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Siva-1 is a molecule that has the potential to induce both extrinsic (receptor-mediated) and intrinsic
(non-receptor-mediated) apoptosis. Siva-1 binds to CD27, a member of the tumor necrosis factor receptor
(TNFR) family, Abl-related gene (ARG), and BCL-X,, and these partner molecules reportedly enhance the
apoptotic properties of Siva-1. In this study, we show that Siva-1 also interacts with a member of the Jak

KeyWOTdS-' family protein kinases, tyrosine kinase 2 (Tyk2). Siva-1 bound to Tyk2 via its N-terminal region, and Tyk2
?C’;Z‘I phosphorylated Siva-1 at tyrosines 53 and 162, In murine pro-B cells, Ba/F3 cells, expression of Tyk2 aug-

mented Siva-1-induced apoptosis. This augmentation of Siva-1-induced apoptosis was retained regard-
less of the phosphorylation of Siva-1, but was almost completely prevented by the abrogation of the
Tyk2-Siva-1 association. These findings indicate that the interaction between Siva-1 and Tyk2 directly
augments the apoptotic activity of Siva-1. Our novel observations suggest that Siva-1 forms a functional

B cell apoptosis

complex with Tyk2 and participates in the transduction of signals that inhibit B lymphocyte growth,

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Apoptosis is a cell suicide mechanism that plays a central role
both in development and in homeostasis of almost all multicellular
organisms [1-3]. In the adult animal, cells die by apoptosis during
tissue turnover or at the end of an immune response, Because the
physiological role of apoptosis is crucial, aberration of this process
can cause such as cancers, viral infections or autoimmune disor-
ders [4,5].

Siva-1 is a molecule that has been reported to have a potential
ability both in extrinsic (receptor-mediated) and intrinsic (non-
receptor-mediated) apoptosis [6-14]. Siva-1 was originally cloned
and identified as an intracellular ligand of CD27, which is a mem-
ber of the TNFR superfamily that is expressed on both T and B lym-
phocytes [6]. Unlike Fas or TNFR1, CD27 lacks a death domain (DD)
in its cytoplasmic tail but can induce apoptosis suggesting that
Siva-1, which contains a death domain homology region (DDHR),
has an important role in CD27-mediated apoptotic signaling
[6,7,15]. Exogenous overexpression of Siva-1 alone can induce
apoptosis in various cells, whereas an alternate splicing variant
of the SIVA gene, Siva-2, lacks DDHR and seems much less apopto-
tic [6,7]. This observation supports the idea that DDHR is the effec-
tor region of Siva-1 as a proapoptotic protein. It is also shown that
Siva-1 is overexpressed in various pathological circumstances,
such as acute ischemic injury and Coxsackie virus infection and

* Corresponding author. Fax: +81 985 85 5194,
E-mail address: hshimoda@fc.miyazaki-u.ac.jp (H.K. Shimoda).
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that Siva-1 is possibly involved in these apoptotic processes [16-
19].

Several groups have so far identified Siva-1 as a partner of dis-
tinct signaling molecules other than CD27, such as the glucocorti-
coid-induced TNFR family-related gene (GITR/TNFR18), which is
also a member of the TNFR family [8], the Abl-related gene
(ARG), which is a non-receptor tyrosine kinase [9], and BCL-X;,
which belongs to the BCL family and promotes cell survival
[10,11]. Siva-1 is also reported to inhibit NF-xB activity in T lym-
phocytes, suggesting that Siva-1 is involved in T cell receptor-med-
iated activation-induced cell death (AICD) [12]. Recently, Fei Chu
et al. examined the role of Siva-1 from a clinical perspective. They
showed that Siva-1 protein expression enhanced cisplatin-induced
apoptosis in breast cancer cells (MCF7 cells) and proposed that
Siva-1 could be used as a potentiator of chemotherapy [13].

We and others previously reported that Tyk2 is essential for the
transduction of the IFN-o-induced inhibition of B lymphocyte
growth [20-23]. This inhibitory signaling pathway downstream
of Tyk2 still remains unknown. In order to identify the novel mol-
ecules that interact with Tyk2 and inhibit B lymphocyte growth,
we performed a yeast two-hybrid screen using Tyk2 as bait. Then,
we identified Siva-1, and according to the reported apoptotic nat-
ure of Siva-1, we further investigated the relationship between
Siva-1 and Tyk2 both biophysically and functionally.

In this report, we show that Tyk2 interacts with and phosphor-
ylates Siva-1. Furthermore, we identify not only the region within
Siva-1 that binds to Tyk2 but also the specific tyrosines in Siva-1
that are phosphorylated by Tyk2. Tyk2 augments the apoptotic ef-
fects of Siva-1 in murine pro-B cells (Ba/F3 cells) through a process
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that requires its association with Siva-1 but not tyrosine phosphor-
ylation of Siva-1.

2. Materials and methods
2.1. Yeast two-hybrid screen

A yeast two-hybrid screen was performed as previously de-
scribed [24]. Briefly, cDNA encoding the kinase domain (aa 833~
1187) of human Tyk2 was subcloned into the Gal DNA-binding do-
main plasmid pGBKT7 (BD Clontech). This construct was used as
the bait in a yeast two-hybrid screen of a human B lymphocyte
cDNA library that was constructed in pACT (BD Clontech). Approx-
imately 1.6 x 10° colonies were screened for activation of the
ADE2, HIS3, and lacZ reporter genes using the host strain AH109.
The inserts from positive library plasmids were PCR amplified
and mapped by Alul digestion. The plasmids were transformed into
bacteria, isolated, and then sequenced.

2.2. Plasmid constructions

Human Tyk2 ¢cDNA was kindly provided by Dr. ]. Ihle (St. Jude
Children’s Research Hospital, Memphis, TN), and subcloned into
the pCMV-Tag2 vector (N-terminal Flag tag) (Stratagene, Heidel-
berg, Germany). The full-length human Siva-1 cDNA was generated
by RT-PCR from human bone marrow mononuclear cells using the
oligonucleotide primers 5'-cgg ccc cge ggc cat gee caa geg gag ctg
cce ctt-3’ and 5'-ctt gag cca gee tca ggt ctc gaa cat ggc aca g-3/,
and subcloned into pCR2.1-TOPO (Invitrogen Life Technologies,
Carlsbad, CA). Siva-1 in the pCR2.1-TOPO construct was digested
with EcoRI and ligated into the pCMV-Tag2 vector or the pEGFP-
C1 vector (BD Clontech) to obtain the Flag-Siva-1 or GFP-Siva-1
constructs, respectively.

The GFP-Siva-1 deletion mutants, A, C and E~G, indicated in
Fig. 2, were generated by PCR with specific primers, and the ampli-
fied fragments were inserted into the EcoRI and BamHI sites of the
PEGFP-C1 vector. The deletion mutants B and D were obtained by
self-ligation after digesting full-length GFP-Siva-1 with Apal or Pstl,
respectively.

To substitute tyrosine with phenylalanine at residues 34, 53,
and 162 of wild-type Siva-1, oligonucleotide-directed mutagenesis
was performed. The transformer site-directed mutagenesis kit (BD
Clontech) was used according to the manufacturer's protocol with
the following oligonucleotides: Y34F oligo, gcc gag cgc ttc teg cag
gag; Y53F oligo, gcc cag gee tte ctg gac cac; and Y162F oligo, gca
gtg aca tgt tcg aga aag tgc.

All plasmid constructs were confirmed by sequencing the cod-
ing region.

2.3. Cell culture and transfections

HEKZ293T cells were maintained in DMEM (Sigma-Aldrich) sup-
plemented with 10% FCS (ICN, Osaka, Japan) at 37 °C in 5% CO..
HEK293T cells were transiently transfected with plasmid DNA
using the calcium phosphate precipitation protocol.

An interleukin (IL)-3-dependent murine pro-B cell line, Ba/F3,
was cultured in RPMI 1640 medium (Sigma-Aldrich) containing
10% FCS and 5% conditioned medium from WEHI 3B cells as a
source of IL-3. The Ba/F3 cell lines stably expressing either wild-
type Tyk2 (Ba/F3/Tyk2 WT) or constitutively activated Tyk2 with
valine at position 678 replaced by phenylalanine (Ba/F3/Tyk2
V678F) were established as previously described [25]. Plasmid
DNA was transiently transfected into Ba/F3 cells using the Nucleo-
fector system (Amaxa Biosystems GmbH, Cologne, Germany).
Nucleofections were performed using the Cell Line Nucleofector
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Solution V and the X-001 program according to the manufacturer’s
instruction (Amaxa Biosystems GmbH).

