pS6 was

Time after £GF stimulation (min}

more prominent and earlier in mutant SOS1 cells than in wild-
type SOS1 cells (Figure 2¢).

Next, to explore the reason for the effects of this mutation
on AKT, we investigated the phosphorylation of p70S6K.
As shown in Figure 3 (upper pane! and (a)), the level of
phosphorylation at Thr389 was higher in mutant SOS] cells,
but low in wild-type SOS1 cells. The phosphorylation level
of Thrdd4/Ser447-p85S6K, an isoform of p70S6K was
detectable in mutant, but not in wild-type SOS1 cells. The
ratio of Thr421/Ser424-phospho-p7086K to total-p70S6K
S5min after EGF stimulation was higher in wild-type than
in mutant SOS1 cells (Figure 3b).

When the cells were starved for 18h after stimulation
by 100ng/ml EGF, the level of phospho-ERK1/2 was
significantly higher in mutant than in wild-type SOS1 cells
(Figure 4, left panel), suggesting that mutant SOS1 remained
active continuously, leading to higher RAS activity in
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Figure 4. SOS1 T158A mutation causes Control  Wild

Mutant
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prolonged activation of ERK1/2. After
stimulation by EGF for 18h, the level of

phospho-ERK1/2 in the mutant SOSI trans-

fected cells were significantly higher than in

the wild type SOS1 transfected cells, whereas
that of phospho-AKT was comparable

between them. The quantitative analysis Control  Wild

Mutant

(right) was based on the results of five
independent experiments.

response to growth factor stimuli. The ratio of phospho- to
total ERK1/2 was significantly higher in mutant than in
wild-type SOS1 cells (Figure 4, right panel) (p = 0.03). There
was no difference in the expression level of phospho-AKT
18h after stimulation with EGF.

Discussion

In this study, we showed that SOS7 T158A mutation causes
hyper-activation of ERK1/2 in the RAS/MAPK pathway.
TI58A is located in the HF domain, the N-terminal segment
of SOS1 that shows clear sequence similarity to histone
(Figure 1). Functional analysis of mutated SOS1 with amino
acid substitution in the HF domain has been reported
previously (13,14). Induced mutations in the HF domain
(Asp-140 and Asp-169) in virro completely abolish the
interaction between the isolated HF domain and other
domains (14). Since the T158A mutation located in HF
domain is a novel mutation that has never been reported
in Costello, Noonan and CFC syndromes, we carried out a
funciional study to assess whether this mutation indeed alters
the activation status of the RAS/MAPK pathway, as well as
that of the PI3K/AKT pathway.

‘When we over-expressed SOS1 in 293T cells, the increase
of ERK activation after EGF stimulation was faster and
stronger with mutant T158A than with wild-type SOSI-
transfected cells. Expression of T158A also resulted in
constitutive RAS activation 18h after BGF stimulation.
Induction by EGF clicited a stronger response, both in
magnitude and duration, indicating the functional conse-
guence of the SOSI mutation in 293T cells. These results
confirmed our prediction that TI58A mutation will abro-
gate auto-inhibition of SOS! protein, thereby resuiting in
increased downstream signaling of the RAS/MAPK pathway.

The present study showed that, in the early response to
EGF, phosphorylation of both ERK1/2 and p70S6K, the
effectors of the RAS/MAPK pathway, was higher in mutant
than in wild-type SOS1 cells. Although PI3K/AKT signaling
was activated by EGF both in mutant and wild-type SOSI
cells, AKT activation was lower in mutant SOS1 cells. This
finding is explained on the basis of a feedback mechanism
in which activated p70S6K phosphorylates insulin receptor
substrate-1 (IRS-1) to inhibit PI3K and AKT activation
(15,16). The activity of p70S6K is controlled by multiple
phosphorylation events located within the catalytic, linker and
auto-inhibitory domains (17). Phosphorylation at Thr389 in
the linker domain and at Thr421/Ser424 in the auto-inhibitory

total-ERK1/2 phospho-ERK1/2/total-ERK1/2
108~ =003
phospho-ERK1/2 N
z 102
=
2
: ;f
total-AKT £ 098 -
k]
phospho-AKT &
0.0q . EEEEN .
Wild  Mutant

domain by mitogen-stimulated kinase in the RAS pathway
precedes the activation of catalytic domain of p70S6K
(17,18). In the late response to EGF, AKT activation was
absent in both wild-type and mutant SOS1 cells,

The present study shows that SOS/ T158A mutation
affects both the RAS/MAPK and PI3K/AKT pathway by
altering ERK and AKT phosphorylation. Activation of the
RAS, PI3K, Src, PLCy and other signaling pathways
may alter cell fate after growth factor stimuli (19). To
monitor their external and internal situations, cells use
multiple pathways that are integrated at specific signaling
steps  (20,21). In PC12 cells, NGF induces combined
phospho-ERK and phospho-AKT signal variation that enables
a decision on differentiation andfor proliferation (22).
Therefore, dysregulation in RAS/MAPK as well as PI3K/
AKT signal transduction, caused by T158A SOSI mutation,
may affect the balance between cellular differentiation
and proliferation and produce the clinical phenotypes of
Costello/CFC syndrome.

Conclusion

The SOSI mutation TIS8A causes excessive activation of
the RAS/MAPK pathway, as well as attenuated activation of
AKT, in response to EGF stimulation. Altered signal trans-
duction in the RAS/MAPK as well as PI3K/AKT pathway
may account for the variable clinical expression of over-
lapping syndromes of the RAS/MAPK pathway.
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Aggressive Transformation of Juvenile Myelomonocytic Leukemia
Associated with Duplication of Oncogenic KRAS due to
Acquired Uniparental Disomy
Motohiro Kato, MD, PhD'*, Naoko Yasui, MD'*, Masafumi Seki, MD?*, Hiroshi Kishimoto, MD®, Aiko Sato-Otsubo, MS*,

Daisuke Hasegawa, MD, PhD®, Nobutaka Kiyokawa, MD, PhD®, Ryoji Hanada, MD', Seishi Ogawa, MD, PhD*,
Atsushi Manabe, MD, PhD®, Junko Takita, MD, PhD>’, and Katsuyoshi Koh, MD'

A small fraction of cases of juvenile myelomonocytic leukemia (JMML) develop massive disease activation. Through
genomic analysis of JMML, which developed in an individual with mosaicism for oncogenic KRAS mutation with
rapid progression, we identified acquired uniparental disomy at 12p. We demonstrated that duplication of onco-
genic KRAS is associated with rapid JMML progression. (J Pediatr 2013;l1: - ).

uvenile myelomonocytic leukemia (JMML) is a rare pe-
diatric myeloproliferative disorder, characterized by
* malignant transformation in the stem cell compart-
ment with clonal proliferation of progeny that variably retain
the capacity to differentiate. The clinical course of JMML is
heterogeneous. Some patients require prompt allogeneic
hematopoietic stem cell transplantation, whereas some
demonstrate a milder clinical course, and some of them even-
tually exhibit spontaneous improvement.’ Recent investiga-
tions into the molecular pathogenesis of JMML revealed
that approximately 80% of patients harbored mutually exclu-
sive mutations in genes regulating the Ras-mitogen-activated
protein kinase (MAPK) pathway, including RAS, PTPN11,
NF1, and CBL, leading to aberrant activation of the Ras-
MAPK pathway."” The spectrum of mutations described
thus far in JMML provides potential new opportunities for
both diagnosis and therapy.

