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ABSTRACT

AG 879 has been widely used as a Tyr kinase inhibitor specific for ErbB2 and FLK-1,
a VEGF receptor. The IC5,, for both ErbB2 and FLK-1 is around 1 uM. AG 879, in combi-
nation of PP1 (an inhibitor specific for Src kinase family), suppresses almost completely
the growth of RAS-induced sarcomas in nude mice. In this paper we demonstrate that AG
879 even at 10 nM blocks the specific interaction between the Tyrkinase ETK and PAKT
{a CDCA42/ Rac-dependent Ser/Thr kinase) in cell culture. This interaction is essential for
both the RAS-nduced PAKI activation and transformation of NIH 373 fibroblasts.
However, AG 879 at 10 nM does not inhibit either the purified ETK or PAKT directly in
vitro, suggesting that this drug blocks the ETK-PAK1 pathway by targeting a highly sensi-
five kinase upstream of ETK. Although the Tyr-kinases Src and FAK are known to activate
ETK directly, Src is insensitive to AG 879, and FAK is inhibited by 100 nM AG 879, but
not by 10 nM AG879. The structure-function relationship analysis of AG 879 derivatives
has revealed that both thio and tert-butyl groups of AG 879, but not {thio) amide group,
are essential for its biological function [blocking the ETK-PAKT pathway), suggesting that
through the {thio) amide group, AG 879 can be covalently linked to agarose beads to
form a bioactive affinity ligand useful for identifying the primary target of this drug.

INTRODUCTION

PAK1I, 2 member of CDC42/Rac-dependent Ser/Thr kinase family (PAKSs), is activated
by oncogenic RAS mutants such as v-Ha-RAS, and is essential for RAS-transformation of
fibroblasts such as Rat-1 and NIH 3T3 cells.'? Several distinct pathways appear to be
essential for v-Ha-RAS-induced activation of PAK] in these cells.? One of these pathways
involves PI-3 kinase which produces phosphatidyl-inositol 3,4,5 trisphosphate (PIP3) that
activates both CDC42 and Rac GTPases through a GDP-dissociation stimulator (GDS)
called VAV. A second pathway involves PIX, an SH3 protein which binds a
Pro-rich motif (residues 186-203, PAK18) located between the N-terminal GTPase-binding
domain and C-terminal kinase domain of PAK1.3 PIX binds another protein called CAT
which is a substrate of Src family kinases.* A third pathway involves an SH2/SH3
adaptor protein called NCK.5 The SH3 domain of NCK binds another Pro-rich motif of
PAK1 located near the N-terminus, while the SH2 domain of NCK binds the Tyr-phos-
phorylated EGF receptor/ErbBl.5 Thus, when ErbB1 is activated by EGE PAKI is
translocated to the plasma membrane through NCK. The involvement of both Src
family kinases and ErbB1 in the PAK1 activation is also supported by our finding that
both PP1 (inhibitor of Src family kinases) and AG1478 (ErbB1-specific inhibitor) block
the RAS-induced PAK1 activation and transformation in vitro and in vivo.26 A fourth
pathway involves ErbB2, a member of ErbB family Tyr kinases.? We have previously
shown that AG 825 (ExbB2-specific inhibitor) blocks RAS-induced activation of PAK1
and malignant transformation with the ICy, around 0.35 uM.2 A fifth pathway has been
recently discovered in which RAS activates PAK1 through Tiam1, a Rac-specific GDS , in
a PI-3 kinase-independent manner.” In this pathway, RAS directly binds Tiam1 which in
turn activates Rac.”

Another possible pathway involves B1-integrin, FAK and ETK. B1l-integrin activates
the Tyr kinase FAK, which in turn phosphorylates and activates ETK. a member of
TEC/BTK family Tyr kinases.”!® ETK carries an N-terminal pleckstrin homology (PH)
domain followed by a TEC homology domain.?10 Activated ETK binds PAK1 through
the PH domain, phosphorylates and activates PAK1.}! However, it still remains to be
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clarified (1) whether RAS requires this integrin/FAK/ ETK pathway
for its oncogenicity, and (2) how RAS activates this pathway.

To suppress the growth of RAS-induced sarcomas in vivo (in
nude mice), we previously used AG 879, a Tyr-kinase inhibitor
specific for ErbB2 and VEGF receptor FLK-1.21213 Tn this paper
we demonstrate that AG879 inhibits selectively the activation of
ETK (IC50 around 5 nM), blocking RAS-induced ETK-mediated
activation (Tyr phosphorylation) of PAK1 to suppress RAS transfor-
mation.

MATERIALS AND METHODS

Cell Culture and Reagents. v-Ha-RAS-transformed NIH 3T3 fibrob-
lasts (RAS cells) were grown in a standard medium, i.e., Dulbecco’s modi-
fied Eagle’s medium in the presence or absence of 10% fetal calf serum as
described previously.2¢ The Tyr kinase inhibitor AG879 and its derivatives
(AG 306 and AG 1584 ) were synthesized as described previously.'? The
novel derivative GL-2002 was synthesized analogously, and full synthetic
details will be published in due course. Two other AG 879 derivatives (AG 99
and AG 213) were purchased from Calbiochem (Croydon, Australia). The
following antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz,CA): ant-PAK1 antibody, anti-phospho-Tyr antibody (PY99) and
goat-anti-ETK antibody. The rabbit anti-FAK antibody was a generous gift
of Dr. David Schlaepfer (The Scripps Research Institute, La Jolla, CA). The
mouse anti-ETK antiboedy was purchased from Becton Dickinson
Biosciences (North Ryde, NSW, Australia). The rabbit and-ETK antibody
was prepared as described previously, !4