2.4. Immunoprecipitations and Western blotting

Immunoprecipitations and Western blot analysis were per-
formed as previously described [24] except that RIPA buffer
(10 mM Tris-HCl (pH 7.6), 150 mM NacCl, 10 mM EDTA, 1% Triton
X-100, 1% DOC and 0.1% SDS) was used to lyse cells and to wash
the immunoprecipitates that examined the interaction between
Tyk2 and Siva-1. The following antibodies were used to detect
Tyk2, phospho-tyrosine, Flag and GFP, respectively: anti-Tyk2 Ab
(C-20) (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-
tyrosine Ab (4G10) (Upstate, Lake Placid, NY), anti-Flag M2 mAb
(Sigma-Aldrich, St. Louis, MO), and the BD Living Colors A.v. Pep-
tide Ab (BD Clontech).

2.5. Flow cytometry assays

Flow cytometry analyses were performed on GFP-positive cells
with a FACSCalibur cytofluorimeter (BD Biosciences, San Jose, CA).
Apoptotic cells were detected by staining the cell surface with APC-
conjugated Annexin V (BD Biosciences) and analyzed with Cell-
Quest software (BD Biosciences).

3. Results
3.1. Tyk2 interacts with Siva-1

To identify novel Tyk2-interacting proteins, a yeast two-hybrid
screen was performed using the kinase domain of Tyk2 fused to the
Gal DNA-binding domain as the bait. A human B lymphocyte cDNA
library was screened. One of a number of positive clones was found
to be the previously reported Siva-1, which was originally cloned
as a CD27 binding protein.

To further investigate this potential interaction with Siva-1, we
first examined the association between Tyk2 and Siva-1 in mam-
malian cells by performing coimmunoprecipitation experiments.
Full-length Flag-tagged Siva-1 was transiently transfected into
293T cells with or without the full-length Tyk2 expression vector.
Twenty-four hours post transfection, cell lysates were immunopre-
cipitated with an anti-Tyk2 Ab and subsequently analyzed by
immunoblotting with an anti-Flag Ab or immunoprecipitated with
an anti-Flag Ab and subsequently immunoblotted with an anti-
Tyk2 Ab. As shown in Fig. 1, Siva-1 coimmunoprecipitated with
Tyk2 and vice versa when both Tyk2 and Siva-1 were expressed
in 293T cells, indicating that Tyk2-Siva-1 complexes exist within
these cells.

3.2. The N-terminus region of Siva-1 is required to bind to Tyk2

We next determined which region of Siva-1 was responsible for
binding to Tyk2. Siva-1 consists of the three distinct regions: an N-
terminus region, a death domain homology region (DDHR, aa 48—
114) in the central part of the protein, and a Cys-rich region
(Fig. 2A). The unique putative amphipathic helical structure of
the Siva-1 protein (SAH) is formed from amino acid residues 36~
55 in the N-terminus (Fig. 2A). Based on these structural features
of Siva-1, we made seven Siva-1 deletion mutants that were fused
to GFP (GFP-Siva-1) (Fig. 2A). Wild-type GFP-Siva-1 or each GFP-
Siva-1 deletion mutant was transiently transfected into 293T cells
along with Flag-tagged Tyk2. Twenty-four hours post transfection,
cell lysates were immunoprecipitated with an anti-Flag Ab and
analyzed by immunoblotting with an anti-GFP Ab. As shown in
Fig. 2B, wild-type Siva-1 and the Siva-1 deletion mutants A, B, C,
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Fig. 1. Tyk2 interacts with Siva-1. 293T cells were transfected with Tyk2 and/or Flag-Siva-1. Left, Cell lysates were immunoprecipitated with an anti-Tyk2 Ab and then
immunoblotted with an anti-Tyk2 (upper panel) or anti-Flag Ab (lower panet). Right, Cell lysates were immunoprecipitated with an anti-Flag and then immunoblotted with an

anti-Tyk2 Ab (upper panel) or anti-Flag Ab (lower panel).
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Fig. 2. The N-terminus region of Siva-1 is required for Tyk2 binding. (A) A schematic of the domain structure of Siva-1 and the Siva-1 deletion mutants. (B) GFP-Siva-1
deletion mutants were coexpressed with Flag-tagged Tyk2 in 293T cells. After 24 h, the cell lysates were immunoprecipitated with an anti-Flag Ab and then immunoblotted
with an anti-GFP Ab (upper panel). As a control, whole cell lysates were blotted with an anti-Tyk2 Ab or anti-GFP Ab (lower panel). a: immunoglobulin heavy chain (55 kDa), b:

GFP-Siva-1 (Wt, D) (46 kDa).

and D, which all contain the N-terminus region of Siva-1, bound to
Tyk2, whereas the Siva-1-E and -G mutants, which both lack the N-
terminus region of Siva-1, did not bind to Tyk2. These findings
demonstrate that Siva-1 associates with Tyk2 through its N-termi-
nus region. Furthermore, the fact that even the Siva-1-A mutant,
which only contains amino acid residues 1-36, bound to Tyk2 indi-
cates that the N-terminus region of Siva-1 is both necessary and
sufficient to bind to Tyk2. The Siva-1-F mutant weakly associated
with Tyk2, suggesting that the partial N-terminus region corre-
sponding to residues 34-48 that is present in Siva-1-F contributed
to weak binding to Tyk2.

3.3. Tyk2 phosphorylates Siva-1 on Tyr>> and Tyr'®

Because Tyk2 is a tyrosine kinase, we next assessed whether
Tyk2 phosphorylates Siva-1. Wild-type Flag-Siva-1 was expressed
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in 293T cells with or without Tyk2, and the cell lysates were immu-
noprecipitated with an anti-Flag Ab and subsequently immuno-
blotted with an anti-phospho-tyrosine Ab. The results shown in
Fig. 3A demonstrate that Tyk2 phosphorylates Siva-1 in cells.
Next, we determined the specific tyrosine residue(s) in Siva-1
that is phosphorylated by Tyk2. There are three tyrosine residues
in Siva-1: Tyr®*, Tyr>® and Tyr'®2. We substituted these individual
tyrosines or a combination of these tyrosines with phenylalanine
to obtain seven Siva-1 mutants (Fig. 3B). Then, wild-type
Flag-Siva-1 or each Flag-Siva-1 mutant was expressed in 293T cells
with or without Tyk2, and the cell lysates were immunoprecipi-
tated with an anti-Flag Ab and subsequently immunoblotted with
an anti-phospho-tyrosine Ab. As shown in Fig. 3C, the Siva-1 mu-
tants containing phenylalanine at both positions 53 and 162 as
well as the triple tyrosine Siva-1 mutant (indicated with * in
Fig. 3C) were not phosphorylated by Tyk2. Therefore, we identified
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Fig. 3. Tyk2 phosphorylates Siva-1 at residues Tyr>® and Tyr'®? independently of the Tyk2-Siva-1 interaction. (A) Tyk2 and/or Flag-Siva-1 were transfected into 293T cells.
Twenty-four hours post transfection, the cell lysates were immunoprecipitated with an anti-Flag Ab and then immunoblotted with an anti-phospho-tyrosine Ab (upper and
middle panels) or anti-Flag Ab (lower panel). a: immunoglebulin light chain (23 kDa). (B) Site-directed mutagenesis of Siva-1 was performed to substitute individual or
multiple tyrosine residues with phenylalanine. (C) A series of wild-type or Siva-1 mutants were coexpressed with Tyk2 in 293T cells. Twenty-four hours post transfection, the
cell lysates were immunoprecipitated with an anti-Flag Ab and then immuneblotted with an anti-phospho-tyrosine Ab (upper and middle panels) or anti-Flag Ab (lower panel),
a: immunoglobulin light chain (23 kDa). (D) Two Flag-Siva-1 mutants, Siva-1 (3F, 3F, !°2F) and Siva-1 (3%, 5°F, '62F), which cannot be phosphorylated by Tyk2, were
transfected with or without Tyk2. Wild-type Siva-1 was used as a positive control. After 24 h, the cell lysates were immunoprecipitated with an anti-Tyk2 Ab (upper panels) or
anti-Flag Ab (lower panels) and subsequently immunoblotted with an anti-Tyk2 or anti-Flag, respectively.

two tyrosines, Tyr>> and Tyr'®? in Siva-1 that are phosphorylated
by Tyk2.