Previous studies reported that a small fraction of patients
with JMML develop rapid and massive disease activation af-
ter an indolent clinical course. A report showed the incidence
of progression to blastic phase to be 13%. The etiology of the
aggressive transformation remains unelucidated, however.
We present a patient with JMML with a KRAS mutation
who developed aggressive transformation and died. We per-
formed genomic analysis to investigate the molecular pathol-
ogy of this rapid and fatal progression.

Methods

A 1-year-old boy presented with leukocytosis (white blood cell
count 46 800/mm®, 20% monocytes, no blast cells) and hepa-
tosplenomegaly. Bone marrow aspiration revealed hypercellu-

. 8-MP 6-mercaptopurine

i JMML Juvenile myelomonocytic leukemia
< MAPK Mitogen-activated protein kinase
PBMC Peripheral blood mononuclear cell
SNP Single nucleotide polymorphism
UPD Uniparental disomy

lar marrow, with 0.5% blast cells. Karyotyping was normal, and
reverse-transcription polymerase chain reaction detected no
BCR-ABL fusion. Fetal hemoglobin concentration was ele-
vated (22%). Spontaneous growth of colony-forming unit
granulocyte macrophages and hypersensitivity to granulocyte
macrophage colony-stimulating factor were demonstrated,
and mutation analysis revealed a heterozygous KRAS mutation
(G12D: GGT>GAT) in peripheral blood mononuclear cells
(PBMCs), all of which were consistent with JMML." By 2
months after diagnosis, leukocytosis and hepatosplenomegaly
had progressed. Oral 6-mercaptopurine (6-MP) therapy was
started, and the patient remained stable for the next 10 months.
At 1 year after diagnosis, the patient suddenly developed ta-
chypnea, impaired consciousness, and massive hepatospleno-
megaly. Laboratory data revealed a white blood cell count of
124 400/mm” (38% momnocytes, 5% blast cells; Figure 1, A).
The patient’s condition deteriorated rapidly, and he died
from respiratory dysfunction. Autopsy revealed dysplastic
cells infiltrating the bone marrow, lymph nodes, central
nervous system, lungs, liver, spleen, pancreas, and kidneys
(Figures 1, B and 2; Figure 2 available at www.jpeds.com).
Our genomic analysis was approved by the Ethics Board of
the University of Tokyo, and informed consent was obtained
from the child’s guardian. Direct sequencing of the KRAS
gene was performed for his normal muscle, heart, and lung (ob-
tained at autopsy) and for PBMCs at diagnosis and at progres-
sion. Genome-wide analysis for genetic lesions was performed
by single nucleotide polymorphism (SNP) array analysis. DNA
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Figure 1. Blood smear, autopsy, and genomic analysis results. A, May-Giemsa staining of peripheral blood at progression.
Hematoxylin & eosin staining of B, bone marrow and C, lung. Results of direct sequencing for the KRAS gene in D, heart, E,
muscle, F, peripheral biood at diagnosis, and G, peripheral blood at progression. Results of SNP array analysis for PBMCs at H,
diagnosis and |, progression. UPD at the 12p locus was detected at progression (brown line), whereas UPD was absent at di-
agnosis. Total copy number plots from each probe (red points) and moving average (n = 20; blue line) are shown above the
cytoband. Results from allele-specific analyses are given below the cytoband. The larger allele is presented in red; the smaller

allele, in blue. CN, copy number.

extracted from samples was analyzed using the GeneChip
Human Mapping 250K NspI array (Affymetrix, Santa Clara,
California). The data thus obtained were processed using
CNAG/AsCNAR software (http://www.genome.umin.jp).>*

Results and Discussion

This case shows that JMML can progress rapidly during an in-
dolent clinical course, with invasion into multiple organs.

2

The aggressive transformation of JMML is similar to that of
blast crisis in chronic myelogenous leukemia but is rare,>?
and the definition and molecular biology of the blast crisis—
like aggressive transformation of JMML remain unclear.
Direct sequencing of the KRAS gene revealed a mutation in
normal muscle. The same mutation was found in the lung,
but not in the heart. The mutation was also detected in
PBMCs at diagnosis, and the mutation became homozygous
in PBMC:s at progression (Figure 1, D-G). SNP array analysis
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detected uniparental disomy (UPD) at the 12p locus, which
included the KRAS gene, in PBMCs at progression
(Figure 1, I). The UPD was absent in PBMCs at diagnosis
(Figure 1, H). Our genome-wide analysis for copy number
alteration and allelic imbalances using high-density SNP
arrays detected no other genetic abnormalities in samples,
either at diagnosis or at progression.

Recent research identified germline/somatic mutations in
genes regulating the Ras-MAPK pathway as responsible for
JMML pathogenesis, but the underlying mechanism of
aggressive transformation remains unclear. Reportedly, abro-
gation of the wild-type NRAS allele was evident at progres-
sion, similar to our results.” Loss of the remaining KRAS
allele could be associated with JMML progression because
the wild-type KRAS allele functions as a tumor suppressor.®
However, we determined that UPD at the 12p locus occurred
at progression, leading to both a loss of the remaining allele
and an increase in the dosage of the mutant KRAS allele.
Previous studies have found strong associations between
UPD at oncogene loci and the onset of various hematologic
neoplasms, such as NRAS in chronic myelomonocytic leuke-
mia®'® and CBL in adult myelodysplastic syndrome.'’ Our
analysis suggested that UPD of mutant KRAS contributed
to aggressive transformation as a second hit in our patient,
leading to increased aberrant activation of the Ras-MAPK
pathway (Figure 3).

Our patient received oral 6-MP for disease stabilization
before progression. Of note, 6-MP has a DNA-damaging
effect. A previous report suggested a correlation between
6-MP maintenance therapy and secondary malignant neo-
plasms.'” Although an association between 6-MP and
progression is unelucidated, it is possible that 6-MP might
induce the second hit, followed by progression to cell trans-
formation.