Assay for the Effect of AG 879 on Cell Growth. The effect of AG879
on anchorage-independent growth of RAS cells was determined by seeding
10 cells per plate into 0.35% top agar containing different concentrations
of AG879 (from 1 nM to 1 uM) and incubating for 3 weeks as described
previously.2®15 At the end of 3 weeks, the colonies formed in the agar were
stained and counted. The effect of AG 879 on anchorage-dependent growth
of RAS cells and normal NIH/3T3 fibroblasts was examined by seeding 103
cells per plate in the medium containing 1-100 nM AG 879, incubating for
5 days and counting as described previously.2¢15

PAK and ETK Kinase Assays. For the PAK kinase assay, RAS cells were
serum-starved overnight, and then treated with different concentrations of
AG879 for 1 hour as described in the text. The cells were lysed in the lysis
buffer (40 mM HEPES, pH 7.4, 1% Nonidet P-40, I mM EDTA, 100 mM
NaCl, 25 mM NaF, 100 uM NaVO,, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 100 units/ml aprotinin). The lysates containing 1 mg of
proteins {measured by Bradford assay) were immuno-precipitated with the
anti-PAK1 antibody, and the immuno-precipitates were subjected to the
PAK kinase assay as described previously. 2616 The direct effect of AG 879
on PAK! was determined in vitro, using GST-PAKI fusion protein as
described previously.!7 For ETK kinase assay, serum-starved RAS cells were
lysed in a buffer containing 20 mM Tiis-HCl (pH 7.5), 100 mM NaCl,
10% glycerol, 1% Nonider P-40, 10 mM NaF 100 uM NaVO;, 1 mM
PMSE and 100 units/ml aprotinin. The cell lysates were immuno-precipi-
tated with the rabbit anti-ETK antibody, and the ETK kinase assay was
performed as described previously®!! using the endogenous PAK1 associated
with ETK as a substrate in the presence or absence of different concentrations
of AG879 or its derivatives such as AG 1584. Immuno-blotting was
performed to determine the protein levels for PAKI and ETK (see below).

Immuno-Precipitation and Immuno-Blotting. Serum-starved RAS cells
were treated with different concentrations of AG879 as indicated in the text.
The cells were lysed in two different lysis buffers mentioned above. The cell
lysates containing 1.5-2.0 mg of protein (measured by Bradford assay) were
incubated with protein A-Sepharose beads (Amersham Pharmacia Biotech)
and anti-PAK1, anti-ETK or anti-FAK antibodies separately.>®11:18 The
proteins in immuno-precipitates were separated on 4-12% NuPage gel
(Invitrogen) electrophoresis and transferred to a nitrocellulose membrane
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(Micron Separations, Inc.). The membranes were blocked with 10% (w/v)
skim milk in phosphate-buffered saline containing 0.04% Tween20
(PBST), followed by an incubation for 1 hr at room temperature with
different first antibodies as described in the text. After washing with PBST,
the blots were incubated with horseradish peroxidase-conjugated anti-mouse
or anti-rabbit (Bio-Rad) secondary antibodies. The bound antibodies were
visualised using ECL reagents (Amersham Pharmacia Biotech). Some
membranes were stripped and reblotred!? with different antibodies as
described in the text.

The ETK Baculo Viral Construct and its Affinity-Purification. The
plasmid encoding the full-length ETK (residues 1-674)' was constructed in
pBacPAKS transfer vector (Clontech, Palo Alto, CA) and recombinant virus
was made by Dr. Chi-Ying F Huang (NHRI, Taiwan). SP insect cells
infected with the recombinant virus were harvested and disrupted with
ice-cold lysis buffer containing 10 mM Tris pH, 7.5; 130 mM NaCl; 1%
Triton X-100; 10 mM NaF; 10 mM Na phosphate; 10 mM Na pyro-phosphate
and protease inhibitor cocktail (Pharmingen, San Diego, CA). From the
clear supernatant of the cell Iysate obtained by centrifuging at 40,000xg for
45 min, ETK was affinity-purified by the 6xHis purification kits (Cat. No.
21474K, Pharmingen, San Diego, CA) according to the supplier’s instruction.

Autophosphorylation of Recombinant ETK Constructs In Vitro, GST
fusion protein of human ETKC, a constitutively activated ETK mutant
(residues 243-674) which lacks the N-terminal PH domain was affinity-
purified from bacteria (E. coli). The GST-ETKC (0.6 pg) was incubated in
the kinase buffer containing 10 pM ATP (with or without 5 uCi of [y-32P]-
ATP) as described previously® in the presence or absence of AG879 (10 nM
or 1-10 mM) at 37°C for 40 min. The auto-phosphorylation was then
monitored by immuno-blotting the protein separated by the SDS-PAGE
and transferred onto nitrocellulose with anti-phospho-Tyr antibody (or by
radio-autography). Similarly 3 pg of full-length ETK purified from the
insect cells was incubated in the buffer containing 30 mM PIPES, pH 7.0,
10 uM MnCP%, 30 uM ATPE 5 uCi of [y -32P] ATD 1 mM Na, VO, for 20
min at 30°C, in the presence or absence of AG879 (10 nM~1 mM), and the
auto-phosphorylation was measured by radio-autography of the proteins
separated on SDS-PAGE.