3.4. Tyrosine phosphorylation of Siva-1 is not involved in the Tyk2-
Siva-1 interaction

Based on our findings that Tyk2 associates with Siva-1 and that
Tyk2 phosphorylates two specific tyrosines in Siva-1, Tyr>> and
Tyr'®2, we next examined whether this tyrosine phosphorylation
of Siva-1 by Tyk2 is involved in the interaction between Tyk2
and Siva-1. We investigated the association between Tyk2 and
the Siva-1 mutants that were not tyrosine phosphorylated by
Tyk2 because Tyr>> and Tyr'®? had been substituted with phenylal-
anines. As shown in Fig. 3D, both of these Siva-1 mutants coimmu-
noprecipitated with Tyk2 and vice versa. In addition, both the wild-
type and the tyrosine mutants were immunoprecipitated to equiv-
alent levels. These data indicate that Siva-1 can bind to Tyk2 inde-
pendently of being phosphorylated by Tyk2 and demonstrate that
phosphorylation of tyrosines 53 and 162 in Siva-1 is not required
for the Tyk2-Siva-1 interaction.

3.5. Tyk2 augments Siva-1-induced apoptosis through the Tyk2-Siva-1
interaction

Data to date indicate that Siva-1 is a proapoptotic protein [6-
8,14]. Therefore, we next examined whether Tyk2 affected Siva-
1-mediated apoptosis. We established Ba/F3 cell (IL-3 dependent
murine pro-B cell) lines stably expressing either wild-type Tyk2
(Ba/F3/Tyk2 WT) or constitutively activated Tyk2 with valine at
position 678 replaced by phenylalanine (Ba/F3/Tyk2 V678F) [25].
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In Ba/F3/Tyk2 V678F cells, Tyk2 was constitutively phosphorylated
without cytokine stimulation (Fig. 4A).

To assess whether Tyk2 has any influence on the apoptotic
function of Siva-1, we transiently transfected either GFP-Siva-1
or control GFP vector into BafF3, Ba/F3/Tyk2 WT and Ba/F3/Tyk2
VG78F cells (Fig. 4B). Forty-eight hours post transfection, we
examined the prevalence of Annexin V-positive cells by flow
cytometry after gating on GFP-positive cells. Siva-1 expression in~
duced apoptosis approximately fourfold in Ba/F3 cells, and the
presence of Tyk2 drastically augmented the apoptotic function
of Siva-1. The degree of apoptosis induced by Siva-1 in Ba/F3/
Tyk2 V678F cells was highly similar to that in Ba/F3/Tyk2 WT cells
(Fig. 4B).

We next transfected the Siva-1 mutant (3*Y, *3F, '52F), which
contains phenylalanine at both positions 53 and 162 and cannot
be phosphorylated by Tyk2, into Ba/F3 and Ba/F3/Tyk2 V678F cells
(Fig. 4C). Similarly to wild-type Siva-1, the Siva-1 mutant (3*Y, 3°F,
"62F} showed enhanced apoptotic activity when expressed in Ba/
F3/Tyk2 V678F cells, indicating that the Tyk2 augmented the apop-
totic function of Siva-1 independently of the phesphoylation of
Siva-1. These results suggested that the association of Siva-1 with
Tyk2, not the phosphorylation of Siva-1 by Tyk2, augmented Siva-
1-induced apoptosis in Ba/F3 cells.

To confirm this, we next transfected either Ba/F3 or Ba/F3/Tyk2
WT cells with the Siva-1-G mutant, which contains only the DDHR
and cannot bind to Tyk2 (Fig. 4D). Expression of the Siva-1-G mu-
tant in Ba/F3 cells induced apoptosis comparable to wild-type Siva-
1 whereas the presence of Tyk2 hardly augmented the apoptosis
induced by the Siva-1-G mutant in Ba/F3/Tyk2 WT cells. These
findings demonstrate that the apoptotic function of Siva-1 is signif-
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constitutively activated Tyk2 (Ba/F3/Tyk2 V678F) were prepared. Cells were lysed and the phosphorylation status of Tyk2 was assessed by Western blot. (B) Either control
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the Siva-1 mutant (**Y, 5F, 152F), which could not be phosphorylated by Tyk2, was transiently transfected into Ba/F3 and Ba/F3/Tyk2 V678F cells. (D) Either a control GFP
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cells were measured by FACS after gating on the GFP-positive cells. Values represent the mean of four independent experiments. Error bars represent 1 SD from the mean.

icantly augmented through the Tyk2-Siva-1 association, not by the
phosphorylation of Siva-1.

4. Discussion

Siva-1 was originally identified as a ligand for CD27, a member
of the TNFR family [6]. Functionally, Siva-1 was shown to exhibit
an apoptotic property and to play an important role in the CD27-
mediated apoptosis [6]. To date, Siva-1 is considered to be involved
both in extrinsic and intrinsic apoptotic pathway [6-14}, and sev-
eral signaling molecules other than TNFR, such as ARG and BCL-X;_
have been reported to interact with Siva-1 [9-11].

Tyk2 was the first member of the Jak family kinases to be cloned
as an essential molecule in IFN-a signaling [26]. Tyk2 is essential
for B cell growth inhibition by IFN-g in addition to its dispensable
role in helper T cell differentiation by IL-12 [20-23]. We sought to
identify the molecule that is downstream of Tyk2 by performing a
yeast two-hybrid screen. Through these analyses we identified
Siva-1 as a novel Tyk2-interacting protein (Fig. 1).

Siva-1 bound to Tyk2 through its N-terminus region (aa 1-36)
(Fig. 2). Although another Siva-1 binding partner, BCL-X;, requires
the SAH domain of Siva-1, which forms a helix that spans from the
N-terminus tail to the DDHR head (aa 36-55), to associate with
Siva-1 [10,11], Tyk2 did not require this helical structure. Tyk2 is
a tyrosine kinase that belongs to Jak family, we then examined
whether Tyk2 phosphorylates Siva-1 or not. When Tyk2 and
Siva-1 were cotransfected into 293T cells, Siva-1 was phosphory-
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lated by Tyk2 (Fig. 3A). Among the three tyrosine residues in
Siva-1, Tyk2 specifically phosphorylated Tyr>* and Tyr'®? (Fig. 3B
and C) unlike ARG, which was associated with Siva-1 and phos-
phorylated the third tyrosine of Siva-1, Tyr>* [9]. These findings
suggest that Siva-1 has many binding partners, but that the inter-
acting site and the affected amino acid residues in Siva-1 depend
upon the specific partner. The phosphorylation of Siva-1 by Tyk2
was not required for the interaction between Tyk2 and Siva-1
(Fig. 3D). The two tyrosines in Siva-1, Tyr’> and Tyr'?, that are
phosphorylated by Tyk2 are not located in the N-terminus region
(Fig. 3B and (), which is the domain that is necessary and sufficient
to bind to Tyk2 (Fig. 2A and B). Therefore, it is reasonable to as-
sume that the Tyk2-Siva-1 interaction is independent of Tyk2-
mediated tyrosine phosphorylation of Siva-1.

Siva-1 itself induced apoptosis in Ba/F3 cells, and Tyk2 aug-
mented the proapoptotic effects of Siva-1 in Ba/F3 cells (Fig. 4B~
D). As a mutant Siva-1 that cannot bind to Tyk2 did not enhance
apoptosis, even in the presence of Tyk2, the direct interaction be-
tween Siva-1 and Tyk2 plays a pivotal role in augmenting the
apoptotic activity of Siva-1 (Fig. 4D). Contrary to our expectation,
the phosphorylation of Siva-1 by Tyk2 has little effect on the aug-
mentation of Siva-1-induced apoptosis (Fig. 4B and C). The associ-
ation of Siva-1 with Tyk2, not the phosphorylation of Siva-1 by
Tyk2, sufficiently promoted Siva-1-induced apoptosis. This differs
from the ARG-Siva-1 interaction. The association between ARG
and Siva-1 was dependent on ARG-mediated Siva-1 phosphoryla-
tion, and Siva-1-induced apoptosis was also dependent on ARG ki-
nase activity [9]. Although both Tyk2 and ARG bound to Siva-1 and
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promoted the Siva-1-induced apoptotic response, the molecular
mechanisms involved in these two interactions appear to be
different.

