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Abstract

To understand the mechanism behind aberrant Akt activation in T-ALL, PIK3CA, PTEN and SHIP1
expression and genotype were assessed. No cell lines or primary ALLs harbored PIK3CA mutations.
PTEN was expressed in just one-third of the cell lines, but in two-thirds of the primary ALLs, though
in the inactivated (phosphorylated) form. SHIP1 was undetectable in most primary ALL and in the
T-ALL cell line Jurkat, which harbored a bi-allelic null mutation and a frame-shift deletion; primary
ALL harbored the frame-shift as well as other translationally-inactivating deletions and insertions.
The inactivation of SHIP1 could play a central role in the deregulation of Akt pathway and
tumorigenesis, perhaps in conjunction with PTEN-inactivation.
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1. Introduction

Phosphatidylinositol-3,4,5-triphosphate (P1(3,4,5)P3), generated via the phosphorylation of Pl
(4,5)P2 by phosphatidylinositol-3-kinase (PIK3CA), is a critical component of the Akt signal
transduction pathway. P1(3,4,5)P3) activation is balanced by phosphatases such as PTEN, a
3'-phosphatase that drives the hydrolysis of PI(3,4,5)P3 back to P1(4,5)P2, and SHIP1, a 5’
phosphatase that drives the hydrolysis of PI(3,4,5)P3 to P1(3,4)P2. By opposing the effects of
PI3KCA activation, PTEN and SHIP1 function as crucial regulators of cell survival. Activating
mutations in PIK3CA have been observed in many cancers and have been shown to exert
oncogenic effects and promote tumorigenesis. Inactivation of PTEN is also common in many
cancers and can also be oncogenic. Less studied is the role of SHIP1. While PIK3CA and PTEN
are universally expressed, SHIP1 expression is restricted to cells of hematopoietic lineage,
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being highly expressed in CD4+ and CD8+ T-cells, and in both immature and mature T
lymphocytes. SHIP1 can regulate cell growth, as supported by the finding that the expression
of SHIP1 in SHIP1(-) cell lines induced growth suppression [1]. With recent reports of an
inactivating SHIP1 mutation in AML [2], itappears SHIP1 may be a bona fide tumor suppressor
gene and, coupled with its restricted expression in hematopoietic cells, merits further
investigation as to its role in leukemogenesis.

Acute lymphablastic leukemia (ALL) originates from normal lymphoid progenitor cells
arrested at early stages of B- or T-lymphocyte ontogeny. Molecularly, p16/ARF inactivation,
mutations of Notchl and translocations involving the T-cell receptor are common in T-ALL.
Akt has also been shown to be an essential component of maturation of thymocytes to T cells
and in TCR signaling and activated Akt is common in ALL cell lines and primary tumor
samples [3]. In T-ALL cell lines, the proliferative effects of IL-7 are dependent on PIK3CA,
suggesting deregulation of this enzyme could be an oncogenic event in T-ALL. Furthermore,
the ability of inhibitors of PIK3CA and inhibitors of proteins downstream of Akt to induce
apoptosis in T-ALL cells further suggests a role for the Akt pathway in ALL. In this study, we
considered the possibility of deregulation of the Akt pathway by assessing the genotype of
PIK3CA and SHIP1, and the expression PTEN and SHIP1, in leukemia cell lines and primary
T-ALL. We report near universal inactivation of SHIP1 and PTEN with sparing of PIK3CA
in T-ALL and suggest deregulation of these phosphatases may be important in disease
pathogenesis.

2. Materials and Methods

2.1 Sample Accrual and Preparation

Primary T-ALL samples were obtained from children treated on Children's Oncology Group
(COG) ALL Biology protocols #8862, #9673, #9000 or #9400 with mononuclear cells (MNCs)
isolated by Ficoll-Hypaque density gradient centrifugation. RNA was extracted using the
Invitrogen Trizol® reagent, DNA using the Gentra DNA isolation kit, and protein as a cell
lysate in RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.5% deoxycholate, 0.1% SDS). Samples are fully encoded to protect patient confidentiality
and conform to HIPAA standards and are utilized under a UCSD-approved IRB protocol
(#041429).