We found no genomic lesions other than the KRAS muta-
tion in samples obtained at diagnosis, and the first hit for
JMML onset remains undetermined. Previous reports have
identified other genetic and epigenetic abnormalities were
associated with JMML pathogenesis, including mutation of
TP53 and methylation of BMP4, CALCA, CDKN2B, and
RARB."> However, direct sequencing of TP53 and
methylation-specific polymerase chain reaction showed that
BMP4 and RARB were not methylated and CALCA was
methylated both at diagnosis and at progression, and
CDKN2B was partially methylated only at progression. Fur-
ther research is needed to elucidate the etiology of JIMML.

In our patient, we detected KRAS G13D mutation in
normal muscle cells in which we pathologically excluded
blood infiltration. However, we found no facial gestalt or
developmental retardation characteristic of Noonan or
cardio-facio-cutaneous syndromes, both of which are caused
by germline KRAS mutations. We assumed that this is be-
cause the patient was mosaic for a KRAS mutation, supported
by sequencing results using other normal cells (Figure 1, D
and E). Here we report a patient with JMML and
oncogenic KRAS mosaicism who developed JMML. In
another report of 2 cases of NRAS mosaic mutation with
JMML, NRAS mutations remained heterozygous, and both
patients exhibited an indolent clinical course.'

It is accepted that most patients with JMML harboring
a KRAS mutation experience an indolent clinical course,
and some achieve spontaneous remission.”'> However, as
we report here, some patients with JMML with a KRAS
mutation experience aggressive transformation, which is po-
tentially fatal. We suggest that UPD at the mutated KRAS
gene causes more potent activation of the Ras-MAPK path-
way, facilitating transformation. Consequently, inhibition
of this pathway could be a therapeutic target for JMML. »

Heterozygous KRAS mutation
{mosaic)

1st hit occurred

UPD caused
duplicaion of mutant KRAS
and loss of wild type KRAS

At birth

JMML onset

Aggressive transformation

Figure 3. Hypothetical model of onset of JIMML and its aggressive transformation. Sequential genetic events, starting with the
presence of a KRAS mutation, are indicated. A first hit contributed to JMML onset, although that first hit remains undetermined.
KRAS-mutated cells acquired UPD at the 12p locus, leading to both a loss of the wild-type KRAS allele and an increase in the
dosage of the mutant KRAS allele, followed by aggressive transformation.
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Figure 2. Autopsy revealed dysplastic cells infiltrated into mutiple organs. Hematoxylin & eosin staining of A, bone marrow; B,
lung; C, liver; D, spleen; E, pancreas; and F, kidney.
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Successful syngeneic PBSC transplantation for a patient with

refractory Evans syndrome

Bone Marrow Transplantation (2013) 48, 312-313; doi:10.1038/
bmt.2012.136; published online 16 July 2012

Evans syndrome (ES) is a haematological disorder characterised by
the simultaneous or sequential development of autoimmune
thrombocytopenia (AITP) and autoimmune haemolytic anaemia
(AIHA). Haematopoietic SCT (HSCT) is an effective treatment for
autoimmune cytopenias such as AITP, AIHA and ES. In patients
who are successfully treated, self-reacting lymphocyte clones
could be eliminated or inhibited with myeloablative conditioning
and/or through the graft versus autoimmunity (GVA) effect, such
that a cure or long-term remission is reasonably expected at the
cost of the toxicity associated with HSCT.!

A 10-year-old boy was diagnosed with AIHA in November 2004.
Although he responded to corticosteroid (CS), repeated recurrence
was observed when the CS dose was tapered off. Fluctuating
thrombocytopenia was identified in September 2006, and thus a
diagnosis of ES was made. No underlying disease including
autoimmune lymphoproliferative syndrome (ALPS) was identified.

While fluctuating, the number of thrombocytes would some-
times fall to 1 x 10°/L or less. Intracranial haemorrhage, severe
epistaxis and buccal bleeding occurred during the clinical course.
Although multiple therapeutic options that are reportedly
effective for the treatment of ES, including high-dose intravenous
immunoglobulin infusion (IVIG), CsA, rituximab, cepharanthine,
vincristine, mycophenolate mofetil, 6-mercaptopurine, dapsone,
danazol, and high-dose CY together with splenectomy and
accessory splenectomy, had been used since the onset of ES,
the results were unsatisfactory (Figure 1).

Among the treatments, the patient had been given predniso-
lone and CsA for 6 and 2 years, respectively, at variable doses. He
had a Cushingoid appearance, short stature, acne and verrucae on
the skin, a compression fracture of a lumbar vertebra, chronic
intermittent headache, stiffness of the muscles, insomnia,
lymphocytopenia and osteoporosis, which were thought to be
adverse effects due to one of these two agents.

As the patient has an identical twin brother, a syngeneic
HSCT was planned because no other treatment modality was
considered promising. Withdrawal from CS and CsA, which had
been given for an extended period, was also thought to be
desirable, The donor-to-be brother was completely healthy with
no evidence of ALPS. The suggestion of syngeneic HSCT was made
to the patient, the parents and the brother, and written consent
from the family was obtained.

The conditioning regimen consisted of CY at a dose of
50mg/kg/day iv. infusion from day —4 to — 1 before the
transplant. The donor was given G-CSF for mobilisation. A total of
7.7 % 10%/kg of unmanipulated PBMC (3.8 x 10%/kg of CD34-positive
cells) was harvested and infused into the patient in October 2010.

Neutrophil recovery (0.5 x 10°/L) was identified on day 10. The
patient’s platelet level reached a normal level on day 180. His
platelet count and Hb level at 8 months post transplantation were
173 x 10%/L and 14.7 g/dL, respectively. The patient remains in
remission without therapy 17 months after the syngeneic PBSCT,

the longest remission period ever experienced by this patient
(Figure 1). Of note, although the levels of haptoglobin, indirect
bilirubin, aspartate transaminase, lactate dehydrogenase and
reticulocytes are normal, the direct Coombs test remains positive
up to day 582, suggesting that minimal autoantibody is being
produced by long-lived plasma cells with limited extravascular
haemolysis due to splenectomy and accessory splenectomy. In
this case, however, the patient is still deemed to be in CR by the
definition of Passweg.'

We surveyed the literature and identified 18 reports detailing a
total of 23 patients with ES treated with 26 HSCTs. The definitions
of CR, relapse (REL) and treatment-related mortality (TRM) used
herein are defined using the definitions of Passweg.' The median
age of the patients who underwent HSCT is 21 years. The median
time course from the onset of the disease to HSCT is 5.42 years,
and a median of seven treatment modalities were used before
HSCT. Of the 26 HSCTs, 15 were autologous and 11 were
allogeneic. CD34-positive cell selection was employed in all of
the autologous HSCTs except for 2, for which the details were not
described. The results were compared between autologous
and allogeneic HSCTs (Table 1). More patients who under-
went allogeneic HSCT likely achieved CR than patients who
underwent autologous HSCT at the cost of therapeutic toxicity:
CR was attained in 4 out of 15 autologous transplantations and
in 8 out of 11 allogeneic transplantations. REL occurred in 5 out of
15 patients who underwent autologous transplantation. A list of
information on patients and HSCTs collected here and organised
in a table can be provided upon request.