Several evidences have been accumulated that Siva-1 plays
some role in apoptosis. ARG enhanced Siva-1-induced apoptosis
[8]. The function of BCL-X;, which is a well-known antiapoptotic
protein, was inhibited in the presence of Siva-1 [10,11]. Recently,
Gudi et al. showed that Siva-1 inhibits NF-xB activity, which is
an essential pro-survival transcription factor that is activated upon
TCR ligation [12]. Considering these reports as well as our results
that Tyk2 augmented Siva-1-induced apoptosis, Siva-1 seems to
have constitutive apoptotic activity that helps cells maintain the
equilibrium between cell survival and programmed cell death
(apoptosis). Furthermore, this apoptotic function of Siva-1 may
be strengthen by its upstream partner molecule(s).

In conclusion, we have shown that Tyk2 specifically interacts
with the proapoptotic protein Siva-1 via its N-terminus region
and that Tyk2 augments the apoptotic effects induced by Siva-1
through the Tyk2-Siva-1 interaction independently of the phos-
phorylation of Siva-1 by Tyk2.
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Abstract Janus kinase 1 (JAK1) and JAK3 plays a critical
role in lymphocyte proliferation and differentiation. Somatic
JAK1 mutations are found in 18% of adult precursor T acute
lymphoblastic leukemias and somatic JAK3 mutations are
found in 3.3% of cutaneous T cell lymphomas. Some of the
mutations are confirmed as a gain-of-function mutation and
are assumed to be involved in leukemogenesis. Adult T cell
leukemia/lymphoma (ATLL) is a type of T cell neoplasm,
and activation of JAK/STAT pathways is sometimes
observed in them. We investigated JAK1 and JAK3 muta-
tions in 20 ATLL patients. No JAK1 mutations were found,
and five types of single nucleotide polymorphisms were
observed in 12 cases, whose frequencies almost match those
in Asian populations. As for JAK3, a synonymous mutation
was found in one case. JAK1 and JAK3 mutations are unli-
kely involved in the leukemogenesis of ATLL.
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1 Introduction

Adult T cell leukemia/lymphoma (ATLL) is an aggressive
T cell neoplasm caused by human T cell leukemia virus
type 1 (HTLV-1). Retroviral HTLV-1 is transmitted to
neonatal CD4" T cells through breast-feeding by cell-to-
cell transmission. Reverse transcriptase generates proviral
DNA from genomic viral RNA, and the provirus is ran-
domly integrated into the host genome by viral integrase.
Viral proteins, such as p40tax (Tax), p27rex (Rex), or
HTLV-1 bZip factor (HBZ) induce viral replication, DNA
instability, and the acquisition of proliferation advantage or
apoptotic resistance in HTLV-l-infected T cells [1, 2].
ATLL occurs after a 4060 year period of latency in about
3-5% of HTLV-1-infected individuals [1]. The biological
characteristics of ATLL cells include the following fea-
tures: overexpression of cell membrane receptors and
cytokines, such as IL-2R/IL-2 [3-5], aberrant activation of
transcription factors, such as nuclear factor-kB (NF-«B) or
signal transducer and activator of tramscription (STAT)
{6, 7] and genetic or epigenetic changes of cell cycle
regulator genes, such as p53, plS, pl4, and pl6 [8, 9].
However, the mechanism underlying the development of
ATLL is not yet fully understood.

Janus kinase (JAK) is a non-receptor tyrosine kinase that
transduces cytokine signals for cellular proliferation, sur-
vival, and differentiation [10]. There are four members of
JAKs (JAK1, JAK?2, JAK3, and TYK2), and each JAK is
specifically activated by a particular cytokine. JAK asso-
ciates constitutively with a variety of cytokine receptors
lacking intrinsic kinase activity, and propagates signal flow
by phosphorylating tyrosyl residues of activated receptors
to trigger the recruitment and activation of STATs [11].
The JAK/STAT signaling cascade is essential for cytokine
signaling and blood cell development and activation.
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JAK1-deficient mice are defective in T and B cells as a
result of an impaired response to IL-7 [12], JAK2-deficient
mice are defective in definitive erythropoiesis and die in
utero due to an impaired response to erythropoietin, IL-3,
GM-CSF, or SCF [13], and JAK3-deficient mice are
defective in T, B, and NK-cells from an impaired response
toIL-2,7,9, or 15 [14, 15]. These observations suggest that
dysregulation of the JAK/STAT signaling pathway can
lead to autonomous cell growth. In fact, somatically
acquired genetic alterations of JAK family members and
consequent aberrant activation of JAK/STAT pathways
have been reported in some hematological malignancies.
The TEL-JAK2 fusion gene is detected both in chronic
myeloproliferative diseases and in acute lymphoblastic
leukemias (ALL) [16, 17]. JAK1 mutations are detected in
18% of adult precursor T acute lymphoblastic leukemias
(T-ALL) and a small fraction of acute myelogenous leu-
kemias (AML) [18-20], JAK2 mutations are detected in
40-90% of myeloproliferative diseases [21, 22] and in 18%
of Down’s syndrome-associated ALL [23], and JAK3
mutations are detected in 10% of acute megakaryoblastic
leukemias [24] and 3.3% of cutaneous T cell lymphomas
[25]. The mutation-induced activation of JAK/STAT
pathways and the acquisition of proliferation advantage are

Table 1 Profiles and clinical data for each ATLL case

thought to play roles in the leukemogenesis of these dis-
eases. Activation of JAK1 and JAK3 is observed in HTLV-
1-infected T cell lines [26] or in uncultured leukemic cells
from ATLL patients [7], we therefore examined the
mutation of JAK1 and JAK3 in ATLL cells.

2 Materials and methods
2.1 Patients

ATLL patients whose percentage of peripheral abnormal
lymphocytes was greater than 30% total cell count at the
time of blood examination were sequentially enrolled
into the study from 2000 to 2007. Profiles and clinical
data for each case are summarized in Table 1. Diagnosis
of ATLL was based on clinical features, cytologically
proven mature T cell malignancy, the presence of anti-
HTLV-1 antibody, and monoclonal integration of HTLV-1
proviral DNA into tumor cells confirmed by Southern
blotting. This study was approved by the Institutional
Review Board at Miyazaki University, and informed con-
sent was obtained in accordance with the Helsinki
Declaration.

Case Age, Sex WBC count, Lymphocyte Abnormal LDH, Ca**, sIL-2R, Phenotype of leukemic cells Clinical
no.  years x 10°/L count, lymphocyte IU/L mg/dL. U/mL type
(5.0-9.0)  x10%L ) (119-229) (8.5-9.8) (145-519) CD3 CD4 CD8 (D25
By (%) (%) (%)

1 27 F 2.8 2.8 35 1112 9 180000 843 845 08 815 Acute
2 35 F 13.8 134 59 801 10.4 45000 956 934 2 91.6 Acute
3 36 M 523 49.7 72 134 16.9 13100 814 728 193 303 Acute
4 37 M 24.7 22 47 375 134 76200 539 978 0.7 933 Acute
5 44 M 40.5 31 74 1120 9.6 46500 97.8 949 3.5 689 Acute
6 47 F 47.6 39.5 64 485 10.9 5540 894 953 1.1 555 Acute
7 51 F 68 428 53 827 9.7 16200 269 953 22 913 Acute
8 54 M 3.9 2.5 40 168 11.5 95900 703 534 213 415 Acute
9 55 M 16.7 137 30 457 11.2 71100 86.1 847 23 814 Acute
10 55 F 40.1 38.5 90 541 9.3 33300 249 927 29 663 Acute
11 57 F 12.3 8.6 47 249 9.2 5380 96.5 8838 9.9 802 Acute
12 57 M 174 165.3 30 724 8.8 ND 99.7 987 24 791 Acute
13 63 M 9.5 6.3 39 183 8.7 3940 904 995 34 851 Chronic
14 69 M 313 26.6 68 700 9.2 34500 88.5 52 12.1 589 Acute
s 70 F 332 19.6 51 756 15.8 155000 953 97 09 912 Acute
16 80 M 85.6 68.1 56 1364 10.3 47700 963 935 06 70 Acute
17 83 M 117 88.9 57 616 12.9 111000 373 971 09 862 Acute
18 83 M 1.7 1.7 67 218 19.5 30700 972 989 14 962 Acute
19 84 F 279 19.8 55 369 111 ND 339 915 14 936 Acute
20 91 M 74 7.1 73 978 9.7 14400 9.5 97.1 13 967 Acute
Values in brackets refer to normal range
ND ot done
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2.2 Laboratory analysis of ATLL cells

