sults suggest that HuR regulates the translation of ARFmRNA, we
next sought to determine if HuR associates with ARF mRNA.
Wild-type MEFs were infected with control (GFP) or HA-HuR
expression retroviruses, and HA-HuR complexes were immuno-
precipitated using HA antibody. As previously reported, B-actin,
c-myc, and p53 mRNAs were specifically enriched in HuR com-
plexes (Fig. 7A) (16, 20, 26). Under these conditions, we could not
detect ARF mRNA in the HuR immune complex. We performed
similar experiments with endogenous HuR proteins and failed to
detect binding of HuR to ARF mRNA (Fig. 7B). We next em-
ployed a UV cross-linking and immunoprecipitation (CLIP) as-
say, which is a more sensitive method to detect protein-RNA in-
teraction. MEFs were irradiated with UV to covalently cross-link
protein-RNA complexes prior to lysate preparation and immuno-
precipitated using HuR or control antibodies. Although we could
not detect the HuR and ARF mRNA interaction with the standard
RNA immunoprecipitation protocol (Fig. 7A and B), ARFmRNA
was slightly enriched in HuR immune complexes following UV
cross-linking (Fig. 7C). Hence, it is likely that ARF mRNAs form
an extremely fragile or transient complex in living cells, unlike
other HuR ligands.

HuR regulates the translation of ARF mRNA through its
5'UTR. To find the region responsible for HuR in ARFmRNA, we
expressed exogenous ARF mRNA that included the open reading
frame (ORF) and both the 5'- and 3'UTRs (full-length ARF), the
ORFE and 5'UTR (A3'UTR ARF), or the ORF and 3'UTR
(A5'UTR ARF) in NIH 3T3 cells (ARF and Ink4a null) expressing
sh-SCR or sh-HuR. These cells expressed comparable amounts of
exogenous ARFmRNA (Fig. 8A). Under these conditions, p19***
levels were increased in the absence of HuR expression, and this
effect was more prominent in full-length ARF mRNA cells and in
A3'UTR cells than in A5'UTR cells (Fig. 8B). p19*FF expression
from A5'UTR ARF mRNA was also slightly increased in HuR-
depleted cells. However, this likely reflects the larger amount of
ARFmRNA in these cells (Fig. 8A), since the effect of HuR knock-
down was diminished when p19*¥ levels were normalized to ARF
mRNA levels in each sample (Fig. 8C). Consistently with the
above results, we observed more ribosome association with full-
length and A3'UTR ARFmRNAs than with A5"UTRmRNA in the
absence of HuR (Fig. 8D). Furthermore, CLIP analysis revealed
that the 5'UTR is required for HuR association (Fig. 8E). To-
gether, these results strongly suggest that HuR regulates the trans-
lation of ARF mRNA through its 5'UTR. Consistently with this
notion, ARF mRNA localized to nucleoli irrespective of HuR sta-
tus when the 5'UTR was deleted (Fig. 6B, lowest panels). How-
ever, this region by itself did not respond to HuR when it was
conjugated to the luciferase reporter (data not shown), suggesting
that the ORF region also contributes to regulation or that there are
more-stringent requirements for the RNA secondary structure.
We also performed similar experiments using full-length Ink4a
mRNA or Ink4a mRNA lacking both the 5" and 3'UTRs (ORF).
Consistently with the above results indicating that HuR does not
increase p16'™“® levels in MEFs and that ARF mRNA does not
share the 5'UTR with Ink4a, knockdown of HuR did not affect
p16™5*2 expression from these mRNAs, further confirming that
the effect of HuR is specific to ARF in this locus (Fig. 9).

Nucleolin interacts with ARF mRNA in nucleoli and is re-
quired for p19*®¥ expression in HuR knockdown cells. We next
sought a possible mediator of p19*** expression in HuR knock-
down cells. The nucleolar RNA-binding protein nucleolin has
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been shown to bind to several mRNAs involved in the cellular
stress response, and the binding of nucleolin enhances the
translation of their target mRNAs (45). Moreover, microarray
analysis of mRNA in the nucleolin complex has revealed that
CDKN2A (Ink4a and ARF) mRNA physically associates with
nucleolin in HelLa cells (45). Because ARF mRNA localized to
nucleoli upon HuR depletion, we tested if nucleolin interacts
with the nucleolar ARF mRNA in HuR knockdown cells. While
no ARF mRNA was detected in the nucleolin complex of con-
trol cells, it was significantly enriched in the absence of HuR
expression (Fig. 10A). The interaction of nucleolin with ARF
mRNA does not require 5'UTR; therefore, relocalization of
ARF mRNA to the nucleolus seems sufficient for the interac-
tion (Fig. 10B). Thus, HuR impedes the nucleolar localization
of ARF mRNA by binding to its 5'UTR, thereby inhibiting the
interaction of ARF mRNA with nucleolin. Next, we examined
whether nucleolin is required for p19*** expression in HuR
knockdown cells. For this purpose, siRNA targeting nucleolin
mRNA was transfected into sh-SCR- or sh-HuR-expressing
MEFs. Although the effect of siRNA on nucleolin level was
limited, p19”®F induction was suppressed to basal levels in
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HuR knockdown cells (Fig. 10C), suggesting that nucleolin is
required for p19*%F induction in HuR-depleted cells.

Loss of HuR inhibits adipocytic differentiation in a p19***-
dependent manner. A recent report by Minamino and colleagues
has shown that senescence in adipose tissue results in decreased
insulin sensitivity, thereby leading to type 2 diabetes mellitus (46).
Hence, we investigated whether HuR-mediated p19*** regulation
had any effect on adipocyte function. To this end, we first tested
whether loss of HuR could affect adipocyte differentiation in vitro.
Wild-type MEFs expressing sh-SCR or sh-HuR were differenti-
ated into adipocytes in the presence of insulin, dexamethasone,
and 3-isobutyl-1-methylxanthine (IBMX). Oil Red O staining re-
vealed that HuR depletion suppressed adipocytic differentiation
in wild-type MEFs (Fig. 11A). It has been reported that HuR di-
rectly binds to C/EBP3 mRNA to regulate its expression (47). We
therefore checked if HuR depletion affected the expression of
genes required for adipocyte differentiation. As shown in Fig. 11B,
C/EBPB expression was slightly diminished in HuR-depleted
cells. Nonetheless, levels of expression of its downstream C/EBPa
and PPARvy genes were still comparable to those in control cells,
suggesting that defects in adipogenesis in the absence of HuR were
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not attributed to altered expression of adipocyte-related genes. We
then checked whether the adipocyte phenotype was dependent on
ARF., In sharp contrast, HuR knockdown had virtually no effect on
adipocyte differentiation in ARF knockout MEFs (Fig. 11C).