We reasoned that HSCT is indicated for those cases with ES
(i) when continued immunosuppressive intervention reduced the
quality of life of the patients and (ii) when the disease activity is
not satisfactorily controlled with the conventional therapy
described herein or elsewhere® The indications for HSCT in the
present case are in line with the current EBMT autoimmune
diseases working party guidelines, which describe the indications
for HSCT as a treatment for immune cytopenia, paediatric cases
and syngeneic transplantation.”

Recently, TPO receptor antagonists have become a promising
treatment option for chronic AITP. The indications for HSCT for the
treatment of ES could therefore be revised if TPO receptor
antagonists are demonstrated to be effective for the control of
thrombocytopenia in patients with ES. However, future evalua-
tions are required to determine the long-term therapeutic
significance of these drugs.

A syngeneic immune system has been reported to cause a graft
versus host reaction, possibly due to post-somatic modification.”
Studies comparing the T-cell repertoire before and after the
transplantation could have scientific significance. A prospective
study and material banking should provide some information on
the possible effects of GVA in syngeneic transplantation.

Zayden et al® reported effective syngeneic PBSCT for a case of
chronic ITP. They employed reduced myeloablative conditioning
with CY and TBL The patient had been in CR for 12 months after
the syngeneic HSCT without any transplantation-related toxicity.
Their experience and ours suggests that when available, a
syngeneic transplant could be the preferred treatment if the
expected outcomes of conventional therapies are sufficiently
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Figure 1.

The time course of platelet count, the Hb level and the selected treatments that were at least partially or transiently effective.

Black line, platelet number (x 10%mm? left axis); grey line, Hb level (g/dl, right axis). PSL=prednisolone; VCR = vincristine;
mPSL pulse = methylprednisolone pulse therapy; IVIg = high-dose gammaglobulin; RTX = rituximab; allo-PBSCT =allogeneic PBSCT. Note
that PSL had been given for physiological replacement after transplantation due to steroid therapy for an extended period.

Table 1. Outcomes of the patients treated with HSCT
Autologous Allogeneic

CR/PR 4 7

NR 4 0

REL 5 1

TRM 1 3

IE 1 0
Total 15 11
Abbreviations: HSCT =haematopoietic SCT; |E=inevaluable; NR=no
response; REL = relapse; TRM = treatment-related mortality.

limited to justify the expected adverse effect of HSCT. Although
the clinical course of our patient after the transplant is uneventful
thus far, careful observation is definitely necessary because a REL
of ES 5 years after allogeneic transplant despite full donor
chimerism is reported.”
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CBL mutations in infant acute lymphoblastic leukaemia

Infant acute lymphoblastic leukaemia (ALL) is relatively rare,
occurring in approximately 2-5-5% of cases of childhood ALL
(Biondi et al, 2000). Infant ALLs are much more likely to
present with high leucocyte counts, hepatosplenomegaly and
overt central nervous system (CNS) diseases (Taki et al,
1996). T cell phenotype is much less common in infants,
while myeloid antigen co-expression and the absence of
CD10 expression are more frequent in infants than in older
children with ALL. When molecular techniques [such as
fluorescence in situ hybridization (FISH) or Southern blot
analysis] are used in addition to karyotype, MLL gene
rearrangements (MLL-R) are found in 70-80% of infant ALL
compared with only 2-4% of older children with ALL (Taki
et al, 1996; Biondi et al, 2000). Thus, infant ALL appears to
be biologically distinct from the disease in older children
(more than 1 year old).

In this regard, recent reports of somatic mutations of the
CBL proto-oncogene in myeloid neoplasms are intriguing,
because these CBL mutations were shown to result in aberrant
tyrosine kinase signalling, which also leads to activation of RAS
signalling pathways. So far, we and others have reported that
CBL mutations occur in a variety of myeloid neoplasms,
including de novo acute myeloid leukaemia (AML) (Caligiuri
et al, 2007), myelodysplastic syndrome (MDS), and myelo-
proliferative neoplasm, especially in chronic myelomonocytic
leukaemia (CMML) (Sanada et al, 2009), and juvenile myel-
omonocytic leukaemia (JMML) (Shiba eral, 2010). The
importance of CBL mutations regarding leukaemogenesis is
substantially increased. Recently, we found CBL mutation in
therapy-related AML with MLL-R (Shiba er al, 2011). Inter-
estingly, the MLL-CBL fusion gene has been reported in a
de novo AML case (Fu et al, 2003), and this prompted us to
search for possible CBL mutations in infant ALL with MLL-R.

Because CBL mutations thus far reported were almost all
clustered within exons 8-9 that encode Linker/RING finger
domains (Caligiuri et al, 2007; Sanada et al, 2009; Shiba et al,
2010), we confined our mutation analysis to these exons, in
which polymerase chain reaction-amplified exons 8-9 were
subjected to direct sequencing using an ABI PRISM 310
Genetic Analyser (Applied Biosystems, Branchburg, NJ, USA).
The study adhered to the principles of the Helsinki Declara-
tion, and was conducted under the regulations enacted by the
Ethics Board of Gunma Children’s Medical Centre.

CBL gene analysis was performed in 41 infant ALL patients
in which MLL-R was found in 33 patients (80-5%), including
15 patients with t(4;11)(q21;q23), 4 with t(9;11)(p22;q23) and
5 with t(11;19)(q23;p13.3). Median age at diagnosis was 47

months (range, 0-12 months). We also performed CBL gene
mutation analysis in 28 B cell precursor (BCP)-ALL patients
(age range, 1-14 years).

Heterozygous mutations of the CBL gene were identified in
2 (49%) of 41 infant ALL patients, but not in older children
with BCP-ALL. These were located in exon 8 (Fig 1). One
patient was a 3-month-old female with t(4;11)(q21;q23) and
the other patient was a 6-month-old male with
t(11519)(q23;p13.3). They were registered and treated on two
Japanese infant leukaemia protocols, MLL96 and MLL98
respectively (Isoyama ef al, 2002; Kosaka ef al, 2004).
Although strong association between CBL mutations and
11g-acquired uniparental disomy (aUPD) has been reported
(Sanada et al, 2009), we did not perform the single nucleotide
polymorphism array analysis due to lack of DNA.

MLL-R are more frequent in younger infants; up to 90%
of infant ALL less than 6 months old at diagnosis have
detectable MLL-R compared with 30-50% of infant ALL
aged 6-12 months (Taki et al, 1996). MLL-R ALL has a
characteristic gene expression profile that significantly differs
from that of non-MLL-R BCP-ALL and of AML, confirming
that MLL-R ALL is a biologically unique leukaemia subtype.