Upregulation of ETK by RAS. The ETK protein levels were compared
between normal NIH/3T3 cells and two distinct v-Ha-RAS transformed
cell lines, excluding the possible clonal difference in the ETK levels: stable
v-Ha-RAS cell line (RAS cells) and doxycycline-inducible v-Ha-RAS trans-
formants prepared as described previously.?%2! The lysates of both normal
and RAS cells (20 pg protein of each) were subjected to SDS-PAGE and
immuno-blotted by the anti-ETK antibody. In the case of doxycycline-
inducible RAS transformants, cells were incubated for 2-3 days in the pres-
ence or absence of 2 pg/ml doxycycline, and each lysate (20 pg protein) was
subjected to the SDS-PAGE/ immuno-blot with the anti-ETK.

RESULTS

AG879 (10 nM) Blocks the Activation of PAK1 and Suppresses RAS-
Induced Malignant Transformation, AG879 was reported as an inhibitor
specific for both ErbB2 and VEGF receptor FLK-1 (IC50 is around
1 mM)'2!3 and appears to be metabolically more stable than AG825 in vivo
as it strongly suppresses the growth of RAS-sarcomas in nude mice.
However, the ICy; of AG879 for inhibiting PAKI activation and RAS
transformation in vitro still remained to be determined.

10 nM AG879 surongly blocks PAKI kinase activity in RAS cells with-
out affecting the PAKI protein level (Fig. 1A). However, AG879 does not
inhibit the kinase activity of the purified GST-PAK]1 fusion protein directly
even at 1 uM (Fig. 1B). These observations suggest that ErbB2 is not
involved in the inactivation by AG879 of PAKI in cells. Interestingly,
AGB79 also suppresses the anchorage-independent growth of RAS cells in
soft agar (Fig. 1C). The ICqp of AG879 for the large colony formation is
1-10 nM. However, the inhibition of anchorage-independent growth by
AG879 is not due to non-specific inhibition on cell growth, as at even 100
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& | Figure 2. AG879 blocks the Tyr-phosphorylation of ETK and its association
with PAK1. {A) Serum-starved RAS cells were first incubated with AG879
{0.01-1 uM] for 1hr. The cells lysates {CL) were then immuno-precipitated (IP)
with the anti-ETK antibody as described under “Materials & Methods”,
followed by immunoblot {IB] with anti-phosphoTyr (PY] antibody. (B)
Alternatively, the CL were IP with the anti-PAK1 (top panel) or anti-PY
I e . {bottom panel) antibodies, followed by 1B with anti-ETK {top panel) or anti-PAK1
{bottom panel) antibodies. The fotal PAKT protein level of the bottom panel
was determined by IBing each CL directly. Similar results were oblained
from two or three independent experiments.
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nM AG879 does not affect the anchorage-dependent growth of either
normal or RAS-transformed NIH 37T3 cells (Fig. 1D). These results suggest
that the suppression by AG 879 of both RAS-induced malignant transfor-
mation and PAK1 activation is not due to blocking ErbB2, but another
kinase(s) associated with PAK1.
AG879 Inhibits the Tyr-Phosphorylation of ETK and Its Association
with PAK1. The Tyr-phosphorylation of PAK1 is required for its Ser/Thr
2 kinase activity as the treatment of PAK1with a Tyr-phosphatase reduces its
0.1 o1 ’ kinase activity.”® Activated ETK associates with PAK1 through its PH
AGST79 (pM) domain and activates PAKT by the Tyr phosphorylation.)! To test whether
the Tyr kinase activity of ETK is affected by AG879, serum-starved RAS
D cells were treated with AG879 (0.01-1 uM) in culture for 1hr. Cell lysates
were then immuno-precipitated with the anti-ETK antibody, followed by
immuno-blotting with the anti-phospho-Tyr or anti-ETK antibody. AG879
inhibits the Tyr-phosphorylation of ETK at 10 nM, but does not affect the
ETK protein level (Fig. 2A). Furthermore, using the anti-PAK1 antibody,
we found that AG879 significantly suppresses the ETK-PAKI association
(Fig.2B, top panel) and reduced the Tyr-phosphorylation of PAKI in cells
at 10 nM (Fig.2B, bottom panel). These results suggest that AG879 inhibits
somehow the kinase activity of ETK, thus blocking its auto-phosphoryla-
tion, and association with PAK1, and the Tyr-phosphorylation of PAK1 by
ETK.
. AG879 Inactivates ETK In Vitro. To determine whether AG879 directly
N R inhibits the kinase activity of ETK or not, RAS cells were lysed and
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Figure 1. {A) AG879 inhibits the activation of PAK1 in cells. Serum-siarved RAS cells were incubated with AG879 (0.01-10 uM) for Thr. The cell lysates
were subjected to PAK kinase assay as described under “Materials & Methods”. 10 nM AG 879 clearly inhibited the PAK] activity (phosphorylation of
MBP} in cells {fop panel). Similar levels of PAK1 protein were defected in all lanes as judged by immuno-blot (bottom panel). (B} PAKT is not a direct target
of AG 879. 1 uM AG 879 fails to inhibit significantly the kinase activity of GST-PAK1 in vitro. (C) AG879 inhibits anchorage-independent growth of RAS
cells. RAS cells were planted in soft agar with or without AG879 {0.001~100 uM) as described under “Materials & Methods”. The colony formation was
measured in comparison with that of the control {non-reated) cells. Only large colonies consisting more than 100 cells per colony were counted. The
presented values are the average of those obtained from two independent experiments. (D) AG 879 has no effect on the anchorage-dependent cell growth.