Peripheral blood mononuclear cells (PBMCs) that con-
tained more than 30% ATLL cells were isolated by density
gradient centrifugation over Ficoll Paque Plus (Amersham
Biosciences, Uppsala, Sweden). Cells were frozen within
3 h, and cryopreserved at —80°C. To explore possible
contributions of somatically acquired JAK1 and JAK3
mutations in ATLL, frozen samples of PBMCs collected
from ATLL patients were thawed and genomic DNA was
isolated using standard protocol. The coding sequence of
the JAK1 gene (exons 2 through 25) and JAK3 gene (exons
2 through 24) was amplified by the polymerase chain
reaction (PCR) method with a GeneAmp PCR System 9700
(Applied Biosystems, Foster City, CA, USA). The nucle-
otide sequences were determined by fluorescent dye
chemistry sequencing with an ABI PRISM3000 DNA
Analyzer (Applied Biosystems, Foster City, CA, USA),
and analyzed with Sequencing Analysis software (Applied
Biosystems, Foster City, CA, USA). The sequence of PCR
primers for JAK1 was kindly provided by Dr. Marco
Tartaglia (Istituto Superiore di Sanitd, Roma, PhD) [18].
The sequence of PCR primers for JAK3 was designed as
described in the previous report [27]. These primers were
purchased from Hokkaido System Science Co., Ltd. By
referencing the assembled sequence in the Ensembl gen-
ome database, the presence of mutations or single nucle-
otide polymorphisms (SNPs) was checked. To determine
the sensitivity for the detection of JAK mutations, the
calibrating cDNA samples mixture with murine wild-type
(WT) JAK1 and mutant JAK1 (1970G>T in exon 14)
cDNA were prepared. The mixing ratio of WT and mutant
JAK1 was 5:5, 6:4, 7:3, 8:2, 8.5:1.5, 9:1, and 9.5:0.5; which
represented the percentage of cells harboring heterozygous
mutation 100, 80, 60, 40, 30, 20, and 10%, respectively.
Each mixture cDNA sample was amplified by PCR and
directly sequenced. As the mutant T peak was clearly
detected in samples which mixing ratio of WT and mutant
- JAK1 cDNA was above 8.5:1.5, we determined that the
sensitivity for the detection of mutation in this analysis was
30%.

3 Results

Twenty patients were enrolled in this study. The mean
value of WBC and lymphocyte number was 40.5 x 10°/L
and 33.4 x 10°/L, respectively. The percentage of abnor-
mal lymphocytes in peripheral blood ranged from 30 to
90%, and the mean value was 55.4%. The mean value of
LDH, Ca”*, or soluble interleukin-2 receptor (sIL-2R) was
609 IU/L., 11.4 mg/dl, or 54748 U/ml, respectively.
According to Shimoyama criteria [28], 19 cases were
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diagnosed as acute-type ATLL, with more than one of the
following observations: LDH is greater than twice the
normal upper limit, Ca** >11.0 mg/dL, or multiple organ
ATLL involvement. One case, without elevation of LDH
and Ca** and without multiple organ ATLL involvement,
was diagnosed as chronic-type ATLL (Case 13). The sur-
face markers of all but one abnormal PBMC were
CD3*CD4*CD8~CD25™. In that one exception (Case 14),
loss of CD4 expression was observed.

We examined the entire coding sequence of the JAK1
and JAK3 gene in 20 ATLL patients. As for JAK1, there
were no missense or nonsense mutations in them. Five
types of synonymous substitutions were found in 12 cases
(Table 2). All synonymous substitutions were SNPs, as
determined from referencing the base sequence in the
Ensembl genome database (http://www.ensembl.org/Homo_
sapiens/Transcript/Sequence_cDNA ?db=core;g=ENSG000
00162434;r=1:65071494-65204775;t=ENST00000342505).
The genotype frequency of each SNP in the general Asian
population is listed in Table 2 [29, 30]. In the ATLL
patients examined, the genotype frequency (%) is c546
(1s11585932)-AA/AG/GG, 95/5/0; c1590 (rs2230586)-CC/
CT/TT, 95/5/0; c2049 (rs2230587)-CC/CT/TT, 50/50/0;
€2097 (1s3737139)-CC/CG/GG, 95/5/0; c2199 (rs2230
588)-AA/AG/GG, 60/40/0 (Table 2). There is no statistical
difference in genotype frequency pattern of these SNPs
between the ATLL patients examined and the general
Asian population on the Ensembl database. As for JAK3,
there were no missense or nonsense mutations in them.
We identified a synonymous substitution (c162C>T) in
case 19.

4 Discussion

JAK/STAT pathways are crucial for signal transduction
through the IL-2R family (IL-2R, 4R, 7R, 9R, 15R, 21R),
which is primarily involved in growth and maturation of
lymphoid cells. Upon binding of IL-2 to its receptor, Jak3
is recruited to IL-2R common y-chain, while Jak1 is cou-
pled to IL-2R f-chain [31]. In IL-2 signaling, these JAK
kinases are activated and phosphorylate STAT3, STATSA,
and STATS5B. Phosphorylated STATs form homo- and
hetero-dimers that translocate to the nucleus and bind to
specific DNA sequences to initiate the transcription of IL-2
responsive genes, leading to T cell activation or prolifer-
ation [32]. JAK/STAT pathways work in a similar way in
IL-7R signal transduction to promote T cell development
[33]. Activation of JAK/STAT pathways is essential for
lymphocyte proliferation, survival, and differentiation.
Constitutive activation of Jakl, Jak3, Statl, Stat3, and
Stat5 is observed in HTLV-1-infected T cell lines [26, 34]
and in uncultured leukemic cells from ATLL patients [7].
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Table 2 List of JAK! polymorphisms identified in this study
cDNA Case 10. Frequency|Frequency]
(%) (%)
IExon) Genotype,
position 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20|inATLL |in Asian*
AA O O O O O O O 0O 00000000 O0oOo0 95 100
6 546 AG O 5
GG 0 0
cc ]O OO O O OO0 OO 00000000 0o 95 100
11} 1590 CT O 5 0
T 0
cc O O @] @] O O O O O O 50 49
15 | 2049 CT O O O O o O O O O O 50 36
TT 0 16
cc |0 O OO 0O OO0 0000000000 O0Ooo 95 100
151 2097 CG O 5
GG 0 0
AA 1O O o O O O O O O O @] O 60 38
16 | 2199 AG O O o O O O o O 40 50
GG 0 13

*Genotype frequency of ¢546, 2049 and c2097 is obtained from Japanese

Genotype frequency of ¢1590 and 2199 is obtained from Chinese

Migone et al. [26] demonstrated that constitutive activation
of Jak1, Jak3, Stat3, and Stat5 correlated with IL-2-inde-
pendence in HTLV-1-transformed T cell lines. Tomita
et al. [35] also demonstrated that a JAK-specific inhibitor
suppresses cell growth in HTLV-1-infected cell lines and
primary ATLL cells. These reports suggest that activation
of JAK/STAT pathways may play an important role in the
leukemogenesis of ATLL. However, Zhang et al. [36]
observed no detectable basal level phosphorylation of Jak3
and STATS in uncultured leukemic cells in ATLL patients.
Cheng et al. [37] also demonstrated that constitutive acti-
vation of JAK/STAT pathways was not observed in freshly
isolated CD4™ T cells, but in HTLV-1-transformed T cell
lines established 12 weeks post-infection. In HTLV-1-
transformed T cell lines, Src homology 2 (SH2)-containing
phosphatase 1 (SHP1), a negative regulator of the IL-2R
signaling pathway, is downregulated, suggesting that con-
stitutive activation of the JAK/STAT pathway might be a
secondary phenomenon in vitro. Thus, a causal relationship
between leukemogenesis and activation of JAK/STAT
pathways in ATLL has not yet been established.