Given that p19*FF activates the p53-dependent cell cycle
checkpoint, we were prompted to check the possibility that p194*F
affects clonal expansion during the initial stage of adipogenesis.
Cells were stimulated to differentiate and were pulse-labeled with
5-ethynil-2'-deoxyuridine (EdU) to assess cell cycle reentry. EAU
staining showed a significant reduction in cell cycle reentry in

HuR-depleted wild-type MEFs (Fig. 11D). In contrast, S-phase
" entrywas not affected by sh-HuR in the absence of ARF (Fig. 11E).
These results suggest that defective adipogenesis in HuR-depleted
cells can be attributed to p19**F-dependent cell cycle arrest or
senescence.

Adipose-specific HuR knockout accelerates age-dependent
insulin resistance. Our above results indicated that the loss of
HuR enhanced the translation of ARF mRNA, thus inducing
p19**¥_dependent cellular senescence, and that HuR may affect
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adipocyte function through p19**. To explore the impact of
HuR-mediated translational regulation of the ARF gene in vivo,
we generated adipose tissue-specific HuR knockout mice (HuR"%;
AP2-CRE) (Fig. 12A and B) (10). ARF mRNA levels were low in
the adipose tissue of young animals (1 to 3 months old) of both
genotypes but significantly increased in older animals (6 to 9
months old) (Fig. 12C), which is consistent with previous reports
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indicating that ARF expression increases in many tissues as ani-
mals age (48). p19**F was still hardly detectable in the adipose
tissue of older HuRY mice (Fig. 12D). However, we detected
p19*%F in a certain population of older HuR™%; AP2-CRE mouse
adipose tissue (Fig. 12E and F). Changes in SA-B-Gal activity were
difficult to detect; however, PAI-1 levels were significantly in-
creased in HuR knockout adipose tissue (Fig. 12G). We subse-
quently tested if HuR loss in adipose tissue affected insulin-medi-
ated glucose homeostasis, which is one of the major functions of
this tissue. There was little difference in insulin sensitivity among
both genotypes when animals were at a young age; however, in
older animals, adipose-specific HuR deletion significantly acceler-
ated insulin resistance (Fig. 13A). Similar results were obtained by
the glucose tolerance test (Fig. 13B). So far, we have not been able
to confirm that this effect is ARF dependent, because ARF-null
animals develop tumors by this age (49). However, the timing of
the onset of insulin resistance correlates well with that of p19**F
appearance in adipose tissue. Hence, these results suggest that
HuR is required to repress p19*** expression in adipose tissue,
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thereby inhibiting adipose senescence, which can lead to insulin
resistance.

DISCUSSION

Our data show that HuR is downregulated in senescent mouse
fibroblasts and that decreases in HuR contribute to senescence-
associated growth arrest. It has been shown that HuR levels de-
cline in human diploid fibroblasts during cellular senescence (22);
therefore, the role of HuR in cellular senescence is likely to be
evolutionally conserved. How HuR expression is controlled dur-
ing senescence is unclear, but in human cells, it is attributed, at
least in part, to increased expression of miR-519 during senes-
cence (24). Whether HuR is regulated by miRNA in mouse senes-
cence is unknown, but we did not observe a significant change in
HuR mRNA levels in senescent MEFs (data not shown). There-
fore, such posttranscriptional regulation may also contribute to
the control of HuR levels in mouse cells.

Although HuR is implicated in senescence in both human and
mouse cells, the mechanisms underlying them are different. The

Molecular and Cellular Biology

AMYOIVA YMIHSYMI OAMOL Aq €102 ‘2 Ae\ uo /610 wise qow//-diy woly pepeojumo(



HuR Regulates Cellular Senescence through p19°"F

B s
Tail Adipose G 14
= é”g £ s‘g E E 1.2
T OTd T T < S 40
3 3 0. 3 S0
T< T I« z
Z s os
e _é 0.6
L8 o4
P < HuRA SN 0.2
¢]
HuRM HuRA:
AP2-CRE
C 20 D Adipose MEF
- HuRi HURW! HuRVAP2-CRE ARF!-  ARF**

-
w
T

O HurM: AP2-CRE

< p1OARF

-
o

ARF mRNA level
(arbitrary unit)
(6]

m

HuRfl: AP2-CRE

-
N

50 — G

m pyRAA
O HuRIM; AP2-CRE

-

o N A O 0 O

<01
] 4

p19ARF. positive cells in WAT (%)
PAI1T mRNA Level
(arbitrary unit)

Hur HurRM,

AP2-CRE 1-3 mo. 6-9 mo.

FIG 12 Adipose-specific HuR deletion accelerates the senescence of adipocytes. (A) Genotyping of adipose- and tail-derived genomic DNA. (B) HuR mRNA
levels in adipose tissue from mice with the indicated genotypes were analyzed by real-time PCR. Values were normalized to 185 rRNA in each sample. (C) ARF
mRNA was analyzed by real-time PCR. (D) Lysates were prepared from the adipose tissue of HuR® and HuR"%; AP2-CRE mice. Expression of the indicated
proteins was analyzed by immunoblotting. CDK4 was used as a loading control. Testis lysate from ARF™/™ and ARF*'* animals was used as the negative and
positive controls for p19#%F, respectively. (E) Frozen sections of adipose tissue of HuRY® and HuR%; AP2-CRE mice (9 months old) were immunostained using
p19**F and HuR antibodies. Sections were counterstained with DAPI. Bars, 20 wm. (F) Rates of p19**F-positive cells in panel E were plotted. WAT, white adipose
tissue. (G) PAI-1 mRNA levels were analyzed using real-time PCR.

p16™2_Rb pathway plays pivotal roles in cell cycle arrest during mal conditions in which cells express sufficient amounts of HuR
cellular senescence in human cells. In contrast, it has been well ~ protein, p19**F expression is suppressed, thereby protecting cells
established that the p19***-p53 pathway is essential and that from undergoing p53-dependent replicative senescence. Addi-
p16™2 is dispensable in the senescence of mouse cells. Consis-  tionally, it has been proposed that HuR positively regulates the
tently with these concepts, our results show thatloss of HuR leads  expression of Mdm?2, which is a major E3 ligase for p53 protein,
to increased expression of p19**F, but not p16™“2, levelsin MEFs.  and is negatively regulated by p19**F (50). Thus, HuR suppresses
We further demonstrated that senescence caused by HuR loss can ~ p53 activity by modulating the expression of multiple targets in-
be abrogated by either ARF or p53 deletion. Therefore, under nor-  tegrated into the p53 pathway. Although we do not formally ex-
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clude the possibility that p16™** is also involved, it is conceivable
that the p19*®F-p53 pathway is a major target of HuR to control
the life span of mouse cells.