The growih of either normal or RAS4ransformed cells in liquid culture was monitored in the presence or absence of 100 nM AG 879 as described under
“Materials & Methods”.
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Figure 3. AG879 inhibits the kinase activity of ETK in vitro. The lysates of
RAS cells were immuno-precipitated by anti-ETK anfibody. The immuno-pre-
cipitates (1B} were subjected to an in viiro kinase assay in the presence or
absence of AG879 (A, 10 or 100 nM; B, 1 to 10 nM} as described under
“Materials & Methods”. The ETK activity (Tyr-phosphorylation of PAK1} was
monitored by immuno-blot {IB) with anti-PY antibody. Similar protein levels of
ETK were detecied in all lanes by 1B with the anti-ETK antibody. Similar
results were obtained from two independent experiments.

immuno-precipitated with the ant-ETK antibody. The immuno-precipi-
tates were subjected to an in vitro kinase assay in the presence or absence of
AG879 (0.001-10 uM) as described in the “Materials and Methods”.
AG879 (10 nM) stongly inhibits the Tyr-phosphorylation of PAKI by
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Figure 4. Recombinant ETK proteins alone are far less sensitive to AG 879
in vitro. (A} Effect of AG879 on the ETKC from bacteria. The GSTETKC was
auto-phosphorylated in the presence of AG 879 (0, 1 and 10 uM) in vitro
as described under “Materials and Methods”. (B) Effect of AG879 on full-
Jength ETK from insect cells. The fulllength ETK was auto-phosphorylated in
the presence of AG 879 (0, 1 uM and TmM] in vitro as described under
“Materials and Methods”.
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Figure 5. AG879 suppresses the Tyr-phosphorylation of FAK and its associ-
ation with ETK and PAK1. Serum-starved RAS cells were incubated with
AG879 (0.01-1 uM) for Thr. The cell lysates were immuno-precipitated {IP)
with anti-FAK antibody as described under “Materials & Methods”, followed
by immuno-blot (IB] with anti-phospho-Tyr {PY), anti-ETK or anti-PAK antibod-
ies. Similar protein levels were defected in all lanes by IB with the anti-FAK
antibody. Similar results were obtained from two independent experiments.

ETK (Fig.3A), and the ICs, for ETK is around 5 nM (Fig. 3B). Furthermore,
AG 879 has no direcr effect on any other members of TEC family kinases
such as TEC, BTK or ITK, even at 10 uM in vitro (data not shown). These
results suggest that ETK is so far most sensitive to the action of AG879.
However, since the anti-ETK antibody could precipitates not only ETK
itself, but also any proteins forming a tight complex with ETK such as
PAK]1 and FAK, we cannot exclude the possibility that the primary target of
AG 879 might be a third Tyr-kinase which is associated with ETK, and
responsible for the ETK activation.

AG879 (5 nM) Does Not Inhibit Recombinant ETK from Bacteria or
Insect Cells. To clarify whether ETK itself is the primary target of ETK, two
different recombinant ETK samples of human origin were purified from
bacteria or insect cells: a constitutively activated mutant of ETK called
ETKC (residues 243—674) which lacks the N-terminal PH domain purified
from bacteria as a GST fusion protein, and full-length ETK purified from
insect cells. Either the ETKC or the full-length ETK were not inhibited by
AG 879 at 10 nM, although they were significantly inhibited ar 1-10 uM
(sce Fig. 4). Furthermore, in vitro binding of PAK1 in RAS cell lysates to
either the PH domain of ETK or a kinase-dead mutant of ETK (called
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Figure 6. Chemical structure of AG 879 derivatives.
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Figure 7. Anti-ETK activity of AG 879 derivatives. (A) The lysates of RAS
cells were immuno-precipitated by anti-ETK anfibody. The immuno-precipi-
fates {IP] were subjected to an in vitro kinase assay in the absence of any
drug (CONT) or presence of either AG879 (10 nM] or four other derivatives
{10 uM) as described in Figure 3. Only AG 879 inhibits the ETK activity
(Tyr-phosphorylation of PAKT) monitored by immuno-blot {IB} with anti-PY
antibody. Similar protein levels of ETK were detected in all lanes by 1B with
the anti-ETK antibody. Similar results were obtained from two independent
experiments. (B) After RAS cells were treated with either 10 nM GL-2002 or
AG 879 for 1.5 hrs, each cell lysate was subjected to the in vitro PAK1
kinase assay described in Fig. 1B. GL-2002 strongly inhibited PAK1 activa-
tion as did AG 879. Similar resuls were obtained from three independent
experiments.

ETK/KQ) as a GST-fusion protein was not inhibited by 10 nM AG879
(Hirokawa Y, He H, Maruta H, unpublished observation, 2002). These
observations altogether suggest that the primary target of AG879 is not
ETK itself, but rather its associated upstream activator to be identified.