We investigated the acquisition of somatic mutations
in JAK1 and JAK3 in ATLL. There were no missense or
nonsense mutations in JAK1 and JAK3 in 20 ATLL
patients. Recently, several somatically acquired JAKI1
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mutations have been reported in adult T-ALL. Flex et al.
found six types of JAK1 mutation in 7 out of 38 T-ALL
patients (18%) [18]. One mutation was located in the SH2
domain, two were in the pseudokinase domain, and three
were in the kinase domain. All mutations were missense,
and some of them were shown to induce the phosphory-
lation of JAK1 and STATS and lead to cytokine-indepen-
dent proliferation. Somatically acquired JAK3 mutations
have also been reported in hematological malignancies,
such as Down syndrome (DS) and non-DS with acute
megakaryoblastic leukemia (AMKL), DS-transient mye-
loproliferative disorder (DS-TMD) [24, 38, 39], and cuta-
neous T cell lymphoma (CTCL) [25]. The c¢1715C>T
(AS572V) in pseudokinase domain of JAK3 was identified
in 1 out of 30 CTCL patients, and this mutation promoted
lymphoproliferative disorders in murine bone marrow
transplantation models [25]. These data suggest that dys-
regulation of JAK1 or JAK3 can be involved in the
development or progression of T cell malignancy, such as
T-ALL or CTCL. On the other hand, we did not find any
gain-of-function JAK1 or JAK3 mutation in ATLL
patients, although we did not have chance to examine the
activation status of JAK/STAT signaling pathways in
each case because of lack of fresh blood samples. JAK1
and JAK3 gain-of-function mutations might be unlikely to
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be involved in the leukemogenesis of ATLL. Some SNPs
in the regulatory region of TNFa or FAS (TNFRSF6/Apo-
1/CD95), however, have been reported to associate with
susceptibility to ATLL among HTLV-1 carriers [40, 41].
We only examined the coding region of JAK1 and JAK3 in
this report, and the regulatory region of JAK1 and JAK3
remains to be investigated. Further investigation including
downstream signaling molecules and inhibitory molecules
in the JAK/STAT signaling pathway is necessary to clarify
the mechanism contributing to the leukemogenesis of
ATLL.
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Summary

The acquired JAK2 V617F mutation is observed in the majority of patients
with BCR-ABLI negative chronic myeloproliferative neoplasms (MPN).
BCR-ABLI negative MPN displays myeloproliferation with an elevated
leucocyte alkaline phosphatase (LAP) activity, a neutrophil activation
marker. We tried to separate the downstream signalling of JAK2 V617F to
stimulate myeloproliferation and LAP activity. NB4, a myeloid lineage cell
line, was transduced with Jak2 V617F mutation or wild-type Jak2. We found
that Jak2 V617F mutation, but not wild-type Jak2 enhanced LAP expression
in NB4-derived neutrophils and proliferation of NB4 cells. JAK2 V617F
induces constitutive phosphorylation of STAT3 and STATS5, and uses
signalling targets such as Ras/MEK/ERK and PI3K/Akt pathways. By using
MEK1/2 inhibitor U0126, PI3K inhibitor LY294002, and STAT3 or STAT5
siRNAs, JAK2 V617F was found to specifically use the STAT3 pathway to
enhance LAP expression, while STAT5, Ras/MEK/ERK and PI3K/Akt, but not
STATS3 pathways, were able to stimulate cell proliferation. These data strongly
suggest that JAK2 V617F uses distinct signalling pathways to induce typical
pathological features of MPN, such as high LAP activity and enhanced cell
proliferation.

Keywords: myeloproliferative neoplasm, JAK2 V617F, STAT3, STATS5,
leucocyte alkaline phosphatase.

The BCR-ABLI negative chronic myeloproliferative neoplasms
(MPN) include polycythaemia vera (PV), essential thrombo-
cythaemia (ET) and primary myelofibrosis (PMF) (Dameshek,
1951). The G-to-T point mutation at position 617 (V617F) in
Janus kinase 2 (JAK2) that results in substitution of
phenylalanine for valine has been reported in patients with
BCR-ABLI negative MPN. This mutation is seen in approxi-
mately 95% of the patients with PV and in about 50% of the
patients with ET or PMF (Baxter et al, 2005; James et al, 2005;
Jones et al, 2005; Kralovics et al, 2005; Levine et al, 2005).
JAK2 is a member of the non-receptor tyrosine kinase family
that signals between type I cytokine receptors and downstream
pathways, such as STAT3 (signal transducers and activators of
transcription 3) and STATS (Witthuhn et al, 1993; Parganas

First published online 10 June 2010
doi:10.1111/.1365-2141.2010.08249.x

et al, 1998). These pathways are critical for cell growth and
differentiation. The JAK2 V617F mutation induces constitutive
activation of the downstream signalling pathways such as
STAT3/STATS, Ras/MEK/ERK and PI3K/Akt: the expression
of JAK2 V617F in cytokine-dependent cell lines confers
cytokine-independent growth by constitutively activating
STAT3, STATS, Akt and ERK (James et al, 2005; Levine et al,
2005; Levine & Wernig, 2006; Shide et al, 2007). The enforced
expression of JAK2 V617F in murine bone marrow cells in vivo
resulted in erythrocytosis and subsequent myelofibrosis in
recipient mice (James et al, 2005; Lacout et al, 2006; Wernig
et al, 2006; Zaleskas et al, 2006). Therefore, it is possible that
the JAK2 V617F mutation directly induces pathogenic features
of BCR-ABLI negative MPN.

© 2010 Blackwell Publishing Ltd, British Journal of Haematology, 150, 334-344



Leucocyte alkaline phosphatase (LAP) is a monopho-
sphoesterase that is the product of the gene encoding the
liver/bone/kidney-type alkaline phosphatase (ALP) isoforms
(Hayhoe & Quaglino, 1958; Weiss et al, 1988; Gianni et al,
1994; Sato et al, 1994). In neutrophils, LAP is stored in unique
secretory vesicles, and is exported to the plasma membrane by
chemotactic agents (Borregaard et al, 1987, 1992). Neutrophils
play a critical role in host defence by phagocytozing and
digesting microorganisms. This task is accomplished by
mobilization of several types of neutrophil granules, including
azurophilic (primary) granules, specific (secondary) granules,
gelatinase (tertiary) granules and secretory vesicles. These
granules contain potent antimicrobial compounds, proteolytic
enzymes and also many membrane proteins. The azurophilic
granules are formed during the promyelocytic stage, while
specific granules and gelatinase granules are formed in more
matured cells. Secretory vesicles appear in segmented neu-
trophils, and constitute a reservoir of membrane protein
needed for neutrophil-mediated inflammatory response. Alka-
line phosphatase is located at the luminal face of the
membrane in secretory vesicles. Acquisition of LAP enzymatic
activity is a very late event during myeloid maturation, and
indicates that mature neutrophils acquire secretory vesicles.
Thus, LAP is an indispensable marker of functionally mature
neutrophils (Stewart, 1974; Garattini & Gianni, 1996; Borre-
gaard & Cowland, 1997; Falanga et al, 2000; Faurschou &
Borregaard, 2003). In clinics, the level of LAP in neutrophils is
scored to evaluate neutrophil activation, which was classically
designated as the neutrophil alkaline phosphatase (NAP) score
(Kaplow, 1955, 1963; Shibata et al, 1985). Evaluation of the
LAP score has been useful to distinguish chronic myeloid
leukaemia (CML) from BCR-ABLI negative MPN, or from
infection- or inflammation-associated leucocytosis: untreated
CML patients usually have a low LAP score, whereas it is
elevated in patients with PV, PMF and reactive leucocytosis.

In CML patients, the release of premature granulocytes from
the bone marrow into the peripheral blood might result in low
LAP scores (Dotti et al, 1999). It is, however, unclear why the
LAP scores in patients with PV or PMF are elevated. Recent
reports have shown that patients with BCR-ABLI negative
MPN carrying the JAK2 V617F mutation display higher LAP
scores as compared to those carrying the wild-type JAK2 alleles
(Passamonti et al, 2006; Basquiera et al, 2007; Kondo et al,
2008). This finding suggests that an elevated LAP score in these
diseases could be due to constitutive activation of the JAK2
signalling via the JAK2 V617F mutation.

Neutrophil activation is the key feature of MPN as well as
myeloproliferation. To understand the developmental mechan-
isms of MPN, we tried to separate the downstream signalling of
JAK2 V617F in each pathway, and we used LAP expression as a
neutrophil maturation/activation marker. The present study
showed that the JAK2 V617F signalling stimulates LAP
expression in neutrophils through specifically the activation
of STAT3-dependent signalling pathway, whereas its stimula-
tion of cell proliferation is dependent upon STATS activation.

JAKZ V617F Uses Distinct Signalling Pathways

Thus, the acquisition of JAK2 V617F at the haematopoietic
stem cell (HSC) stage might induce at least two independent
signals to alter myelopoiesis, including myeloproliferation and
in elevation of the LAP score at the neutrophil stage, both of
which are the pathological features specific to MPN.