2.2 PCR amplification, sequencing and Western blot

For cDNA amplifications, 2ug RNA was reverse transcribed using Invitrogen Superscript 111
First Strand Synthesis System. SHIP1 amplification utilized primers SHIP1-5F (5'-
AGGAAGTCAGTCAGTTAAGCTGGT-3') or SHIP1-2409F (5'-
CTCGAGCTGCTTGGAGAGTT-3') and SHIP1-3863R (5'-
CAGAAGCTAGGCCCTTTCCT-3) in a 50-ul volume containing 1ul cDNA, 2 mM
MgSOy,, 140 uM dNTPs, 10 pmol each sense and antisense primer, and 3.75U Invitrogen
Platinum Tag DNA Polymerase High Fidelity in 1X High Fidelity buffer. For sequence
analysis, PCR products were purified on a Qiagen QiaQuick column and sequenced directly
at the Moores-UCSD Cancer Center shared sequencing. Some PCR products were subcloned
using the Invitrogen TA cloning kit and sequenced. PIK3CA amplification and resolution by
dHPLC, SSCP and sequencing are presented as Supplemental Methods. SHIP1 codon
numbering is based on variant 2 (G1:64085176). Antibodies used for Western blotting were as
follows: PTEN, p-PTEN (Ser380/Thr382/383), Akt and p-Akt (Ser473) from Cell Signaling
Technologies, SHIP1 N-terminal (#P1C1) from Santa Cruz Biotechnology, SHIP1 C-terminal
(#SHIP-01) from Abcam and B-actin from Sigma-Aldrich.
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To assess the possibility of mutations to the PIK3CA gene in leukemia, we utilized a
combination of SSCP, dHPLC and/or direct sequencing (See Supplemental Figure and
Results). Of 81 primary T-ALL, one heterozygous conserved mutation and one heterozygous
silent mutation were identified, suggesting PIK3CA mutation is not a player in T-ALL
pathogenesis. Inactivation of PTEN and/or SHIP1 could have oncogenic effects analogous to
PIK3CA activation. All three B-cell leukemia lines investigated in this study expressed PTEN
protein, while only 2 of 6 T-ALL cell lines expressed the protein (Table 1, Fig 1B). SHIP1
transcript expression was detected in all leukemia cell lines examined, as well as in normal
thymocytes and MNCs (Fig 1A). Using C- and N-terminal antibodies, SHIP1 was expressed
in thymocytes, MNCs and in 5 of the 6 T-ALL cell lines. Despite expression of full-length
transcript, SHIP1 was undetectable in the Jurkat T-ALL cell line (Table 1, Fig. 1B). In contrast,
the three B-cell leukemia lines examined in this study all expressed high levels of SHIP1
protein, while normal thymocytes expressed an additional band detectable only with the N-
terminal antibody (Fig. 1B). To address the possibility of functional mutations in SHIP1
expressing and null mutations in the SHIP1 non-expressing cell lines, we sequenced the entire
coding region of the SHIP1 cDNA from all cell lines, identifying a number of known
polymorphisms as well as unreported synonymous and non-synonymous alterations (Table 2).
Three alterations unique to the Jurkat cell line were identified. At codon 345, a heterozygous
alteration leading to a null mutation was detected; at codon 1133, a heterozygous CCG (Pro)
— C(CI/T)G (Pro/Leu) was present; and at the splice junction of exon 11/12 at codon 413,
sequencing of PCR product revealed a double sequence that was determined by subcloning to
be a deletion of the first 47 bps of exon 12 that results in a frameshift and premature termination
of the allele wild-type at codon 345. Thus both alleles of SHIP1 in Jurkat have inactivating
mutations. This finding is particularly notable as while it has been widely reported that the
Jurkat cell line does not express SHIP1 protein, the mechanisms have not been previously
known. No null mutations, deletions or other unique mutations were observed in SHIP1 cDNA
from K562, which also do not express SHIP1 protein, demonstrating that alterative mechanisms
of translational inactivation are also in play.