Patient 7. 1120 A>G (M374V)
9
ACTGTGAGATGGGCTCC

fy

| QJ&MSWM@[\

3 |

}

Patient 21. 1 1‘69 A>G (D390G)

GATAAGGAT GTAAAGA’

Fig 1. Identification of CBL mutations. Heterozygous mutations of the
CBL gene were identified in Patients 7 and 21.
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Thus, the distinctive presenting features and clinical behav-
iour of infant ALL appear to be primarily due to the high
frequency of MLL-R in this age group. However, outcome
data comparing infant and non-infant patients with MLL-R
suggest that there may be other factors which impact the
prognosis of infant ALL. Both of the patients with
CBL mutations were diagnosed before 6 months of age. In
our previous report, all of three cases with CBL mutation
developed JMML before 4 months of age (Shiba et al, 2010).
These data suggested that CBL mutation may have a strong
association with very early onset disease. CBL mutations
have been reported as germline mutations in JMML
(Niemeyer et al, 2010). Unfortunately, we could not
investigate whether the mutations in our cases were germline
mutations or not, because somatic cells were not available.

CBL mutations have been found in approximately 5% of
2000 samples from patients with myeloid neoplasms, includ-
ing AML transformed from MDS. Gene aberrations in
addition to MLL-R have rarely been reported in infant
ALL. No reports of ALL with CBL mutations have so far been
reported, suggesting that the pathogenesis of infant ALL is
different from paediatric or adult ALL. To our knowledge,
this is the first report of infant ALL patients with 11q23
translocation/MLL-R and CBL mutations. The present study
suggests that alterations of CBL gene and MLL-R may
cooperatively play a pathogenic role in the development of
infant ALL with MLL-R.
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HuR Maintains a Replicative Life Span by Repressing the ARF Tumor
Suppressor
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p19**¥ plays an essential role in the senescence of mouse cells, and its expression is lost by methylation or deletion of the ARF

locus; otherwise, p53 is inactivated to bypass senescence. ARF expression is tightly regulated, but little is known about its post-
transcriptional regulation. Here, we show that an RNA-binding protein, HuR (human antigen R), represses ARF mRNA transla-
tion, thereby maintaining the replicative life span of mouse embryonic fibroblasts (MEFs). Loss of HuR results in premature se-
nescence, with concomitant increases in p19*%¥ but not p16™<* levels, and this senescence is not observed in ARF-null MEFs
that retain an intact Ink4a locus. HuR depletion does not alter ARF transcription or stability but enhances ribosome association
with ARF mRNA. Under these conditions, ARF mRNA accumulates in nucleoli, where it associates with nucleolin. Furthermore,
adipose-specific deletion of the HuR gene results in increased p19**" expression in aged animals, which is accompanied by de-

creased insulin sensitivity. Together, our findings demonstrate that p1

9ARF s also regulated at the translational level, and this

translational regulation restrains the cellular life span and tissue functions in vivo.

ost mammalian somatic cells have a limited replicative life
span when cultured in vitro and eventually undergo irrevers-
ible growth arrest, called cellular senescence (1). Senescence is
caused by excessive extracellular or intracellular stress, and senes-
cent cells are observed in tissues of aged animals and in tissues that
experience prolonged inflammation (2, 3). Two major tumor sup-
pressor pathways, the p19** (p14**F in humans)-p53 and
p16™**%retinoblastoma (Rb) pathways, play critical roles in in-
ducing and maintaining permanent cell cycle arrest during cellu-
lar senescence (4, 5), and inactivation of these proteins bypasses
cellular senescence, allowing damaged cells to survive and prolif-
erate. Thus, senescence prevents the spread of damaged cells,
eliminating potential malignant transformation, and acts as a po-
tent tumor-suppressive mechanism in mammals (6, 7).

Human antigen R (HuR) is a ubiquitously expressed member
of the ELAV/Hu protein family and is involved in diverse biolog-
ical processes (8, 9). Loss of HuR causes midgestational embry-
onic lethality due to placental defects (10). Animals rescued from
this defect can develop to later stages but mostly die by embryonic
day 19.5 and exhibit prominent defects in skeletal and splenic
development. HuR encodes an RNA-binding protein that con-
trols the stability, translation, splicing, and intracellular localiza-
tion of its target mRNA (11, 12). Canonically, HuR directly binds
to AU-rich elements (ARE) in the 3" untranslated region (3'UTR)
of its target mRNA, and the biological consequence of HuR asso-
ciation varies depending on the mRNA to which it binds (13, 14).
In most cases, HuR stabilizes the mRNA associated with it; for
instance, HuR has been shown to stabilize VEGF, B-actin,
DNMT3b, and TNF-o. mRNA (15-18). The mechanisms by which
HuR regulates mRNA stability are not fully understood, but com-
petition with other ARE-binding proteins is likely to be involved
(19). Additionally, HuR is involved in microRNA (miRNA) re-
cruitment to target mRNA. In this case, binding of HuR adjacent
to the let-7 binding site on c-Myc mRNA facilitates the recruit-
ment of let-7-loaded miRNA-induced silencing complexes (RISC)
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(20). Conversely, HuR has been shown to compete with miR-494
on Nucleolin mRNA (21).

It has become evident that HuR controls replicative senescence
in human diploid fibroblasts (HDFs) (22). HuR levels decline dur-
ing senescence in HDFs and are low in aged human tissues, and
miR-519 is responsible for the downregulation of HuR in senes-
cent HDFs (23, 24). HuR destabilizes Ink4a mRINA, the encoded
protein of which, p16™**, plays an important role in the cellular
senescence of HDFs. HuR recruits RISC to Ink4a mRNA, and this
process does not require miRNA but is mediated by the direct
interaction of RISC with HuR proteins on mRNA (25). Addition-
ally, HuR controls the mRNA metabolism of other senescence-
related genes, including p53, p21, and cyclin D1, in response to
cellular stress, such as UV (19, 26, 27). Therefore, HuR likely par-
ticipates in cellular senescence by organizing the expression of
multiple genes.

While the involvement of HuR in human cellular senescence
has been documented, little is known about the function of HuR
in the replicative senescence of mouse cells. Unlike in human cells,
where the Ink4a-Rb pathway plays a pivotal role in senescence, in
mouse cells, the ARF-p53 pathway is essential and p16™** is dis-
pensable for senescence (28, 29). We show here that HuR main-
tains a replicative life span by repressing expression of the p19**F
tumor suppressor in mouse embryonic fibroblasts (MEFs). RNA
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interference (RNAi)-mediated HuR silencing in MEFs prema-
turely induces cellular senescence by activating the ARF-p53 path-
way. In HuR-depleted cells, p19*** levels, but not p16'™* levels,
are increased due to enhanced translation of ARF mRNA. HuR
associates weakly with the 5’ UTR of ARF mRNA in living cells. In
the absence of HuR, ARF mRNA accumulates in the nucleolus,
where it associates with nucleolin, and nucleolin is required for
p19**F induction in HuR knockdown cells. Translational regula-
tion is also observed in vivo, and adipose-specific HuR knockouts
revealed progressive insulin resistance, with concomitant in-
creased expression of p19**F, Thus, HuR translationally represses
p19**F expression under normal conditions, thereby inhibiting
cellular senescence and maintaining tissue functions in vivo.