Materials and methods

Cell lines and culture conditions

A human acute promyelocytic leukaemia (APL) cell line NB4,
which retains t(15;17), was obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany). NB4 cells were cultured in RPMI
1640 medium (Wako, Osaka, Japan) containing 10% fetal
bovine serum (ICN, Osaka, Japan). NB4 cells were differ-
entiated into neutrophil-like cells after they were cultured with
all-trans retinoic acid (ATRA) (10 pmol/l) (Sigma-Aldrich, St.
Louis, MO, USA) and granulocyte colony-stimulating factor
(G-CSF) (10 ng/ml) (Sigma-Aldrich) for 4 d (Gianni et al,
1994). Cells were counted by trypan blue dye exclusion staining.

Preparation of neutrophils from patients and healthy
donors

This study was approved by Institutional Review Board of
Kyushu University and all patients gave informed consent.
Heparinized peripheral blood samples were collected from 15
healthy volunteer donors, 15 patients with PV, 21 patients with
ET, and nine patients with PMF according to the World Health
Organization criteria. Neutrophils were isolated by dextran
sedimentation, hypotonic lysis of contaminating erythrocytes,
and centrifugation with lymphocyte separation medium
(LSM) (MP Biomedicals, Irvine, CA, USA) as described
previously (Sullivan et al, 1984).

Mutation analysis and DNA sequencing of JAK2

DNA from patient’s neutrophils was extracted using the Blood
and Cell Culture DNA Mini kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. To examine the
putative JAK2 V617F mutation, exon 14 of JAK2 was amplified
using 5-TATAGTCATGCTGAAAGTAGG-3’ and 5-TAACT-
GAATAGTCCTACAGTG-3" primers as described previously
(Shide er al, 2007). The polymerase chain reaction (PCR)
products were sequenced directly using an ABI3130XL DNA
sequencer (Applied Biosystems, Foster City, CA, USA).
Furthermore, when the JAK2 V617F mutation was not detected
by direct sequencing, we used the three-primer allele-specific
PCR assay as described previously (Baxter et al, 2005).

Evaluation of LAP expression

Leucocyte alkaline phosphatase expression was evaluated by
LAP score, flow cytometric analysis, or ALP enzyme assay.

© 2010 Blackwell Publishing Ltd, British Journal of Haematology, 150, 334-344 335
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Leucocyte alkaline phosphatase scores were measured by the
LAP staining kit (Muto, Tokyo, Japan) according to the
manufacturer’s instructions (Sakamoto, 1966; Shibata ef al,
1985).

Flow cytometric analysis was used for the analysis of cell
surface expression of LAP (sLAP). Isolated neutrophils were
washed once in phosphate-buffered saline (PBS) (Wako) and
stained with phycoerythrin (PE)-conjugated anti-human LAP
(BD PharMingen, San Diego, CA, USA) or PE-conjugated
mouse IgG,x (isotype-matched negative control) (BD Phar-
Mingen). The mean fluorescent intensity (MFI) of sLAP was
used as the LAP expression value as described previously
(Shibano et al, 1999).

In the ALP enzyme assay, LAP expression in 5 x 10° NB4-
derived neutrophils or neutrophils was measured by the
SensoLyte™ p-Nitrophenyl phosphate (pNPP) alkaline phos-
phatase assay kit (Ana Spec, San Jose, CA, USA) according to
the manufacturer’s instructions.

Jak2 lentiviral infection

Murine Jak2 cDNA was kindly provided by Dr J. Ihle (St. Jude
Children’s Research Hospital, Memphis, TN, USA). Oligonu-
cleotide-directed mutagenesis was performed to substitute
phenylalanine for valine at residue 617 of Jak2 as described
previously (Shide et al, 2007). For the wild-type Jak2 or the
Jak2 V617F construct, each of the ¢DNAs were cloned
downstream of an ElFa promoter in a third-generation
lentiviral vector backbone consisting of a reporter gene
encoding GFP driven by the promoter of the human gene
that encodes phosphoglycerate kinase. The control vector CEP
contained only the gene encoding GFP. Vector construction
was confirmed by sequencing. Viruses ‘pseudotyped’ with the
vesicular stomatitis virus G protein were produced by transient
transfection of 293T cells as described previously (Takenaka
et al, 2007) and were concentrated by ultracentrifugation.
Punctional titres of virus producing wild-type JAK2 or JAK2
V617F, as determined by infection of HeLa cells, were 1 x 107
or 2x 107 infectious particles/ml, respectively. Virus, at a
multiplicity of infection of 40-50, was added to 24-well tissue
culture plates of NB4 cells. Infected cells were collected on day
3. The efficiency of gene transfer into cells was 20-45%, as
assessed by GFP fluorescence performed using a FACSCalibur
flow cytometer (Becton Dickinson [BD] Biosciences, San Jose,
CA, USA). GFP* cells were sorted by a FACS Aria cell sorter
(BD Biosciences) and then the GFP™ NB4 cells were cloned at
one cell per well into 96-well tissue culture plates.

Inhibitions of JAK2, Ras/MEK/ERK and PI3K/Akt
pathways by protein kinase inhibitors

We investigated the effects of protein kinase inhibitors on LAP
expression in neutrophils/NB4-derived neutrophils, and on
proliferation of NB4 cells. Protein kinase inhibitors used to
suppress JAK2 and its downstream pathways were as follows:

AG490 (Calbiochem, San Diego, CA, USA) was used as a JAK2
inhibitor at a concentration of 5-50 umol/l, U0126 (Calbio-
chem) as a MEK1/2 inhibitor at a concentration of 1-20 pmol/
l, and LY294002 (Calbiochem) as a PI3K inhibitor at a
concentration of 5-50 pmol/l.

Leucocyte alkaline phosphatase expression was evaluated by
flow cytometric analysis after neutrophils were cultured with/
without protein kinase inhibitors in the presence of G-CSF
(50 ng/ml) for 24 h.

Leucocyte alkaline phosphatase expression was evaluated by
ALP enzyme assay after NB4 cells were cultured with ATRA
(10 umol/l), G-CSF (10 ng/ml), and protein kinase inhibitors
for 4 d.

The proliferation of NB4 cells with- medium alone or protein
kinase inhibitors was evaluated for 4 d.

Inhibitions of STAT3/STATS5 pathways by small
interfering RNAs (siRNAs)

To investigate the role of the STAT3 and STATS pathways in
LAP expression in NB4-derived neutrophils and in prolifera-
tion of NB4 cells, STAT3 or STATS expression in NB4 cells was
knocked down using double-stranded siRNAs. The siRNAs to
knock down human STAT3, STATS5a and STATSb were
obtained from Invitrogen (Carlsbad, CA, USA). NB4 cells
were transiently transfected with siRNAs using Nucleofector
technology (Amaxa Inc., Gaithersburg, MD, USA) according
to the manufacturer’s instructions. Non-specific siRNA (In-
vitrogen) was used as a negative control.

Leucocyte alkaline phosphatase expression was evaluated by
ALP enzyme assay after NB4 cells were cultured with ATRA
{10 pmol/l) and G-CSF (10 ng/ml) for 4 d.

The proliferation of NB4 cells with medium alone was
evaluated for 5 d.

Western blotting

Total cell lysates were resolved by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride nitrocellulose membranes (Amersham,
Uppsala, Sweden) as described previously (Shide er al, 2008).
Membranes were probed using the appropriate antibodies and
visualized by enhanced chemiluminescence {(Amersham). Anti-
phospho Tyr’*® STAT3, anti-phospho Ser’™ STAT3, anti-
phospho Tyr®* STATS5, anti-phospho Thr**%/Tyr*™ ERK1/2,
anti-ERK1/2, anti-phospho-Ser*’?> Akt, anti-Akt and anti-
B-actin antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-JAK2, anti-STAT3,
anti-STAT5a and anti-STATSb antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Real-time quantitative PCR

Total RNA was extracted from NB4 cells. Reverse
transcription was performed using a high-capacity ¢cDNA
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reverse transcription kit (Applied Biosystems) according to
the manufacturer’s instructions. Power SYBR Green Master
Mix (Applied Biosystems) and subsequent primers were
used for real-time quantitative PCR amplification of the
murine Jak2 ¢DNA, using 5-AAGTGGAGCTTCGGGAC-
CACTCT-3" and 5"-GCTTATCTTCATAGAACTGCAGC-3’
primers on an ABI 7000 sequence detection system (Applied
Biosystems).