AGS879 Inhibits the Tyr-Phosphorylation of FAK and Its Association
with ETK and PAK1. ETK is a cytoplasmic (non-receptor) Tyr kinase
which is activated at the plasma membranes !0 The N-terminus of FAK
shares significant sequence homology with FERM domains, which are
involved in linking cytoplasmic proteins to the membranes.23?4 It was
shown recently that the activation of ETK by extracellular matrix (ECM) is
regulated by FAK through the interaction berween the PH domain of ETK
and the FERM domain of FAK, and that activated FAK binds ETK and
elevates the Tyr-phosphorylation of ETK.8

To test whether the FAK-ETK interaction is affected by AG879, serum-
starved RAS cells were treated with AG879 (0.01-1uM). Cell lysates were
then immuno-precipitated with anti-FAK antibody, followed by blotting
with anti-phospho-Tyr, anti-ETK or anti-PAKI antibodies separately. As
shown in Figure 5, AG879 suppresses both the Tyr-phosphorylation of FAK
and its association with ETK at 100 nM, but not at 10 nM, whereas AG879

100
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Figure 8. RAS-induced up-regulation of ETK. Upper panel: Up-regulation of
ETK by the Doxycyline-iinduced v-Ha-RAS expression in norma NIH/3T3
cells. Dox-minus, the control [no doxycycline-added); Dox-plus, 2 ug/ml
doxycycline added. Lower panel: Enhanced expression of ETK in v-Ha-RAS-
transformants. N, normal NiH/3T3 cells; R, v-HaRASransformants. The
arrow indicates the ETK band. Both stable and inducible RAS up-regulate the
ETK protein level.

inhibits the FAK-PAK] interaction at 10 nM. These results suggest that
PAK1 associates with FAK probably through ETK, and PAK1 can no longer
interact with FAK when the PAK1-ETK complex is disrupted by AG879.

The Structure-Function Analysis of AG879 Derivatives in Inhibiting
ETK. To determine which side chains of AG879 are essential for the ETK
inhibition, and further screen for a more potent “ETK inhibitor”, we have
examined the anti-ETK activity of several AG879 derivatives shown in
Figure 6. However, none of these derivatives other than AG879 itself
inhibits ETK activity in vitro even at 10 uM (see Fig. 7A). These results
indicate that at least both tert butyl groups at positions 3 and 5, and the thio
group are absolutely essential for AG879 to inhibit ETK. Interestingly, the
ErbB2-specific inhibitor AG825 is distantly related to AG879, but like
AG306, lacks both the thio and tert butyl groups, and in fact shows no anti-
ETK activity at even 1 uM in vitro (data not shown). However, when the
free (thio) amino group of AG879 was alkylated with an amino-hexane
chain, the resulting derivative called GL-2002 was still able to show a strong
anti-ETK activity that blocks the PAK] activation in RAS cells even at 10
nM (Fig. 7B), suggesting that, unlike other side chains, this free amino
group of AG879 is not essential for its anti-ETK activity. Thus, we are
currently generating a series of bioactive immobilized AG 879 (or its water-
soluble N-hexylamine derivative, called GL-2003) by coupling them to
agarose beads through the amino group so thar we can use the AG879/
GL-2003 bead as a ligand for fishing a high-affinity AG879-binding protein(s).

Upregulation of ETK Protein Level by RAS. How does RAS activate
this integrin/FAK/ETK pathway? Although the whole picture of this mech-
anism still remains to be unveiled , we found that v-Ha-RAS upregulates the
protein level of ETK several folds, using both doxycycline-inducible v-Ha-RAS
transformants and stable v-Ha-RAS transformants derived from normal
NIH/3T3 cells (see Fig. 8), clearly indicating that oncogenic RAS signalling
involves ETK.

DISCUSSION

In this study, we have demonstrated that AG879 selectively inac-
tivates the cytoplasmic Tyr kinase ETK with ICs, of about 5 nM.
The inactivation of ETK by AG879 blocks the ETK-PAKI interac-
tion, thereby blocking the Tyr-phosphorylation of PAK1 and its
kinase activity. Interestingly at this concentration AG879 does not
inhibit directly any other kinases induding FAK, PAK, ErbB2,
ErbB1, TRK, TEC, BTK and ITK. However, since the ICy, of this
drug for recombinant ETK proteins alone is 1-10 uM, instead of
5 nM, it is most likely that the primary target of AG879 is not ETK,
FAK or BErbB2 themselves, but an as yet unidentified activator of
ETK. Thus, we are currently identifying this highly AG879-sensitive
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target among the kinases which are associared with ETK, Tyr-phos-
phorylate the kinase-dead (non-auto-phosphorylatable) mutant of
ETK (ETK-KQ), and bind tightly to the AG879/GL-2003 beads.
Our preliminary data suggest that the primary targer is a Tyr-phos-
phorylated protein of 62 kDa (Hirokawa Y and Maruta H, unpub-
lished observation).

ETK is required for the anchorage-independent and tumeorigenic
growth of human breast cancer cells.'! Although ETK alone is not
transforming, it enhances malignant transformation of NIH 3T3
cells caused by a partially activated ¢-Src mutant.?’ ETK can also be
activated by Src family kinases and is responsible for Src activation
of signal transducer and activator of transcription factor 3 (STAT3)
and v-Src-induced transformation.?> In this study we have estab-
lished that ETK is essential for RAS transformation: the concentra-
tion of AG879 that inhibits both RAS-induced PAK]1 activation and
anchorage-independent growth is similar to the 1Cy, for ETK both
in vitro and in vivo.

We have established here that RAS signalling involves ETK by
demonstrating that RAS significantly up-regulates the ETK protein
level. To understand further the detailed mechanism, we are currently
investigating whether this regulation is at either transcriptional or
translational levels or its stability (turn-over rate). In this context, it
is worth noting that ETK is highly expressed in metastatic prostate
and breast carcinoma cell lines such as PC3M which carry oncogenic
KG-RAS mutants.® Since RAS cells in general are both metastatic and
angiogenic, it is conceivable thart at least a part of the reason for the
high expression of ETK in these cell lines might be due to the
constitutive RAS activation. Thus, it would be of great interest to
derermine whether AG879 inhibits the metastasis of these RAS cancer
cell lines in vivo.