In human cells, HuR directly associates with ARE in the 3'UTR
of Ink4a mRNA (25). This region is shared by ARF mRNA; there-
fore, it is possible that HuR also regulates p14**F expression in
human cells. Unlike in human cells, in MEFs, the loss of HuR has
no influence on p16™*** levels, while p19**¥ is increased. Consis-
tently with these results, HuR associates with the 5"UTR of ARF
mRNA, which is not shared by Ink4a. However, the interaction of
HuR with ARF mRNA is weak and observed only after UV-medi-
ated cross-linking. Therefore, it is likely that HuR forms a much
more fragile complex with ARF mRNA than with other mRNAs.
Alternatively, the effect of HuR may be indirect; HuR may target
another factor(s) that regulates p19*** expression. In this regard,
itis worthy of note that HuR regulates the translation of B-catenin
and Jun-B mRNAs by modifying the stability of linc-p21 RNA
(51). This could be clarified by identifying ARF mRNA-interact-
ing molecules. Additionally, HuR has been proposed to recruit
RISC to human Ink4a mRNA independently of miRNA, thereby
destabilizing it (25). Although the involvement of miRNA needs
to be further clarified, it is possible that RISC-mediated regulation
may also be involved in mice, since deletion of dicer-1 causes
p19*FF_p53-dependent cellular senescence (52). Furthermore, we
detected ARF mRNA in the Ago2 complex. Nonetheless, the in-
teraction of Ago2 and ARF mRNA was not decreased upon HuR
depletion, implying that RISC is not involved in HuR-mediated
ARF regulation.

HuR exclusively affects translation in p19**F expression. Loss
of HuR enhances ribosome association with ARF mRNA. This
translational activation is associated with the nucleolar accumu-
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FIG 14 Model for ARF regulation by HuR and nucleolin. In the presence of
HuR, ARF mRNA binds to HuR through the 5'UTR, and the mRNA localizes
mainly to the nucleoplasm. The HuR-bound ARF mRNA is less efficiently
translated. In the absence of HuR, ARF mRNA localizes to the nucleolus, where
it associates with nucleolin (NCL). The nucleolin association facilitates ribo-
some binding, thereby enhancing the translation.

lation of ARF mRNA. We found that ARF mRNA associates with
nucleolin, which is required for p19*** induction in HuR-de-
pleted cells. Nucleolin associates with numerous mRNAs and
shuttles between the nucleolus and the cytoplasm. The influences
of nucleolin on target mRNA differ depending on the target tran-
script. A recent report by Abdelmohsen and colleagues demon-
strated that nucleolin is required for ribosome binding and sub-
sequent translation of its target mRNA (45). Consistently with our
results, they also observed CDKN2A, as well as both ARF and
Ink4a, among the nucleolin-associated mRNAs. Together with
these observations, our data suggest that HuR-associated ARF
mRNA is retained in the nucleoplasm and is not efficiently trans-
lated upon nuclear export (Fig. 14). However, in the absence of
HuR, ARF mRNA localizes to the nucleolus, where it associates
with nucleolin. As nucleolin enhances ribosome recruitment to its
target mRNA (45), p19**F synthesis is increased under these con-
ditions. Interestingly, p53 mRNA also accumulates in the nucleoli
upon DNA damage, when p53 mRNA translation is increased
(44). Hence, nucleolar localization of mRNA may reflect general
aspects of stress-dependent mRNA translation. It has recently
been shown by Miceli and colleagues that oncogenic Ras activates
the transcription of the ARF gene, as well as the translation of ARF
mRNA through mTORCI (53). In this context, it is noteworthy
that mTORCI1 activity can affect the binding of HuR to ornithine
decarboxylase mRNA (54). Therefore, it would be interesting to
see if mMTORCI1 and HuR cooperate in ARF mRNA regulation.
Cellular senescence is known to be involved in metabolic dis-
orders as well as cancers. Among these, senescence in adipose tis-
sue is associated with insulin resistance (46). HuR has also been
shown to function in adipocytes by regulating C/EBPR expression
(55, 56). Our results reveal that, although C/EBP may be affected
by HuR status, it has little effect on adipogenesis, which is consis-
tent with a previous report that C/EBPB-null MEFs are capable of
undergoing adipogenesis (57). Instead, the function of HuR in
adipogenesis depends largely on ARF, as HuR knockdown had
virtually no effect on adipogenesis in ARF-null MEF or 3T3-L1
cells, in which the p53 pathway was inactivated by mdm2 amplifi-
cation (Fig. 11 and data not shown) (58). Impaired adipogenesis is
observed with concomitant reductions in clonal expansion during
the initial stage of adipogenesis, which is alleviated in an ARF-null
background. Hence, it is likely that adipogenic failure in HuR-
depleted MEFs is attributed largely to p19**F. There were no ab-
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normalities in the shapes and sizes of adipose tissues in adipose-
specific HuR knockout mice. However, these mice revealed
progressive insulin resistance with age. The reason why this phe-
notype was not observed in young animals can be explained by
differences in the levels of ARF mRNA among these animals. In
young mice, increased translation by HuR loss does not lead to
expression of sufficient amounts of p19**F because of low ARF
mRNA levels. However, in older animals, larger amounts of ARF
mRNA and an increased rate of translation synergistically induced
p19**F in adipose tissue. SA-B-Gal activity was not as strong as in
cultured cells, and we failed to quantitatively detect an increase in
enzyme activity. Nonetheless, the senescence program is likely ac-
tivated in those cells, since PAI-1 was significantly induced. It
should be further clarified whether the phenotype is completely
dependent on p19**F or whether other adipocyte-related factors
are involved. Also, it would be interesting to see if HuR is linked to
metabolic disorders, such as type 2 diabetes mellitus. In this re-
gard, it is noteworthy that there was strong linkage between the
human ARF and Ink4a loci and the disease (59-61).

HuR is deregulated in many types of cancers (40), and there is
no doubt that cellular senescence is a central tumor-suppressive
mechanism in mammals. Hence, it is plausible that deregulated
HuR activity and expression leads to an uncontrolled senescence
program, thereby allowing cells to bypass senescence. This can be
achieved by suppressing the activity of the p16"™“*-Rb pathway
and the p19***-p53 pathway in humans and mice, respectively.
Moreover, HuR is downregulated in aged human tissues, which
may contribute to an age-associated phenotype, such as decreased
insulin sensitivity. Our data demonstrate a novel function of HuR
in the maintenance of the cellular replicative life span and will lead
to further understanding of the mechanism and biological roles of
cellular senescence.
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Juvenile myelomonocytic leukemia (JMML)
is a rare pediatric myeloid neoplasm char-
acterized by excessive proliferation of
myelomonocytic cells. Somatic muta-
tions in genes involved in GM-CSF signal
transduction, such as NRAS, KRAS,
PTPN11, NF1, and CBL, have been identi-
fied in more than 70% of children with
JMML. In the present study, we report