MATERIALS AND METHODS

Cells and culture conditions. NIH 3T3 and 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS) and 100 U/ml penicillin-streptomycin. MEFs were
cultured in medium supplemented with 0.1 mM nonessential amino ac-
ids, 55 pM 2-mercaptoethanol, and 10 pg/ml gentamicin instead of pen-
icillin and streptomycin. To analyze mRNA or protein stability, cells were
treated with 2 pg/ml of actinomycin D or 100 wg/ml of cycloheximide
(CHX), respectively. To induce adipocytic differentiation, cells were kept
confluent for 2 days and switched to differentiation medium (DMEM
containing 5 pg/ml insulin, 1 pM dexamethasone, and 0.5 mM 3-isobu-
tyl-1-methylxanthine [IBMX; Sigma Chemicals, St. Louis, MOJ). For
5-ethynil-2'-deoxyuridine (EdU) staining, cells were pulse-labeled with
10 uM EdU for 45 min. Labeled cells were visualized using the Click-iT
EdU Alexa Fluor imaging kit according to the manufacturer’s instructions
(Life Technologies, Carlsbad, CA).

Senescence-associated -galactosidase and Oil Red O staining. Cells
were washed in phosphate-buffered saline (PBS), fixed for 3 to 5 min
(room temperature) in 2% formaldehyde-0.2% glutaraldehyde, washed,
and incubated at 37°C with (-galactosidase (3-Gal) stain solution con-
taining 1 mg of 5-bromo-4-chloro-3-indolyl-B-p-galactoside, 40 mM cit-
ric acid-sodium phosphate (pH 6.0), 5 mM potassium ferrocyanide, 5
mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl,. Staining
was evident after 12 to 16 h (2). To stain adipocytes, cells were washed
twice with PBS and then incubated with 60% filtered Oil Red O solution (3
mg/ml of 2-propanol) for 30 min at 37°C. Cells were washed with 60%
2-propanol briefly and then with water before visualization. Phase-con-
trast images were taken with a Plan FI 40</0.60 lens (Olympus, Tokyo,
Japan) at ambient temperature using an inverted microscope (model
1X71; Olympus) equipped with a DP70 digital camera system (Olympus).
Images were acquired using DP Controller software (Olympus).

Plasmids, transfection, retrovirus production, and infection. Mouse
ARF and Ink4a cDNAs were obtained by PCR using the following primers:
for full-length ARF, 5'-AAGGATCCTCTCGAGGTGCCTCAACGCC-3'
(sense) and 5'-AACTCGAGGACATTTTAAAAAGTATC-3' (antisense);
for A3’UTR ARF, the full-length sense primer and 5'-AAACTCGAGCT
ATGCCCGTCGGTCTGGGC-3' (antisense); for A5'UTR ARF, 5'-AAG
GATCCATGGGTCGCAGGTTCTTGG-3' (sense) and the full-length an-
tisense primer; for full-length Ink4a, 5'-AAGGATCCACTGGTCACACG
ACTGGGC-3’ (sense) and 5-AAGAATTCGACATTTTAAAAAGTAT
C-3' (antisense); and for the Ink4a open reading frame (ORF), 5'-AAGG
ATCCATGGAGTCCGCTGCAGACAG-3' (sense) and 5'-AAGAATTCT
TAGCTCTGCTCTTGGG-3' (antisense). PCR products were digested
with BamHI and Xhol (ARF) or BamHI and EcoRI (Ink4a) and cloned
into a pcDNA3 vector (Life Technologies). For ARF-MS2, ARF cDNA
(full length or A5'UTR) was cloned into the BamHI/Xbal sites of
pcDNA3.1 Hygro (Life Technologies). The plasmid was then digested
with NotI and Xbal, and annealed oligonucleotides, including a 2XMS2
tag sequence (sense, GGCCGCAAACATGAGGATCACCCATGTCCAT
GGTCGACGAGCTCAAACATGAGGATCACCCATGTCT, and anti-
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sense, CTAGAGACATGGGTGATCCTCATGTTTGAGCTCGTCGA
CCATGGACATGGGTGATCCTCATGTTTGC), were ligated. MS2-en-
hanced green fluorescent protein (EGFP)-nuclear localization signal
(NLS) cDNA (30) and GFP-L10a expression plasmids were provided by
Takashi Punatsu (University of Tokyo) and Leo Tsuda (National Center
for Geriatrics and Gerontology), respectively. GEP-L10 cDNA was cloned
into a murine stem cell virus (MSCV) vector.

For knockdown of nucleolin, 1 million MEFs were plated in a 10-cm-
diameter dish and cultured in a medium without antibiotics. Synthetic
small interfering RNA (siRNA) (Thermo Fisher Scientific, Lafayette, CO)
was transfected using DhamaFectl (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Cells were collected at 48 h posttrans-
fection for subsequent analysis.

For retrovirus production, 293T cells were transfected with retroviral
expression plasmids together with helper plasmids, as described previ-
ously (31). Culture supernatants were harvested 24 to 60 h after transfec-
tion, pooled, and stored on ice. Exponentially growing cells in 10-cm-
diameter culture dishes were infected with 3 ml of a fresh virus-containing
supernatant in complete medium containing 8 pg/ml Polybrene. Infec-
tion was confirmed either by GFP expression or by selection for drug
resistance.

RNA analyses. RNAs were prepared from cells or immune complexes
using TriPure isolation reagent (Roche, Indianapolis, IN), reverse tran-
scribed using a PrimeScript reverse transcriptase (RT) reagent kit with the
genomic DNA (gDNA) Eraser (TaKaRa, Shiga, Japan), and subjected to
PCR using the following primers: for PAI-1, 5'-TCAGAGCAACAAGTT
CAACTACACTGAG-3' (sense) and 5'-CCCACTGTCAAGGCTCCATC
ACTTGCCCCA-3’ (antisense); for HuR, 5'-TTGGGCTACGGTTTT
GTGAAC-3' (sense) and 5'-CCCACTGATGTATAAGTTGGCAT-3'
(antisense); for ARF, 5'-GCCGCACCGGAATCCT-3’ (sense) and 5'-TT
GAGCAGAAGAGCTGCTACGT-3’ (antisense); for Ink4a, 5'-CCCAAC
GCCCCGAACT-3' (sense) and 5'-GCAGAAGAGCTGCTACGTGAA-3'
(antisense); for c-myc, 5'-TCTATTTGGGGACAGTGTTC-3’ (sense) and
5'-GGTCATAGTTCCTGTTGGTG-3' (antisense); for p53, 5'-TGGAGA
GTATTTCACCCTCAAGA-3’ (sense) and 5'-CTCCTCTGTAGCATGG
GCATC-3' (antisense); for B-actin, 5'-CTAAGGCCAACCGTGAAAA
G-3' (sense) and 5'-ACCAGAGGCATACAGGGACA-3' (antisense); for
18S rRNA 5'-AGTCCCTGCCCTTTGTACACA-3' (sense) and 5'-GATC
CGAGGGCCTCACTAAAC-3’ (antisense); for AUF-1,5'-TTTCTCCAG
ACACACCTGAAGA-3’ (sense) and 5'-CTGTTCCTTTGACATGGCTA
CTT-3' (antisense); and for GFP, 5'-TCTGCACCACCGGCAAGCTG-3’
(sense) and 5'-TGCGCTCCTGGACGTAGCCT-3’ (antisense). Real-
time PCR analysis was carried out on a Chromo4 real-time PCR system
(Bio-Rad, Hercules, CA).