It was suggested carlier that AG879 (also called SU0879) sup-
presses angiogenesis by blocking VEGF receptor FLK-1.13 However,
since the VEGF receptor also directly activates ETK!'? which is then
inhibited by AG879 ar 5 nM (200 times more sensitive to this drug
than FLK-1), it is more likely that AG879 suppresses angiogenesis
primarily by blocking ETK, rather than FLK-1. Since oncogenic
RAS mutants up-regulate expression of VEGF through Raf-MEK-
MAP kinase cascade,?6 and VEGF in turn activates ETK through
FLK-1lin endothelial cells, RAS transformation can induce angio-
genesis through this paracrine pathway. Thus, it is conceivable that
the suppression of RAS sarcomas growth by AG879 in mice? might
be ar least in part due to its anti-angiogenic action, (in addition to
blocking the anchorage-independent growth of RAS cells per se).
Interestingly it was recently shown that PAK1 is essential for angio-
genesis. A cell-permeable peptide which blocks selectively the NCK-
PAK1 interaction inhibits BFGF-induced angiogenesis.?’
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Natural killer (NK) cell-type lymphoproliferative disease of
granular lymphocytes (LDGL) is characterized by the outgrowth
of CD3 CD16/56 = NK cells, and can be further subdivided into
two distinct categories: aggressive NK cell leukemia (ANKL)
and chronic NK lymphocytosis (CNKL). To gain insights into
the pathophysiology of NK cell-type LDGL, we here purified
CD3 CD56 " fractions from healthy individuals (n=9) and
those with CNKL (n=9) or ANKL (n=1), and compared the
expression profiles of >12000 genes. A total of 15 ‘LDGL-
associated genes’ were identified, and a correspondence
analysis on such genes could clearly indicate that LDGL
samples share a ‘molecular signature’ distinct from that of
normal NK celis. With a newly invented class prediction
algorithm, ‘weighted distance method’, all 19 samples received
a clinically matched diagnosis, and, furthermore, a detailed
cross-validation trial for the prediction of normal or CNKL
status could achieve a high accuracy (77.8%). By applying
another statistical approach, we could extract other sets of
genes, expression of which was specific to either normal or
LDGL NK cells. Together with sophisticated statistical meth-
ods, gene expression profiling of a background-matched NK
cell fraction thus provides us a wealth of information for the
LDGL condition.
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Introduction

Lymphoid cells (10-15%) in peripheral blood (PB) are char-
acterized by the presence of multiple azurophilic granules in
pale blue cytoplasm, referred to as large granular lymphocytes
(LGLs). Such LGLs originate either from CD3" T cells or
CD37CD16/56" natural killer (NK) cells,! and sustained

outgrowth of LGLs has been designated as lymphoproliferative

disease of granular lymphocytes (LDGL),” granular lymphocyte-
proliferative disorders (GLPD)? or LGL leukemia (LGLL).*

NK cell-type LDGL can be further subdivided into two distinct
categories, that is, aggressive NK cell leukemia (ANKL) and
chronic NK lymphocytosis (CNKL).> The former is a clonal
disorder of NK cells with a very poor outcome. Mono- or
oligoclonal Epstein-Barr virus (EBV) genome can be frequently
found in an episomal position in these NK cells,® suggesting a
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pathogenetic role of EBV in this disorder. The leukemic NK cells
are often refractory to chemotherapeutic reagents, and multiple
organ failure is common to ANKL patients.

In contrast, a chronic, indolent course is characteristic to
CNKL. Individuals with CNKL are often symptom-free with
infrequent fever, arthralgias, and cytopenia, and their NK cells
are rarely positive for EBV genome.”® Although the clonality of
CNKL cells is still obscure partly due to the limited availability
of assessment procedures, one study with X chromosome-linked
gene analysis failed to detect clonality in the affected NK cells,”
suggesting a reactive, rather than a neoplastic, nature of CNKL
condition. This hypothesis is further supported by the fact that
splenectomy can lead to a sustained elevation of PB NK cell
count in vivo.'® However, the hypothesis for the reactive nature
of CNKL may be challenged by the fact that some CNKL patients
were proved to have a clonal proliferation in NK cells and/or to
undergo transformation into NK cell leukemia/lymphoma.’’"?

Making issues further complicated, the diagnostic criteria for
CNKL are not clearly settled yet. Previous reports have proposed
the requirement of sustained (> 6 months) outgrowth of NK cells
in PB (>2.0 x 10” or >0.6 x 10%/1)*® for the diagnosis of CNKL.
However, NK cell count in the PB of CNKL individuals may
fluctuate, and does not always fulfill the criteria. Morice et al'?
have reported that affected NK cells may have a restricted
expression of a single isoform of killing inhibitory receptors
(KIRs), supporting the usefulness of KIR expression as a clonality
marker of NK cells.”® However, these findings yet provide little
information for the nature of affected NK cells in the CNKL
condition,

DNA microarray enables us to measure the expression
level for thousands of genes simultaneously,’*'® and would
be a promising tool to shed light from a new direction on
the pathophysiology as well as diagnostic system for LDGL.
Gene expression profiling with microarray has, for instance,
succeeded in the differential diagnosis between acute
myeloid leukemia (AML) and acute lymphoid leukemia (ALL),
in extracting novel prognostic markers for prostate cancer,'®
and in the identification of molecular markers for myelodys-
plastic syndrome (MDS)'” or chronic myeloid leukemia
(CML).™®