2 patients with somatic mosaicism for
oncogenic NRAS mutations (G12D and
G128) associated with the development
of JMML. The mutated allele frequencies
quantified by pyrosequencing were vari-
ous and ranged from 3%-50% in BM and
other somatic cells (ie, buccal smear cells,
hair bulbs, or nails). Both patients experi-
enced spontaneous improvement of clini-

cal symptoms and leukocytosis due to
JMML without hematopoietic stem cell
transplantation. These patients are the
first reported to have somatic mosaicism
for oncogenic NRAS mutations. The clini-
cal course of these patients suggests that
NRAS mosaicism may be associated with
a mild disease phenotype in JMML.
(Blood. 2012;120(7):1485-1488)

Introduction

Juvenile myelomonocytic leukemia (JMML) is a rare myeloid
neoplasm characterized by excessive proliferation of myelomono-
cytic cells. Somatic mutations in genes involved in GM-CSF signal
transduction, such as NRAS, KRAS, PTPNI11, NFI, and CBL, have
been identified in more than 70% of children with JMML.!-3 The
term “somatic mosaicism” is defined as the presence of multiple
populations of cells with distinct genotypes in one person whose
developmental lineages trace back to a single fertilized egg.*
Somatic mosaicism of various genes, including some oncogenes,
has been implicated in many diseases. For example, somatic
mosaicism for HRAS mutations is found in patients with Costello
syndrome.’”’ Whereas germline mutations in causative genes (ie,
PTPNII, NRAS, NF1, and CBL) are found in JMML patients,>8!!
the presence of somatic mosaicism for these genes has never been
reported. In the present study, we describe 2 cases of JMML in
which the patients display somatic mosaicism for oncogenic NRAS
mutations (G12D and G12S).

Study design

Written informed consent for sample collection was obtained from
the patients’ parents in accordance with the Declaration of Hel-
sinki, and molecular analysis of the mutational status was approved

by the ethics committee of the Nagoya University Graduate School
of Medicine (Nagoya, Japan).

Patient 1. A 10-month-old boy had hepatosplenomegaly and
leukocytosis (72.1 X 10%/L) with monocytosis (13.3 X 10°/L; Table
1). The patient’s BM contained 7% blasts with myeloid hyperpla-
sia. Cytogenetic analysis revealed a normal karyotype and colony
assay of BM mononuclear cells (BM-MNCs) showed spontaneous
colony formation but GM-CSF hypersensitivity assay was not
tested. The diagnostic criteria for IMML, as developed by the
European Working Group on Myelodysplastic Syndrome in Child-
hood, was fulfilled,'? and the patient was treated with IFN-a and
6-mercaptopurine. His clinical and laboratory findings gradually
resolved without hematopoietic stem cell transplantation. How-
ever, 11 years after the diagnosis of JMML, the patient developed
thrombocytopenia (7.6 X 10%L) and BM findings showed trilin-
eage dysplasia with low blast count compatible with refractory
anemia. The patient did not have any physiologic abnormalities,
such as facial deformity, and there was no family history of
malignancy or congenital abnormalities.

Patient 2. A 10-month-old boy had anemia, hepatospleno-
megaly, and leukocytosis (31.8 X 10%L) with monocytosis
(6.4 X 10°/L; Table 1). The patient’s BM exhibited myeloid
hyperplasia and granulocytic dysplasia with 5% blasts. Cytogenetic
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Table 1. Patient characteristics
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Patient 1 Patient 2

Age,rhb i 10 Gliteeiiy ’ 10 .
Sex Male
Lverom B
Spleen, cm 10
WBCs, X 10°L S osle
Monocytes, % 20
Blasts, % s
Hb, g/dL 5.4
Platelets, X 109/L = oo
HbF, % 17
BMblasis, % R
Karyotype 46,XY [20/20]
Monosomy 7 (FISH) O Negatve
Spontaneous colony formation Positive
R e . NRAS G12D85G . NRAS,G12534G > A
Treatment IFN-a-2b, 6-MP None
Outcome i
Fraction of mutant allles, % (pyrosequencing) e

Nail (whole) 12.5 (average)

Nail (et handy
Nail (right hanel)
Nail (right foot)

Buccalsmearcells -
Hair bulbs

Family studies
Father

“Mother
Sibling

2%
13
8
3
ND

WiId-tie
. Wild-type
Wild-type

Hb indicates hemoglobin; 6-MP, 6-mercaptopurine; and ND, not done.

analysis revealed a normal karyotype. Colony assay of BM-MNCs
showed spontaneous colony formation and GM-CSF hypersensitiv-
ity. Although the diagnostic criteria for IMML were fulfilled,!? the
patient’s clinical symptoms and leukocytosis improved spontane-
ously within a few months without cytotoxic therapy or hematopoi-
etic stem cell transplantation. The patient has remained healthy and
has experienced no hematologic or physiologic abnormalities. The
most recent follow-up examination was conducted when the patient
was 8 years of age.

Detailed methods for experiments are described in supplemen-
tal Methods (available on the Blood Web site; see the Supplemental
Materials link at the top of the online article).

Results and discussion

DNA sequencing for JMML-associated genes (ie, NRAS, KRAS,
PTPNI1I, and CBL) was performed (Figure 1 and Table 1). In
Patient 1, the NRAS G12D mutation was identified in BM-MNCs at
the time of diagnosis of both JMML and MDS. We identified the
same G12D mutation in DNA derived from buccal smear cells and
nails of both hands; however, the sequence profile of the nails
showed a low signal for the mutant allele compared with signal of
blood cells. In Patient 2, the NRAS G12S mutation was identified in
DNA from BM-MNCs, buccal smear cells, and nails of the left
hand. However, the sequence profiles of buccal smear cells and
nails of the left hand showed a low signal for the mutant variant. No
mutation was detected in DNA from the PB-MNCs of the patient’s
parents or sibling.

We used pyrosequencing to quantify the fraction of mutated
alleles in DNA samples from different somatic tissues (Figure 1 and
Table 1). The frequency of mutated alleles varied by tissue type as
follows. For Patient 1: BM-MNCs, 50%; nails, 24%; buccal smear
cells, 43%; and hair bulbs, 5%. For Patient 2: buccal smear cells,
21%; nails of left hand, 26%; nails of right hand, 13%; nails of left
foot, 8%; and nails of right foot, 3%. We cloned the PCR product of
NRAS exon 2 from the nails of Patient 1 and picked up 15 clones.
The clones were sequenced. Four of the 15 clones (27%) contained
the mutant allele, which is consistent with the results of pyrosequenc-
ing analysis (24% mutant allele). Because the confirmed detection
level by pyrosequencing technique was above 5%, results with a
low percentage (< 5%) of mutant allele (ie, hair bulbs in Patient 1)
should be interpreted with caution.!>14