With the observation that some leukemia cell lines do not express SHIP1 protein and harbor
inactivating as well as possible functional mutations, we sought to assess SHIP1 status in
primary T-ALL (Fig 1C). Though not intended to be quantitative in nature, only 62% (38 of
61) of the tumor specimens expressed abundant levels of transcript; 11 samples (18%)
expressed low levels of transcript while SHIP1 transcript was undetectable in 12 (20%). To
address the possibility that usage of an alternative 5’ transcription site could result in the loss
of detectable transcript expression, we also amplified SHIP1 using a sense primer located in
the catalytic site. All full-length transcript expressing and many non-expressing T-ALL
samples expressed this partial length SHIP1 amplicon, often in addition to amplicons of even
smaller size (Fig 1C). To determine if levels of transcript corresponded with SHIP1 protein
expression, we performed a Western blot analysis on select T-ALL samples with high, low and
undetectable levels of SHIP1 transcript (Fig 1D, Table 1). To our surprise, when probed with
a C-terminal antibody, SHIP1 protein was undetectable in 15 of 20 (75%) T-ALL samples
analyzed and only barely detectable in the remaining 5 samples, far lower than that observed
in normal thymocytes or most T-ALL cell lines and independent of the qualitatively observed
levels of SHIP1 transcript. High, low and undetectable SHIP1-transcript expressing ALL
samples were all among the samples negative for SHIP1 protein. When probed with an N-
terminal antibody, no full-length SHIP1 was detected. Instead, lower molecular weight species
of SHIP1 were detected in many ALL samples, though SHIP1 remained undetectable in 3 of
8 (~38%) of the ALL (Fig 1D). To determine if ALL harbored inactivating sequence alterations
of SHIP1, we sequenced, in its entirety, the transcript from 10 SHIP1 transcript-expressing T-
ALL samples. There was no evidence of the codon 345 null or codon 1133 missense mutation.
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However, SHIP1 PCR products from primary T-ALL harbored regions of “dirty” sequence
which upon subcloning were identified to include translationally inactivating alterations
including the 47 bp deletion in exon 12, a 624 bp insertion of the entire intron 14 between
exons 14 and 15, and a partial insertion of intron 10 between exons 10 and 11. Additionally,
an in frame exon 8 deletion and clones lacking exon 25, exon 26, and exons 25 and 26, were
identified. In a minority of clones full-length SHIP1 was detected (Fig 2).

Inactivation of PTEN and/or SHIP1 should result in Akt activation. In general, PTEN(-) cell
lines expressed an activated (phosphorylated) Akt (Fig 1B, Table 1). Primary samples
expressed Akt weakly, like normal thymocytes, but in the activated form (Fig 1D). However,
many primary ALLs along with the SB cell line also expressed PTEN yet still harbored an
activated Akt. Recently, phosphorylation of PTEN has been reported as an alternative
mechanism of protein inactivation and Akt activation [3]. An examination of PTEN(+) cell
lines and primary T-ALL revealed that the phosphorylated form was present in almost all
PTEN-expressing samples. Thus all primary T-ALL harbored inactivating alterations of both
PTEN and SHIP1, while leukemia cell lines primarily harbored only alterations of PTEN. We
speculate that the presence of PTEN inactivation without Akt activation in normal thymocyte
and some cell lines may be due to the presence of an intact SHIP1, which is not found in primary
ALL.

4. Discussion

4.1 SHIP1 and PTEN, co-gatekeepers of the Akt signaling cascade in T-cells?

Deregulation of the Akt regulatory pathway is common in many cancers due to activating
mutations of PIK3CA or inactivation of the phosphatase PTEN. In T-ALL, PIK3CA mutations
were not found, and translational loss of PTEN, which was common in T-ALL cell lines, was
infrequent though functional inactivation was common. The inactivation of SHIP1 could
potentially function independently or in conjunction with PTEN inactivation in the
deregulation of Akt. In general, T- and B- leukemic cell lines expressed full-length SHIP1
protein; the Jurkat T-ALL cell line lacked SHIP1 protein due to bi-allelic alterations. However,
in contrast to leukemia cell lines and normal thymocytes, SHIP1 protein was low to
undetectable in primary T-ALL when probed with a C-terminal antibody, although lower
molecular weight species were frequently detected, but no FL SHIP1, when probed with an N-
terminal antibody. Molecularly, primary T-ALL harbored frequent deletions, insertions and
splicing variants that would lead to translational inactivation and are likely the source of these
lower molecular weight proteins. It is noteworthy that most T-cell lines were predominantly
translationally inactivated for PTEN while SHIP1 was intact. In contrast, primary T-ALL
samples were generally functionally inactivated for PTEN but lacked full-length SHIP, a
caution that ALL cell lines may not accurately mirror the roles PTEN and SHIP1 play in disease
pathology.