However, simple comparison of tissues or specimens may
only yield pseudopositive and pseudonegative data. Although
NK cells occupy 10-15% of PB mononuclear cells (MNCs) in
healthy individuals, 80-90% of MNCs may be composed of
affected NK cells in CNKL patients. If PB MNCs are simply
compared between these two groups, any genes specific to NK
cells would be considered to be activated in the latter. This
misleading result may not reflect any changes in the amount of
mRNA per NK cell. To minimize such pseudopositive/pseudo-
negative data, background-matched NK cell fractions should be
purified from healthy individuals as well as LDGL patients prior
to microarray analysis. Such approach, referred to as ‘back-



ground-matched population (BAMP) screening’,’” should pin-

point the gene expression alterations truly specific to each
condition.

The efficacy of BAMP screening has been already demon-

strated by Makishima et al'® in the analysis of CD4~CD8* T-
cell type LDGL. CD47CD8™ fractions were purified from PB
MNCs of such LDCL patients and age-matched healthy
volunteers, and were subjected to microarray analysis, resulting
in the identification of novel molecular markers for T cell-type
LDGL.

Analogously, here we isolated CD37CD56F NK cell fractions
from healthy volunteers (n= 9) as well as individuals with CNKL
(n=19) or with ANKL (n=1). By using high-density oligonucleo-
tide microarray, expression profiles for >12 000 human genes
were obtained for these purified NK cell specimens. Analysis of
the data set with sophisticated statistical methods has clarified
that the affected NK cells are clearly distinct from normal ones,
at least, with regard to transcriptome.

Materials and methods
Purification of CD3~CD56™% cells

PB MNCs were isolated by Ficoll-Hypaque density gradient
centrifugation from the subjects with informed consent. The
cells were incubated with anti-CD3 MicroBeads (Miltenyi
Biotec, Auburn, CA, USA), and loaded onto MIDI-MACS
magnetic cell separation columns (Miltenyi Biotec) to remove
CD3 " cells. The flow-through was then mixed with anti-CD56
MicroBeads (Miltenyi Biotec), and was subjected to a MINI-
MACS column for the ‘positive selection’ of CD56™ cells. Cells
bound specifically to the column were then eluted according to
the manufacturer’s instructions, and stored in aliquots at —80°C.

Enrichment of CD37CD56 " NK cell fraction was confirmed
in every specimen by subjecting portions of the MNC and
column eluates to staining with Wright-Giemsa solution and to
the analysis of the cell surface expression of CD3 and CD56 by
flow cytometry (FACScan; Becton Dickinson, Mountain View,
CA, USA). The CD37CD56 " fraction was shown to constitute
>90% of each eluate of the affinity column.

DNA microarray analysis

Total RNA was extracted from the CD37CD56" cell prepara-
tions by the acid guanidinium method, and was subjected to two
rounds of amplification with T7 RNA polymerase as de-
scribed.?® High fidelity of our RNA amplification procedure
has been already reported.’® The amplified cRNA (2 ug) was
then converted to double-stranded cDNA, which was used to
prepare biotin-labeled cRNA for hybridization with GeneChip
HGU95AV2 microarrays (Affymetrix, Santa Clara, CA, USA)
harboring oligonucleotides corresponding to a total of 12625
genes. Hybridization, washing, and detection of signals on the
arrays were performed with the GeneChip system (Affymetrix).

Class prediction by the ‘weighted distance method’

The fluorescence intensity for each gene was normalized
relative to the median fluorescence value of all human genes
on the array in each hybridization. Hierarchical clustering of the
data set and isolation of genes specific to the NK cells from
healthy individuals (Normal) or to those of patients with LDGL

Microarray analysis of NK-type LDGL
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were performed with GeneSpring 5.1 software (Silicon Genetics,
Redwood, CA, USA).

In the comparison of normal- and LDGL-CD37CD56™ cells,
t statistic and effect size (difference in the mean of expression
level between normal and LDGL classes)'® were calculated for
each gene. When a gene showed |t|>3.966 (corresponding to a
significance level of 0.001 in t-test with 17 degrees of freedom)
and |effect size| >3, the difference in expression level between
two classes was considered statistically significant. The genes
showing the significant differences were called as ‘informative
genes’ in this study. Correspondence analysis® was then
performed with ViSta software (http://www.visualstats.org) for
all genes showing a significant difference. Each sample was
plotted in three dimensions, based on the coordinates obtained
from the correspondence analysis.

To examine whether the informative genes were able to
predict the class of the present specimens, we performed class
prediction with our ‘weighted distance method’ (RO et al,
submitted). This prediction method utilizes the dimensions
obtained from correspondence analysis for the informative
genes.

Consider a sample X to be predicted from N samples
{excluding sample X) in the data set (N from class A and Ng
from class B). Each sample can be represented by three
dimensions, d;, ch, and ds, where d; denotes the coordinate in
the ith dimension for the sample. The weighted distance from
L vl = dY)?),
where v; indicates the contribution of the ith dimension from
correspondence analysis, and df and d represent d; for sample
X and sample Y, respectively. Let Dy be the mean value of D
from sample X to N, samples belonging to class A, and Dg be
the mean value of D from sample X to Ng samples belonging to
class B. When Dx/(Da + Dg) < T, the sample X is assigned class
A, and when Dg/(Da + Dg) < T, the sample X is assigned class B,
where Tis a threshold value. In our analysis, the T value was set
to be 0.4. It should be noted that the weighted distance method
could be applied to more than two classes.