We diagnosed 2 JMML patients as having somatic mosaicism of
NRAS mutations: G12D for Patient 1 and G12S for Patient 2. The
diagnoses were based on negative familial studies and mutational
allele quantification analyses that showed diversity in the chimeric
mutational status of different somatic tissues. Although DNA from
buccal smear cells might be contaminated with WBCs, we also
identified mutations in DNA from the nail tissue, which is known to
be a good biologic material without contamination from hematopoi-
etic cells, in both patients. These data suggest that a portion of the
NRAS-mutated somatic cells were derived from one cell that
acquired the mutation at a very early developmental stage.
Although both somatic and germline mutations of RAS pathway
genes (ie, PTPN1l, NRAS, NFI, and CBL) are found in some
JMML patients,>3!! somatic mosaicism for these genes has never
been reported. To the best of our knowledge, the present study is
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Figure 1. Direct sequencing and quantitative muta-
tional analysis of NRAS in JMML patients. NRAS
mutations are detected by direct sequencing and quanti-

Patient 1
(NRAS G12D, 35G>A)

SOMATIC MOSAICISM FOR NRAS MUTATIONS INJMML 1487

Patient 2
(NRAS G128, 34G>A)

fied by pyrosequencing. Direct sequencing identified
oncogenic NRAS mutations: for Patient 1, G12D,
35G > A; for Patient 2, G128, 34G > A) in BM-MNCs at
diagnosis of JMML and in the nails and buccal smear

-

BM

e

BM
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cells. Quantification by pyrosequencing revealed that the

70

fractions of mutated allele varied among different tissue

types. For Patient 1: BM, 50%; nail, 24%; and buccal

smear, 43%. For Patient 2: BM, 48%; lefi-hand nail,

26%; and buccal smear, 21%.
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the first report of JMML patients with somatic mosaicism of
mutations in RAS pathway genes.

Germline RAS pathway mutations are often associated with
dysmorphic features similar to Noonan syndrome or its associated
diseases. Correspondingly, JIMML patients with germline NRAS or
CBL mutations exhibit characteristic dysmorphic features.>!% Al-
though our patients did not show any dysmorphic or developmental
abnormalities, they should receive careful medical follow-up,
especially for the occurrence of other cancers, because of the
oncogenic nature of the mutations.

In general, JIMML is a rapidly fatal disorder if left untreated.®
However, recent clinical genotype-phenotype analyses have re-
vealed heterogeneity in their clinical course. We and other research-
ers have reported that patients with PTPNI] mutations have a
worse prognosis than patients with other gene mutations, including
NRAS and KRAS.'516 Both of the JMML patients in the present
study with somatic mosaicism of oncogenic NRAS mutations have
had a mild and self-limiting clinical course. We analyzed nails of
other 3 JMML patients with RAS mutations who experienced
aggressive clinical course and none showed somatic mosaicism

(data not shown). In analogy to the mild phenotype of JMML
patients with germline mutations in PTPNII, we speculate that
JMML patients with somatic mosaicism of RAS genes might have
a mild clinical course. We are planning to confirm these observa-
tions in larger cohort.
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Novel splicing-factor mutations in juvenile myelomonocytic

leukemia

Leukemia (2012) 26, 1879-1881; doi:10.1038/leu.2012.45

Myelodysplastic syndromes (MDS) and myelodysplastic/myelopro-
liferative neoplasms (MDS/MPN) are heterogeneous groups of
chronic myeloid neoplasms characterized by clonal hematopoi-
esis, varying degrees of cytopenia or myeloproliferative features
with evidence of myelodysplasia and a propensity to acute
myeloid leukemia (AML)." In recent years, a number of novel gene
mutations, involving TET2, ASXL1, DNMT3A, EZH2, IDH1/2, and
¢-CBL, have been identified in adult cases of chronic myeloid
neoplasms, which have contributed to our understanding of
disease pathogenesis.?~” However, these mutations are rare in
pediatric cases, with the exception of germline or somatic
¢-CBL mutations found in 10-15% of chronic myelomonocytlc
leukemia (CMML) and juvenile myelomonocytic leukemia (UMML),B
h;ghhghtmg the distinct pathogenesis of adult and pediatric
neoplasms.

Recently, we reported high frequencies of mutations, involving
the RNA splicing machinery, that are largely specific to myelo:d
neoplasms, showing evidence of myeloid dysplasia in adult.’
Affecting a total of eight components of the RNA splicing
machinery (U2AF35, U2AF65, SF3A1, SF3B1, SRSF2, ZRSR2, SF1
and PRPF40B) commonly involved in the 3’ splice-site (3'SS)
recognition, these pathway mutatlons are now implicated in the
pathogenesis of myelodysplasia.’® To investigate the role of the
splicing-pathway mutations in the pathogenesis of pediatric
myeloid malignancies, we have examined 165 pediatric cases
with AML, MDS, chronic myeloid leukemia (CML) and JMML for

a U2AF35

JMML 4 H}z ‘

CATACTGACGGCAGC

A1l SRSF2 NH,

AAGTCCTC GTCGGTG

AAGTCC

Figure 1.

mutations in the four major splicing factors, U2AF35, ZRSR2, SRSF2,
and SF3B1, commonly mutated in adult cases.

Bone marrow or peripheral blood tumor specimens were
obtained from 165 pediatric patients with various myeloid
malignancies, including de novo AML (n=93), MDS (n=28),
CML (n=17) and JMML (n=27), and the genomic DNA (gDNA)
was subjected to mutation analysis (Supplementary Table 1). The
status of the RAS pathway mutations for the current JMML series
has been reported previously (Supplementary Table 2).'"'2
Nineteen leukemia cell lines derived from AML (YNH-1, ML-1,
KASUMI-3, KG-1, HL60, inv-3, SN-1, NB4 and HEL), acute monocytic
leukemia (THP-1, SCC-3, J-111, CTS, P31/FUJ, MOLM-13, IMS/MI
and KOCL-48) and acute megakaryoblastic leukemia (CMS and
CMY) were also analyzed for mutations. Peripheral blood gDNA
from 60 healthy adult volunteers was used as controls. Informed
consent was obtained from the patients and/or their parents and
from the healthy volunteers. We previously showed that for
U2AF35, SRSF2 and SF3B1, most of the mutations in adult cases
were observed in exons 2 and 7, exon 1, and exons 14 and 15,
respectively.'® Therefore, we confirmed mutation screening to
these ‘hot-spot’ exons. In contrast, all the coding exons were
examined for ZRSR2, because no mutational hot spots have been
detected. Briefly, the relevant exons were amplified using PCR and
mutations were examined by Sanger sequencing, as previously
described.'® The Fisher's exact test was used to evaluate the
statistical significance of frequencies of mutations for U2AF35,
SF3B1, ZRSR2 or SRSF2 in adult cases and pediatric cases. This
study was approved by the Ethics Committee of the University of
Tokyo (Approval number 948-7).