Immunoblotting and preparation of cytoplasmic and nuclear frac-
tions. Cell lysates were separated by SDS-PAGE and transferred to poly-
vinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA). Pro-
teins were detected with antibodies to vy-tubulin (GTU-88; Sigma
Chemicals, St. Lois, MO), p19°FF, p16"K2 HuR, nucleolin, CDK4, lamin
A/C, GFP, a-tubulin, peroxisome proliferator-activated receptor gamma
(PPARy) CCAAT/enhancer binding protein o (C/EBPwa), C/EBP,
C/EBP3 (5-C3-1, M-156, 3A2, MS-3, C-22, H-110, FL, B-7, E-8, 14AA,
C-19, and C-22; all from Santa Cruz Biotechnology, Santa Cruz, CA),
RPL10 (Atlas Antibodies, Stockholm, Sweden), RPL11 (3A4A7; Life
Technologies), and RPS6 (54D2; Cell Signaling Technology, Danvers,
MA). The intensities of the bands were determined using NIH’s Image].
Cytoplasmic and nuclear fractions were generated using a Paris kit (Life
Technologies).

Immunoprecipitation/RT-PCR. To analyze ribosome-mRNA associ-
ation, cells were incubated in the presence of 0.1 mM CHX for 5 min and
then suspended in ice-cold extraction buffer containing 10 mM HEPES-
KOH (pH 7.4), 150 mM KCl, 5 mM MgCl,, 0.5 mM dithiothreitol (DTT),
100 pg/ml CHX, protease inhibitors, and 40 U recombinant RNase inhib-
itor (Toyobo, Osaka, Japan) with a homogenizer. Homogenates were cen-
trifuged for 10 min at 2,000 X g to pellet large cell debris, and Nonidet
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FIG 1 Loss of HuR leads to acute cellular senescence in MEFs. (A) Lysates
from early-passage (passage 2 [P2]) and late-passage (P10) MEFs were ana-
lyzed for expression of the indicated proteins by immunoblotting. Lamin A/C
was used as a loading control. (B) Wild-type MEFs infected with control (sh-
SCR) or sh-HuR retroviruses were cultured by the NIH 3T3 protocol. Error
bars represent standard errors of the means (SEM) of results from triplicate
wells. (C) Cells (10 days postinfection) were stained with SA-B-Gal. (D) Ex-
pression of PAI-1 mRNA was analyzed by real-time PCR. Values were normal-
ized to those for GAPDH in each sample. Data are representative of three
independent experiments. Error bars represent SEM of results from triplicate
samples.

P-40 (NP-40; Nacalai Tesque, Kyoto, Japan) was added to the supernatant
at a final concentration of 1%. After incubation on ice for 5 min, clarified
lysates were cleared by centrifugation for 10 min at 13,000 X g. Protein A
magnetic beads (Millipore) and anti-GFP (mFx73; Wako, Osaka, Japan)
were preincubated at room temperature for 30 min and added to the
supernatant. The mixture was incubated at 4°C with end-over-end rota-
tion for 3 h. Beads were subsequently collected on a magnetic rack, washed
three times with high-salt wash buffer (10 mM HEPES-KOH [pH 7.4],
350 mM KCl, 5 mM MgCl,, 1% NP-40, 0.5 mM DTT, and 100 pg/ml
CHX), and immediately placed in TriPure isolation reagent to extract
bound RNAs from polysomes (32). RNA was subjected to real-time PCR
analysis as described above.
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FIG 2 Senescence in HuR-depleted MEFs is dependent on the ARF-p53 path-
way. (A) MEFs prepared from ARF- or p53-null animals were infected with
control or sh-HuR retroviruses. Infected cells were stained for SA-B-Gal. Bars,
25 pm. (B) Control or sh-HuR MEFs with the indicated genotypes were ana-
lyzed for their growth rates. Error bars represent means = SE of results from
triplicate wells. (C) Cell lysates were prepared from wild-type MEFs infected
with control or sh-HuR retroviruses. The expression of the indicated proteins
was analyzed by immunoblotting. y-Tubulin was used as a loading control.
(D) Wild-type MEFs were infected with two independent sh-HuR retroviruses
that target different regions of HuR mRNA. Cell lysates were prepared at 4, 8,
and 12 days postinfection and analyzed for the expression of the indicated
proteins by immunoblotting.

For polysomal fractionation, cells were incubated in the presence of
0.1 mM cycloheximide for 5 min and lysed in a buffer containing 50 mM
Tris-Cl (pH 7.5), 0.1 M NaCl, 10 mM MgCl,, 2 mM DTT, 200 U/ml
RNase inhibitor (Toyobo, Osaka, Japan), 100 ug/ml cycloheximide, 200
pg/ml Heparan, 0.5% NP-40, and protease inhibitors. One milliliter of
lysates cleared by centrifugation was loaded onto 15-t0-40% sucrose gra-
dients in a buffer (9 ml) containing 150 mM NaCl, 5 mM MgCl,, and 25
mM Tris-Cl (pH 7.5), centrifuged using an Sw41 rotor (Beckman Coulter,
Fullerton, CA) (34,000 rpm, 140 min, 4 °C), and separated into 120 frac-
tions. RNA and protein were recovered from each fraction and analyzed
by real-time PCR and immunoblotting, respectively.