The presence of SHIP1 protein species lacking a C-terminal have been speculated to be due to
alternative splicing, partial deletion and/or protein truncation. Our detection of multiple
SHIP1 transcripts from a single sample as well as alterations that include deletions and
insertions occurring directly at splice sites indicate alternative splicing as the source of these
species. It is notable that in both our sequencing of PCR product from primary T-ALL cells
and subcloning of these PCR products, we found multiple sequence variants of SHIP1, which
are stable as suggested by detection with an N-terminal antibody. Incredibly, subcloning
suggests that full-length SHIP1 may be a minority species in primary T-ALL. The loss of
SHIP1 expression has also been observed in both acute and chronic adult T cell leukemia
(ATLL) [4]. These investigators further report that PTEN is generally lost in acute but retained
in chronic ATLL, though the functional state of PTEN is unknown. Like our results, Akt was
generally expressed only weakly, but in the activated state in both acute and chronic ATLL.
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The observation that SHIP1 knockout mice develop myeloproliferative disease and die early
has helped lead to the hypothesis that SHIP1 may be a tumor suppressor gene. The discovery
of a rare catalytically inactivating mutation of SHIP1 in a primary AML tumor sample further
supports this hypothesis [2]. We hypothesize that inactivating splice alterations may also be
frequent in AML, acting as a far greater mechanism of SHIP1 inactivation than point mutation.
Taken together with our findings in childhood T-ALL, the data in ATLL and AML strongly
support a role for SHIP1 in leukemia.

Inaddition to, orin lieu of, its role as a regulator of Akt activation, SHIP1 may play an important
role in signal transduction. T cell receptor (TCR) activation by CD28 leads to phosphorylation
of SHIP1, and SHIP1 transfection into the SHIP1-negative Jurkat cells slows proliferation and
lengthens G1 transition [1]. However, SHIP1 knockout mice retain apparent normal thymic
populations of CD4+ and CD8+ cells and continue to proliferate in response to TCR/CD28
stimulation. In mice where SHIP1 was specifically knocked out of the T cell population, T cell
development, response to CD28 stimulation and Akt phosphorylation were all normal [5].
However, the T cells did show higher levels of cytotoxic activity. This suggests that inactivation
of SHIP1 alone is not enough to result in neoplastic transformation and may require the co-
inactivation of PTEN, either through translational inactivation or functional inactivation via
phosphorylation, a scenario supported by our data in primary ALL versus cell lines, to tip the
regulatory controls of a normal T cell into a leukemic one. In this regard, recent reports have
suggested the role of PTEN as a “sentinel”, regulating basal/low receptor-stimulated levels of
P1(3,4,5)P3, while SHIP1 acts as a “gatekeeper”, able to redirect signaling rather than stop it
[6]. In T-ALL, the gatekeeper is missing, making the cells highly susceptible to neoplastic
transformation after PTEN inactivation.