OOH
A 240aa
R156M
P95H
PO5L
P95R
v

COOH

221aa
6 bp in-frame deletion
$170, K171 deletion

Novel U2AF35and SRSF2 mutations detected in JMML cases. (a) Left panel: sequence chromatogram of a heterozygous mutation at

R156 in N-terminal zinc-finger motifs of U2AF35 detected in a JMML case (JMML 4) is shown. Mutated nucleotides are indicated by arrows.
Right panel illustration of functlonal domains and mutations of U2AF35. Red arrow heads indicate hot-spot mutations at S34 and Q157

detected in the adult cases.

© Blue arrow head indicates the missense mutation at R156. (b) Left panel: sequence chromatogram of a 6-bp

in-frame deletion (¢.518-523delAAGTCC) in SRSF2 detected in JMML 17 is shown. Mutated nucleotides are indicated by arrows. Right panel:
illustration of functional domains and mutations of SRSF2. Red arrow head indicates hot-spot mutation at P95 frequently detected in the adult

cases.'®

Blue arrow head indicates a 6-bp in-frame deletion leading to deletion of $170 and K171.
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No mutations were identified in the 28 cases with pediatric
MDS, which included 13 cases with refractory anemia with excess
blasts, 5 with refractory cytopenia of childhood, 2 with Down
syndrome-related MDS, 2 with Fanconi anemia-related MDS,
2 with secondary MDS and 4 with unclassified MDS. Similarly,
no mutations were detected in 93 cases with de novo AML or in
17 with CML, as well as 19 leukemia-derived cell lines.
Our previous study in adult patients showed the frequency of
mutations in U2AF35, SF3B1, ZRSR2 or SRSF2 to be 60/155 cases with
MDS without increased ring sideroblasts and 8/151 de novo AML
patients, emphasizing the rarity of these mutations in pediatric MDS
(P<5.0 % 107°) and AML (P<0.02) compared with adult cases. We
found mutations in two JMML cases, JMML 4 and JMML 17. IMML 4
carried a heterozygous U2AF35 mutation (R156M), whereas JMML 17
had a 6-bp in-frame deletion (c.518-523delAAGTCC) in SRSF2 that
resulted in deletion of amino acids S170 and K171 (Figure 1). Both
nucleotide changes found in U2AF35 and SRSF2 were neither
identified in the 60 healthy volunteers nor registered in the dbSNP
database (http://www.ncbi.nlm.nih.gov/projects/SNP/) or in the 1000
genomes project, indicating that they represent novel spliceosome
mutations in pediatric cases.

U2AF35 is the small subunit of the U2 auxiliary factor (U2AF),
which binds an AG dinucleotide at the 3'SS, and has an essential
role in RNA splicing.'”® With the exception of a single A26V
mutation found in a case of refractory cytopenia with multilinage
dysplasia, all the U2AF35 mutations reported in adult myeloid
malignancies involved one of the two hot spots within the two
zinc-finger domains, S34 and Q157, which are highly conserved
across species, suggesting the gain-of-function mutations.'® In
JMML 4, the R156M U2AF35 mutation affects a conserved amino
acid adjacent to Q157, suggesting it may also be a gain-of-
function mutation, leading to aberrant pre-mRNA splicing possibly
in a dominant fashion.

SRSF2, better known as SC35, is a member of the serine/
arginine-rich (SR) family of proteins.’* SRSF2 binds to a splicing-
enhancer element in pre-mRNA and has a crucial role not only in
constitutive and alternative pre-mRNA splicing but also in
transcription elongation and genomic stability.'* All mutations
thus far identified in adult cases exclusively involved P95 within
the intervening sequence between the N-terminal RNA-binding
domain and the C-terminal RS domain."® This region interacts with
other SR proteins, again suggesting that the P95 mutation may
result in gain-of-function.'® This proline residue is thought to
determine the relative orientation of the two flanking domains of
SRSF2, and a substitution at this position could compromise
critical interactions with other splicing factors necessary for RNA
splicing to take place. In contrast, the newly identified 6-bp
in-frame deletion in JMLL 17 results in two conserved amino acids,
$170 and K171, within the RS domain. Although it may affect
protein—protein interactions, the functional significance of this
deletion remains elusive.

JMML is a unique form of pediatric MDS/MPN characterized by
activation of the RAS/mitogen-activated protein kinase signaling
pathway; in 90% of cases, there are germ line and/or somatic
mutations of NF1, NRAS, KRAS, PTPN11 and CBLE® Although
JMML shares some clinical and molecular features with CMML,
its spectrum of gene mutations suggests that it is a neoplasm
distinct from CMML.'® This was also confirmed by the current
results that the splicing-pathway mutations are rare in JMML,
whereas they are extremely frequent (~60%) in CMML.'®
Although the two JMML cases carrying the splicing-pathway
mutations had no known RAS-pathway mutations, both the
pathway mutations frequently coexisted in CMML2

To summarize, no mutations of SF3B1, U2AF35, ZRSR2 or
SRSF2 are found in pediatric MDS and AML. In our study, except
for ZRSR2, mutations were examined focusing on the reported
hot spots in adult studies, raising a possibility that we may
have missed some mutations occurring in other regions. However,

Leukemia (2012) 1879-1898

these hot spots represent evolutionally conserved amino
acids and have functional relevance, it is unlikely that the
distribution of hot spots in children significantly differs from adult
cases and as such, we could safely conclude that mutations of
SF3B1, U2AF35, ZRSR2 and SRSF2 are rare in myeloid neoplasms in
children. Finally, mutations of U2AF35 and SRSF2 may have some
role in the pathogenesis of JMML, although further evaluations
are required.
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Sequencing histone-modifying enzymes identifies UTX mutations

in acute lymphoblastic leukemia

Leukemia (2012) 26, 1881-1883; doi:10.1038/leu.2012.56

Mutations affecting epigenetic regulators have long been known
to have a crucial role in cancer and, in particular, hematological
malignancies.”? One of the earliest epigenetic factors described
altered in leukemia was the mixed lineage leukemia (MLL) protein
which is found translocated in 10% of adult acute myeloid
leukemia (AML), 30% of secondary AML and >75% of infants with
both AML and acute lymphocytic leukemia (ALL). MLL is a SET
domain-containing protein, which is recruited to many promoters
and mediates histone 3 lysine 4 (H3K4) methyltransferase activity,
thought to promote gene expression.®