To analyze HuR-RNA and nucleolin-RNA complexes, cell lysates pre-
pared using a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1
mM EDTA, 2.5 mM EGTA, 1 mM DTT, 0.2% Tween 20, 10% glycerol,
and protease inhibitors were incubated at 4°C for 3 h together with pro-
tein A magnetic beads preincubated with antihemagglutinin (anti-HA)
(3F10; Roche, Indianapolis, IN), anti-HuR (3A2; Santa Cruz Biotechnol-
ogy), or antinucleolin (MS-3; Santa Cruz Biotechnology). Magnetic beads
were washed three times with the buffer and suspended in TriPure isola-
tion reagent to recover RNA associated with HA-tagged or endogenous
HuR protein. RNAs were quantified using real-time PCR.
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For UV cross-linking and immunoprecipitation, cells in a 10-cm-di-
ameter dish were washed twice with PBS and irradiated with UV (150
mJ/cm?) in the presence of 6 ml PBS. Irradiated cells were harvested and
resuspended in a buffer containing 50 mM Tris (pH 7.4), 100 mM NaCl,
1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 40 U/ml RNase inhib-
itor, and protease inhibitors. Lysates were treated with DNase I at 37°C for
3 min, cleared by centrifugation, and incubated with magnetic protein G
beads pretreated with anti-HuR for 3 h at 4°C. Beads were washed twice
with high-salt buffer (50 mM Tris [pH 7.4], 1 M NaCl, 1 mM EDTA, 1%
NP-40, 0.1% SDS, and 0.5% sodium deoxycholate) and then twice with
wash buffer (20 mM Tris [pH 7.4], 10 mM MgCl,, and 0.2% Tween 20)
and resuspended in PK buffer (100 mM Tris [pH 7.4], 50 mM NacCl, and
10 mM EDTA) containing proteinase K for 20 min at 37°C. An equal
amount of PK buffer containing 7 M urea was added, the mixture was
incubated for 20 min at 37°C, and supernatants were collected and sub-
jected to phenol-chloroform extraction. RNAs were isolated from the
aqueous phase by ethanol precipitation and subjected to real-time PCR
analysis as described above.

Immunohistochemistry. Immunohistochemistry was performed on
frozen sections of adipose tissue from HyRfexed/floxed 1y, g/ o FruRYA
AP2-Cre mice. Sections were fixed with 4% paraformaldehyde in PBS for
15 min, rinsed, and then placed into a covered Coplin jar containing
citrate buffer (1.8 mM citric acid, § mM sodium citrate, pH 6.0) that had
been preheated to 100°C for 30 min. Sections were rinsed in PBS for 10
min, blocked with 10% FCS in 0.1% Triton X-100—PBS for 1 h, and
incubated with 5 pg/ml of anti-p19ARF (5-C3-1) and anti-HuR (H-280;
Santa Cruz Biotechnology) in Can Get Signal Solution A (Toyobo) at 4°C
overnight. Proteins were visualized with Cy3- or Alexa Fluor 488-labeled
secondary antibodies (Jackson ImmunoResearch, West Grove, PA), and
slides were mounted using Vectashield and DAPI (4',6-diamidino-2-phe-
nylindole; Vector Laboratories, Burlingame, CA). Fluorescence images
were taken with a Nikon CFI Plan Apo A 40X/0.95-numerical-aperture
lens at ambient temperature using an inverted microscope (Biorevo BZ-
9000; Keyence, Osaka, Japan). Images were acquired using BZ-II Viewer
software (Keyence).

Insulin and glucose tolerance tests. Animals were fasted for 4 h (for
the insulin test) or overnight (for the glucose test) and intraperitoneally
injected with insulin (0.75 unit/kg of body weight) or glucose (1 g/kg).
Following these injections, tail vein blood (approximately 5 ul) was col-
lected, and glucose was measured using a glucose meter (LifeScan, Milpi-
tas, CA).

RESULTS
HuR regulates the replicative senescence of murine fibroblasts.
HuR levels decline during senescence in human fibroblasts (22).
We checked HuR levels in early- and late-passage mouse embry-
onic fibroblasts. As in human fibroblasts, HuR was downregulated
in senescent MEFs where p19*** and p16"** levels were in-
creased (Fig. 1A). To test if downregulation of HuR was sufficient
to induce replicative senescence, MEFs were infected with retro-
viruses encoding short hairpin RNA (shRNA) that inhibits short
hairpin HuR (sh-HuR) expression or control sh scramble (sh-
SCR) (33). Infected cells were selected with puromycin and cul-
tured according to the NIH 3T3 protocol (34). As shown in
Fig. 1B, HuR knockdown cells had much shorter replicative life
spans than control shRNA-expressing cells, and these cells showed
the typical characteristics of cellular senescence, including a
flattened shape and increased activity of senescence-associated
B-galactosidase (SA-B-Gal) (Fig. 1C). In addition, another senes-
cence marker, plasminogen activator inhibitor-1 (PAI-1), was in-
creased in HuR-depleted cells (Fig. 1D) (35). These data suggest
that loss of HuR results in acute cellular senescence in mouse
fibroblasts.

The ARF-p53 pathway plays an essential role in mouse cellular
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FIG 3 HuR overexpression does not affect p19**F levels or replicative life
spans. (A) Wild-type MEFs were infected with retroviruses encoding GFP
(control) or HA-HuR. Infected cells were cultured by the NIH 3T3 protocol.
Error bars represent SEM of results from triplicate wells. (B) Cell lysates were
prepared at the indicated passage numbers. The expression of the indicated
proteins was analyzed by immunoblotting. Lamin A/C was used as a loading
control.

senescence. ARF- or p53-null cells do not undergo cellular senes-
cence upon serial passage or oncogenic activation (36-39). To
clarify the roles of the ARF-p53 pathway in the senescence of HuR
knockdown MEFs, cells derived from ARF™'~ or p53™'~ animals
were infected with retroviruses encoding sh-SCR or sh-HuR. Un-
like in wild-type MEFs, no SA-B-Gal staining was observed in
ARF™'" and p537'" cells (Fig. 2A). HuR depletion consistently
caused significant cell growth arrest only in wild-type MEFs, and
ARF- or p53-null cells continued to proliferate irrespective of HuR
status (Fig. 2B). However, HuR knockdown had a weak growth-
inhibitory effect in these cells, which is consistent with earlier re-
ports showing that HuR targets several growth-related genes (40).
These results suggest that cellular senescence induced by HuR
depletion is strictly dependent on the ARF-p53 pathway, while
other factors may also be involved in cell growth regulation
by HuR.

p194%F is induced in HuR knockdown cells. During cellular
senescence, p19**F and p16'™** levels are increased and lead the
activating signals to p53 and pRb, respectively (41). Since senes-
cence induced by HuR depletion requires ARF (Fig. 1C and 24),
we checked the levels of these proteins in control and sh-HuR
MEFs. Loss of HuR expression led to a significant increase in
p19*%F levels (Fig. 2C), while p16"™*? levels were not increased in
these cells. Similar results were obtained using another shRNA,
one that targets different regions of the HuR gene (33), confirming
that increased levels of p19** were not due to the off-target effects
of sh-HuR (Fig. 2D). On the other hand, overexpression of HuR
did not affect either the cells’ replicative life span or p19**F levels
(Fig. 3A and B).
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