Statistical analysis

Statistical analysis was performed using sas or jmp software
(SAS Institute Inc., Cary, NC, USA). LAP expressions among
the groups were compared by Tukey’s test or Dunnett’s test.
For inhibitor experiments, LAP expressions were compared
using the least-squares mean test or paired t-test. For siRNAs
experiments, LAP expressions were compared by paired t-test.
For cell proliferation experiments, data were plotted on a
single logarithmic graph and approximated by the straight line
from the origin for each group. The gradients of the straight
lines among the groups were compared by Tukey’s test.
Differences were considered statistically significant when the
P-value was <0-05.

Results

Neutrophils with JAK2 V617F mutation express high levels
of LAP in all types of MPN

The presence of the JAK2 V617F mutation was documented
by direct sequencing, or by allele-specific PCR of isolated
neutrophils’ DNA from BCR-ABLI negative MPN patients
(n = 45). Patients were judged to be homozygous for the
JAK2 V617F mutation if their mutational load exceeded
50%. JAK2 V617F mutation was identified in 13 of the 15
PV patients, 11 of the 21 ET patients and five of the nine
PMF patients. Among them, five PV patients, eight ET
patients and five PMF patients carried heterozygous muta-
tions.

We analysed LAP expression of isolated neutrophils in
BCR-ABL1 negative MPN patients (n = 45) and healthy
volunteer donors (n=15) by flow cytometric analysis
(Fig 1). JAK2 V617F positive MPN patients (# = 29) had a
higher LAP expression than JAK2 V617F negative MPN
patients (n=16) or than healthy controls (n=15)
(P < 0-01). Among JAK2 V617F positive MPN patients, those
carrying homozygous mutation (n = 11) had higher levels of
neutrophil LAP than those carrying heterozygous mutation
(n = 18) (P < 0-01). Patients carrying heterozygous mutation
also displayed higher LAP expression than healthy controls
(P < 0-05), although the difference between JAK2 V617F
negative patients and patients carrying heterozygous mutation
was not statistically significant. These data suggest that the
expression level of JAK2 V617F correlates with the LAP levels
in MPN neutrophils.

JAK2 VB617F Uses Distinct Signalling Pathways
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Fig 1. LAP expression of neutrophils in healthy volunteer donors
(n = 15), JAK2 V617F negative MPN (JAK2VF-neg, n = 16), JAK2
V617F heterozygous MPN (JAK2VF-hetero, n = 18), and JAK2 V617F
homozygous MPN (JAK2VF-homo, n = 11). LAP levels were evaluated
by flow cytometric analysis. LAP expression (ratio of mean fluores-
cence intensity, MFI) is shown in a box plot. JAK2VF-homo patients
had a significantly higher level of LAP than those in the other three
groups. *P < 0-01; **P < 0-05.

AG490, a JAK2 inhibitor, suppresses LAP expression in
neutrophils with JAK2 V617F

To test whether the high level of LAP in JAK2 V617F positive
neutrophils is dependent upon JAK2 activation, we evaluated
the effect of AG490, a JAK2 inhibitor, on LAP activity in JAK2
V617F positive neutrophils. Neutrophils were purified from
MPN patients with homozygous JAK2 V617F, and were
cultured for 24h in the presence of AG490. AG490
significantly suppressed the LAP expression (Fig 2), confirm-
ing that the expression of LAP is dependent upon JAK2
activation in JAK2 V617 positive neutrophils.

The enforced expression of JAK2 V617F stimulates the
expression of LAP

To verify that JAK2 V617F signalling activates the expression
of LAP in myeloid cells, we used NB4, a myeloid lineage cell
line. NB4 was infected with lentiviral vectors harbouring wild-
type Jak2 or Jak2 V617F mutation with GFP reporters. Infected
cells were purified by positive expression of GFP by FACS. NB4
cells transfected with wild-type Jak2 and Jak2 V617F mutation
showed an increased expression of JAK2 protein as compared
to control by Western blotting, but their levels did not differ
between these Jak2- or Jak2 V617F-transduced NB4 clones
(Fig 3A).

NB4 cells differentiated into neutrophil-like cells in the
presence of ATRA and G-CSF for 4 d (Gianni et al, 1994). The
NB4-derived neutrophils were then evaluated for LAP
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Fig 2. Effect of the AG490, a JAK2 inhibitor, on LAP expression in
JAK2 V617F positive neutrophils. Neutrophils from JAK2 V617F po-
sitive MPN patients (n = 16) were cultured in medium in the presence
of G-CSF (50 ng/ml), and the effect of addition of AG490 (50 pmol/l)
on LAP expression was evaluated 24 h after culture on a flow cyto-
metry. LAP expression (ratio of MFI) is shown in a box plot. AG490
suppressed LAP expression. *P < 0-01.

expression. We measured LAP levels in neutrophils differ-
entiated from Jak2 V617F clones, from wild-type Jak2 clones,
and from control clones with an empty vector by ALP enzyme
assays. Representative data are shown in Fig 3A, B. Neutrophils
from Jak2 V617F clones expressed LAP at a much higher level,
as compared to those from wild-type Jak2 clones, whereas the
expression levels of JAK2 in these clones were equivalent
(P < 0-01) (Fig 3A, B). Thus, JAK2 V617F signalling is able to
stimulate LAP expression in neutrophils.

STAT3 but not STATS signalling is required for JAK2
V617F-dependent LAP expression

JAK2 V617F mutation constitutively activates multiple JAK2
downstream signalling molecules, including STAT3/STATS,
Ras/MEK/ERK and PI3K/AKt (James et al, 2005; Levine et al,
2005; Levine & Wernig, 2006; Shide et al, 2007). We therefore
tried to identify the signalling pathway responsible for LAP
expression. We first tested the requirement of STAT3 or
STATS5 for LAP expression stimulated by JAK2 V617F in Jak2
V617F-transduced NB4 cells after inducing neutrophil lineage
differentiation by ATRA and G-CSF. STAT3 and STATS5
expression were inhibited by STAT3 and STAT5 siRNAs
respectively, in NB4-derived neutrophils: Jak2 V617F-trans-
duced NB4 cells were transduced with STAT3 or STATS
siRNA, and cultured with ATRA and G-CSF for 4 d. As shown
in Fig 4A, C, STAT3 siRNA, but not STATS siRNA, inhibited
LAP expression (P < 0-05). Western blot analysis showed that
STAT3 and STATS siRNAs specifically inhibited the expression
of STAT3 and STATS respectively, but did not inhibit the
signalling molecules on Ras/MEK/ERK and PI3K/Akt pathways
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Fig 3. (A) JAK2 protein expression in NB4 cells by Western blotting.
NB4 cells expressing control vector, wild-type JAK2 or JAK2 V617F
were lysed and analysed by Western blotting with the indicated anti-
bodies. Expression of JAK2 protein in wild-type Jak2 and Jak2 V617F-
transduced NB4 cells was equivalent, but higher than that in the
control vector-transduced cells. (B) Effect of the Jak2 V617F mutation
on LAP expression in NB4-derived neutrophils. NB4 cells expressing
control vector, wild-type JAK2 or JAK2 V617F were cultured with
ATRA (10 pmol/l) and G-CSF (10 ng/ml) for 4 d and differentiated
into neutrophil-like cells. LAP expression was evaluated by ALP en-
zyme assay. LAP expression (ALP level) obtained from three in-
dependent experiments is shown in a box plot. Jak2 V617F-transduced
NB4-derived neutrophils had a higher LAP expression than the other
two groups. *P < 0-01.

(Fig 4B, D). These data suggest that STAT3 is indispensable for
LAP expression in JAK2 V617F signalling.

The LAP expression is dependent upon the MEK, but not
the PI3K signalling pathway

We then tested the effects of MEK1/2 inhibitor (U0126) and
PI3K inhibitor (1.Y294002) on LAP expression in Jak2 V617E-
transduced NB4 cells. LAP expression was evaluated by ALP
enzyme assay. U0I26 but not LY294002 significantly
suppressed LAP expression in Jak2 V617F-transduced
NB4-derived neutrophils (Fig 5A, C). Further analysis of
signalling molecules, such as ERK and Akt, downstream of
MEK and PI3K respectively, revealed that U0126 and
1Y294002 efficiently inhibited phosphorylation of ERK and
Akt respectively (Fig 5B, D).

Activated JAK2 transduces the signal cascade through
phosphorylation of both the receptors and the major
substrates, STATs: STAT3 is phosphorylated by JAK2 on a
single tyrosine at position 705. This phosphorylated STAT3 is
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