In addition to MLL fusions, recently, somatic mutations of UTX
(also known as KDM6A), encoding an H3K27 demethylase, were
described in multiple hematological malignancies, includin
multiple myeloma and many types of leukemia cell lines.*
H3K27 methylation is generally thought to cause gene repression.
Complimentary to UTX, mutations of FEZH2, a H3K27 methyltrans-
ferase, have been reported in both lymphoid and myeloid tumors
(Figure 1).%7 These mutations lead to altered EZH2 activity and
influence H3K27 in tumor cells. Mutations in EZH2, EED and
SUZ12, which all cooperate in Polycomb repressive complex 2
have been recently described in early T-cell precursor ALLZ
Similarly, point mutations affecting the functional jumonji C (jmjC)
domain of UTX inactivates its H3K27 demethylase activity. In
addition, UTX associates with MLL2 in a multiprotein complex,
which promotes H3K4 methylation, and recently MLL2 has also
been found mutated in cancer, further pointing to a common and
complex epigenetic deregulation in cancer® In line with
the growing evidence for epigenetic regulators as important in
tumorigenesis, additional mutations affecting epigenetic regula-
tors such as SETD2, a H3K36 methyltransferase, KDM3B, a H3K9
demethylase, and KDM5C, a H3K4 demethylase, have been
reported and are associated with distinct gene expression patterns
(Figure 1)

Though the clinical significance of these findings remains to be
explored, it is evident that epigenetic deregulation is having an
important role in both lymphoid and myeloid leukemo-
genesis. Furthermore, with novel drugs at hand, such as histone
deacetylase inhibitors or demethylating agents that can target
and reverse epigenetic alterations, understanding the under-
lying molecular aberrations is of growing interest.’® We therefore
undertook an effort to examine the prevalence of somatic
mutations in genes encoding histone-modifying proteins, in
particular, KDM3B, KDM5C, UTX, MLL2, EZH2 and SETD2, which
previously were reported mutated in cancer.*”

For an initial screen, we analyzed banked diagnostic primary
leukemia samples from 44 childhood B-cell ALL and 50 adult

Accepted article preview online 1 March 2012; advance online publication, 3 April 2012

© 2012 Macmillan Publishers Limited

AML patients, and, where available, used bone marrow samples
obtained in complete remission to validate the somatic nature of
the mutations. Samples had been collected with patient/parental
informed consent from patients enrolled on Dana—Farber Cancer
Institute protocols for childhood ALL (DFCl 00-001 (NCT00165178),
DFCl 05-001 (NCT00400946)) or AML treatment protocols of the
German-Austrian AML Study Group (AMLSG) for younger adults
(AMLSG-HD98A (NCT00146120), AMLSG 07-04 (NCT00151242)),
and the study was approved by the IRB of the participating
centers.

Using conventional Sanger sequencing of primary leukemia
sample-derived genomic DNA, we first screened all coding exons
in which mutations have been reported previously.*® Initially, we
analyzed a total of 36 of 174 exons (KDM3B (2/24), KDM5C (9/26),
UTX (7/29), MLL2 (8/54), EZH2 (1/20) and SETD2 (9/21)) and found
7 non-synonymous tumor-specific aberrations. In AML, we found
one £ZH2 mutation (p.G648E) in a t(8;21)-positive, and two MLL2
missense mutations (p.R5153Q and p.Y5216S; Table 1) and one

AML , CML and T-ALL cell lines
AML, ALL and MB MM, RCC, and misc. solid tumors
MLL2 (and MLL}cwveneenes UTX (KDMB6A)

~ Ka K9 K27

T 7 !

KDMSC EZH2 -
recKPM3B.  piacl FL MPN -

By
T e
M

© methylation associated with transcriptional activation
© methylation associated with transcriptional repression
—> methyltransferase activity
------ » associated with methyation complex
—] demethylase activity
Figure 1. Histone 3 methylation and selected histone demethylases
and methyltransferases. Cancers are shown in italics next to the
mutated protein they are associated with. MM, multiple myeloma;
FL, follicular lymphoma; DLBCL, diffuse large B-cell lymphoma; RCC,

renal cell carcinoma; CCC clear cell carcinoma; MPN, myeloproli-
ferative neoplasm; MB, medulloblastoma.
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A novel SOS7 mutation in Costello/CFC syndrome affects signaling

in both RAS and PI3K pathways

Munkhtuya Tumurkhuu', Makiko Saitoh’, Junko Takita®?, Yoko Mizuno®, and Masashi Mizuguchi’

"Department of Developmentai Medical Sciences, Institute of International Health, Graduate School of Medicine, 2Department of Cell Therapy and
Transplantation Medicine, and *Department of Pediatrics, Faculty of Medicine, The University of Tokyo, Tokyo, Japan

Abstract
Context: Pathological upregulation of the RAS/MAPK pathway causes Costello, Noonan and
cardio-facio~cutaneous {CFC) syndrome; however, little is known about PI3K/AKT signal
transduction in these syndromes. Previously, we found a novel mutation of the 5057 gene
(T158A) in a patient with Costello/CFC overlapping phenotype. Objective: The aim of this study
was to investigate how this mutation affecis RAS/MAPK as well as PI3K/AKT pathway signal
transduction.
Materials and methods: Wild-type and mutant (T158A) Son of Sevenless 1 {SOS1) were
transfected into 293T cells. The levels of phospho- and total ERK1/2, AKT, p7056K and pS6 were
examined undér epidermal growth factor (EGF) stimulation. Results: After EGF stimulation, the
tio of phospho-ERK1/2 to total ERK1/2 was highest at 5 min in mutant (T158A) SOS1 cells, and
at 15 min in wild-type 5051 cells. Phospho-AKT was less abundant at 60 min in mutant than in
wild-type SOS1 cells. Phosphorylation at various sites in p7056K differed between wild-type and
mutant celfs. 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 SOS1. T158A may distupt auto-
inhibition and enhance RAS signaling. T158A also affects PI3K/AKT signaling, probably
via negative feedback via phospho-p70S6K. Conclusion: The SOST T158A mutation altered the
phosphorylation of gene products involved in both RAS/MAPK and PI3K/AKT pathways.

Keywrords

Costello syndrome, noonan syndrome,
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Introduction

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
sarcoma virus oncogene homologue (RASY/mitogen-activated
protein kinase (MAPK) cascade, which plays a major role in
the regulation of embryogenesis, cell differentiation, prolif-
eration and apoptosis (1,2).

Recently, germ-line mutations in RAS pathway genes have
been recognized to cause Noonan, Costello and cardio-facio—
cutaneous (CFC) syndromes (3-7). These syndromes share
comamon clinical features, such as congenital heart defects,
short stature, characteristic facial featwes and mental retard-
ation. The activation of RAS is associated with its conversion
from the GDP- to the GTP-bound form. Son of Sevenless 1
(SOS1) is a RAS-specific guanine nucleotide exchanger (8.9).
Familial or de novo mutations in SOS/ have been found in

Address for correspondence: Makiko Saitoh, Department of
Developmental Medical Sciences, Institute of International Health,
Graduate School of Medicine, The University of Tokyo, Bunkyo-ku,
7-3-1, 113-0033 Tokyo, Japan. Tel: +81-3-5841-3615, Fax: +81-3-5841-
3628, B-mail: makisaito-tky @umin.acjp

Noonan and CFC syndromes (5-7,10). Lepri et al. classified
Noonan-associated SOS7 mutations into three types: class 1
with predicted conformational rearrangements of domains,
resulting in reduced enzyme auto-inhibition, class 2 wi
predicted enhancement of SOSI’s catalytic function:
membrane binding, and class 3 with mutations local
the catalytic domain (CDC25; Figure 1) (10). Theg
were inferred to disrupt auto-inhibition of RAS
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Figure 1. SO81 domain structare and location
of identified amino acid substitations in HF
domain of SOS1. The functional domains of
SOS1 are as follows: DH, DBL homology:
PH, pleckstrin homology; HL, helical linker;
REM, RAS exchange motif; CDC25, 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 K170E (class 1), E108L (class 2)
and P112R (class 2). Effect of T37A on SOS1
function is unknown. T158A (black arrow) is
a novel mutation found by our previous study.