4.2 The significance of SHIP1 in the Notchl and Ras signaling cascades

This is the first study to document that alternative splicing and translational inactivation of
SHIP1 are widespread in T-ALL. We think it is unlikely to be inconsequential that such a high
percentage of these cells harbor aberrant forms of the gene and lack detectable full-length
protein expression. Given the recent emphasis on the PIK3CA/PTEN/AKkt regulatory pathway
in cancer, our data that SHIP1 is inactivated in primary T-ALL suggest it may be a largely
overlooked player in disease pathobiology. Notchl mutations are common and oncogenic in
T-ALL and may contribute to more than half the cases of the disease. However, Notchl
inhibitors have shown only limited efficacy as single agents against cell lines harboring
Notchl mutations. Mutations and overexpression of Ras are common in many cancers, and in
T-ALL we have shown that almost half harbor aberrantly activated Ras [7]. Oncogenic
transformation by Ras and Notchl appear to be cooperative. The tumors of Ras mutant-
expressing mice frequently harbor Notch1 mutations [8], and transgenic mice with weakly
oncogenic Notchl mutations became strongly oncogenic when complemented with an
activated Ras [9]. Notchl also downregulates PTEN, with inhibition of Notchl resulting in
increased PTEN levels, an inhibition of Akt activation and cell cycle arrest, an ability lost in
PTEN(-) tumor cells [10]. Ras can also downregulate PTEN [11], with activated Rasin T-ALL
possibly acting against Notchl inhibition in the suppression of T-ALL cell growth. In B-cells
and possibly T-cells, SHIP1 is a known regulator of Ras. The lack of SHIP1 in T-ALL may
thus result in increased availability of Ras and decreased levels of PTEN, thus exacerbating
the influence of Notch1 mutations on T-ALL cell growth. The fact that SHIP1 can be connected
to both the Notch and Ras pathways suggests a multi-targeted therapeutic approach directed
at these two pathways may be warranted in T-ALL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Expression of SHIP1 transcript and SHIP1 and PTEN protein in leukemia

A. Assingle SHIP1 amplicon is observed from most leukemia cell lines and normal cells when
amplifying with either a full-length (FL) or partial-length (PL) primer set.

B. SHIP1 protein was expressed at high levels in B-cell lines (SB, lane 8, Table 1), while T-
cell lines have qualitatively lower levels of SHIP1 (lanes 5-7, 9), comparable to normal
thymocytes (lane 4); no protein was detected in Jurkat or K562 cells. Also, consistent with its
hematopoietic-specific expression profile, SHIP1 was not detected in NIH/3T3 cells. PTEN
was phosphorylated in all cell lines where it was expressed except K562, but was undetectable
in most T-cell lines. Akt at low levels was detectable in all cell lines, but activated in Jurkat,
Molt4, SB, and Molt16. Insulin-treated and -untreated NIH/3T3 cells were used as controls for
p-PTEN and p-Akt.

C. Full-length SHIP1 transcript was detectable in normal thymocytes and MNCs (lanes 3 and
4) and in many primary T-ALL (lanes 5-10), with shorter variants of weaker intensity also
detectable in some samples (lanes 5 and 6). Some primary T-ALL that didn't amplify with the
full-length primer set (i.e. lane 8) were amplifiable with a partial-length primer set, perhaps
indicating usage of an alternative N-terminal.

D. SHIP1 protein was undetectable or only barely detectable in primary T-ALL when probed
with a C-terminal antibody and undetectable or detected in truncated forms when probed with
an N-terminal antibody (lanes 3-10), despite the presence of full-length transcript and its
frequent expression in T-ALL cell lines. For comparison, SHIP1 expression in normal
thymocytes is shown in Panel B (lane 4). PTEN protein was expressed in most primary T-ALL,
unlike T-ALL cell lines, and present in the phosphorylated form. Akt was present in the
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activated phosphorylated form in ALL, in agreement with literature [3,4]. MW, molecular
weight marker.
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Fig 2. Graphic representation of the SHIP1 splice alterations

SHIP1 exons, introns and splice sites were identified by blasting the 5274bp SHIP1 cDNA
(G1:64085176) against the chromosome 2 genomic sequence (G1:157724517), revealing that
SHIP1isa 145,886 base gene comprised of 27 exons and 1188 residues. Point mutations, splice
deletions and insertions identified in T-ALL are indicated. T-ALL cells predominantly
expressed translation-terminating alternatively spliced SHIP1 with wild-type SHIP1 being a
minority species, and was reflected in the lack of protein expression. Normal cells
predominantly expressed wild-type SHIP1, as reflected by the robust expression of SHIP1
protein, though alternative splicing at exon 25-26 and the exon 12 deletion/intron 14 insertion
genotype were each found in one of 11 clones. (AA; Amino Acids)
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