T37A

This mutation caused substitution from threonine to alanine
at position 158 Jocated 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 SOS7 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 T1S8A 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 oncogene
homolog (AKT), the main regulator of the PI3K/AKT
pathway, and ribosomal protein S6 kinase, 70KDa
(p70S6K). Human embryonic kidney 293T cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) plus
10% fetal bovine serum (FBS) and antibiotics. Human SOSI
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: AATTTCATAATGCCGTATATTTCTTACAT
AAT). We generated Costello/CFC syndrome-associated
SOS] mutant T158A using the Gene Tailor site-directed
mautagenesis system (Invitrogen, Carlsbad, CA) according to
the mamufacturer’s protocol. Wild-type and TI158A mutant
plasmids were transfected into DHS«TM-TIR Escherichia
coli. By sequencing the picked-up colonies, we confirmed the
T158A mutation. Wild-type or mutant T158A SOSJ expres-
sion constructs were tramsfected 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 10° cells per well and were grown to 85%
conifluence. 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 yl MultiFectam reagent
was added to the plasmid solution and was incubated for
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30min at room temperature, followed by the addition of
62.5 pl seram-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
EGE 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 determined 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 1M NaCl,
1 ml of 500 mM EDTA, 7ml distilled water containing 100 pl
protease inhibitor mixture (GE Healtheare, Little Chalfont,
Buckinghamshire, UK) and sonicated on ice for 15s. The
lysates were centrifuged at 12000 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 SOSI in 293T cells, an
antibody against SOS1 (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-p7086K) (Thr389), phospho-p70S6K
(Thrd421/Ser424) and phosphorylated pS6 (phospho-pS6)
(Ser235/236) purchased from Cell Signaling Technology
(Beverly, MA). Band. intensities were quantified using
Tmage J 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 Comumittee of the
University of Tokyo.

Results

On Western blots, the 150kDa band corresponded to the full-
length SOS1. The amount of SOS1 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!I immunoreactivity of non-transfected cells
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Figwre 2, SOS1 T158A mutation aliers early
response of ERK/AKT/pS6 to EGF. The
amount of the SOS1 protein was larger in cell
lines overexpressing de-typc and matant
(T158A) SOS1 than in non-transfected, con-
trol cell linés (up;)er Ieft panel). Upper right
pzme(s show ERK[/2, AKT and pS6 activa-
tion in cells expressing wild-type and mutant
SOS1 that were: starved and stimulated with
EGF for 0-30 Lower panels show rela-
tive activity of Ki/2, AKT and pS6
corrected by the fatio of phospho-protein to
total protein at basal stage (Omin). (a) The
peak of ERK1/2 phosphorylauoﬂ was higher

§ Recept Signal Transduct Res, 2013: 33(2): 124~128
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Figure 3. SOS1 T158A mutant alters the Jate wild type SOS1
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Thr421/Ser424 was higher in wild-type (open .
circle) than in mutant SOS! cells (closed 0 5 15 &0 o 5 15 6C  (min)
square). Phosphorylation of p8556K at
Thrd444/Ser447 was detectable in mutant but
not in wild-type SOS1 cells. Thr389-phospho-p70 $6K Thr421/Ser424-phospho-p70 56K
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was considered to have resulted 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
blotiing (Figure 2, upper right panels). Western blotting of
total and phospho-ERK1/2 detected 42 and 44 kDa bands,
respectively. Although the basal level of phospho-ERK1/2
was low, it increased rapidly after EGF treatment (Figure 2a).
The ratio of phospho-ERK1/2 to total ERK1/2 was highest
Smin after BEGF stmulation in mutant SOST cells, while it
was highest at 15 min in wild-type SOSI cells. Phospho-AKT
was barely detectable in wild-type SOSI cells under basal
conditions as well as 5 and 15 min after stimulation. Sixty
minutes after stimulation, it became clearly detectable and
was less abundaunt in mutant SOS1 cells than in wild-type
SOS! cells (Figure 2b). The increase of phospho-pSt was

Time after £GF stimutation {min}

more prominent and earlier in mutant SOS1 cells than in wild-
type SOSI 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 panel and (2)), the level of
phosphorylation at Thr389 was higher in mutant SOS1 cells,
but low in wild-type SOS1 cells. The phosphorylation level
of Thrdd4/Serd47-p85S6K, an isoform of p70S6K was
detectable in mutant, but not in wild-type SOS1 cells. The
ratio of Thr421/Serd24-phospho-p70S6K to total-p70S6K
5min after BEGF 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 wutant SOS1 remained
active continuously, leading to higher RAS activity in
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Figure 4. SOS1 T158A mutation causes
prolonged activation of ERK1/2. After
stimulation by EGF for 18h, the level of

Control  Wild
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Mutant

total-ERK1/2 phospho-ERK1/2/total-ERK1/2

phospho-ERK1/2 in the mutant SOS1 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
(right) was based on the results of five
independent experiments.

Control  Wild

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 TI158A mutation causes
hyper-activation of ERKI1/2 in the RAS/MAPK pathway.
T158A is located in the HF domain, the N-terminal segment
of SOS1 that shows clear sequence similarity to histone
(Figure ). 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 vitro completely abolish the
interaction between the isolated HF domain and other
domains (14). Since the TI158A mutation located in HF
domain is a novel mutation that has never been reported
in Costello, Noonan and CFC syndromes, we cartied out a
functional 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 EGF stimulation.
Induction by EGF elicited a stronger response, both in
magnitude and duration, indicating the functional conse-
guence of the SOS1 mutation in 293T cells. These results
confirmed our prediction that TI158A mutation will abro-
gate auto-inhibition of SOS! protein, thereby resulting 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 p7056K, 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 The389 in
the linker domain and at Thi421/Ser424 in the auto-inhibitory

Mutant

106 - p=0.03
phospho-ERK1/2 M1
Z 102 -

=
] T
total-AKT £ 098 -
=
phospho-AKT &
0.94 L

Wwild 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! TI158A 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 and/or 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 T158A 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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