In a cross-validation trial for the prediction of normal or CNKL
class, the entire prediction process mentioned above was
repeated for the 18 samples (nine for normal and nine for
CNKL). To predict the class of every sample X, the correspon-
dence analysis was carried out for the informative genes
obtained from the remaining 17 samples. In this case, the
informative genes were selected with a criteria of |t| >4.073
(corresponding to a significance level of 0.001 in ttest with 15
degrees of freedom) and |effect size| > 3.

All raw array data as well as details of the genes shown in the
figures are available as supplementary information at the
Leukemia web site.

sample X to sample Yis defined as D =

‘Real-time’ reverse transcription-polymerase chain
reaction (RT-PCR) analysis

Portions of nonamplified cDNA were subjected to PCR with a
QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA, USA).
The amplification protocol comprised incubations at 94°C for
155, 60°C for 30s, and 72°C for 60's. Incorporation of the SYBR
Green dye into PCR products was monitored in real time with an
ABI PRISM 7700 sequence detection system (PE Applied
Biosystems, Foster City, CA, USA), thereby allowing determina-
tion of the threshold cycle (Cr) at which exponential amplifica-
tion of PCR products begins. The (7 values for cDNAs
corresponding to the glyceraldehyde-3-phosphate dehydrogen-
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ase (GAPDH) and interferon-y (IFNG; GenBank accession 96.0% of those cells (Figure 1, upper panel). Similar purity of
number, X13274) genes were used to calculate the abundance CD3~CD56 ™" fraction was also obtained for the patients with
of IFNG mRNA relative to that of GAPDH mRNA. The CNKL, as demonstrated in the lower panel. The purified cells
oligonucleotide primers for PCR were 5'-GTCAGTGGTG- exhibited a homogenous phenotype of LGL (Figure 1). Success-
GACCTGACCT-3' and 5'-TGAGCTTGACAAAGTGGTCG-3' for ful enrichment of NK cells (>90% purity) was confirmed in
GAPDH, and 5-GGGCCAACTAGGCAGCCAACTAA-3" and every case by flow cytometry and Wright-Giemsa staining of
5 -GGAAGCACCAGGCATGAAATCTCC-3' for IFNG cDNA. cytospin preparations (not shown). Cell number of the
CD3°CD56" fractions obtained in each individual was
3.9 % 10°43.4 x 10° (meants.d.).
Determination of serum level of IFNG protein
Sera were obtained from healthy volunteers and individuals with
aplastic anemia (AA), systemic lupus erythematosus (SLE), virus
infection-associated hemophagocytic syndrome (VAH), LDGL
of «f* T cell, LDGL of y6* T cell, infectious mononucleosis Eluent
(IMN), CNKL, or ANKL. The serum concentration of IFNG was oo
determined by a flow cytometer with Human Th1/Th2 Cytokine L
Cytometric Bead Array Kit (BD Biosciences, San Diego, CA,
USA) according to the manufacturer’s protocols.
Results Normal
Purification of NK cells
To directly compare the transcripiome of normal and affected
NK cells, we here purified CD37CD56% fractions from PB
MNCs of healthy volunteers (n=9) as well as of individuals with
CNKL (n=9) or ANKL (n=1). A total of 19 specimens were thus
registered into this study. The clinical characteristics of the 10
patients (CNKL-1~9 and ANKL-1) are summarized in Table 1.
The LGL count in their PB was 14056 cellssrml+11695
(mean+s.d.). The proportion of CD56™ cells in PB MNC was
>50% in all affected individuals, indicating a predominant
outgrowth of NK cells. All CD56™ fractions in this study were
negative for the surface expression of CD3. CNKL
The mono- or oligoclonal expansion with regard to EBV
infection was confirmed in the NK cells of one CNKL (CNKL-9)
and the ANKL (ANKL-1) patients. Importantly, the CNKL-9
patient with monoclonal expansion of EBY™ NK cells died from
leukemic transformation with infiltration into multiple organs at
24 months after the blood sampling. It is, therefore, likely that ‘
this patient might have been under a transition process toward Figure 1 Purification of CD3"CDS56™ fraction. MNGs isolated
ANKL or been at a very early stage of ANKL. from PB of a healthy vo[untfer (normal) and a patient with CNKL were
; . . used to purify CD3~CD56™* fractions (Eluent). Cell surface expression
Magngtlc bgad—based affinity _column hfis succeeded in a of CD3 and CD56 was monitored in each fraction by flow cytometry,
substantial enrichment of the NK cell fraction. In one healthy and the proportion (%) of CD3~CD56 " cells is indicated. Cytospin
volunteer, for instance, PB MNCs was occupied with 12.3% of preparation of each fraction was stained with the Wright-Giemsa
CD3°CD56" fraction, while the column eluent contained solutions. Scale bar, 50 um.
Table 1 Clinical characteristics of the patients with NX cell-type LDGL
Patient  Disease Age Sex WBC ¢mm®% Lymph ¢/mm®) LGL (/mm®) Hb (g/d) Pit (x 10%/mm® CD3* (%) CD5* (%) CD56" (%) EBV
CNKL-1 CNKL 70 F 5880 4586 3927 14.6 24.1 13 13 78 -
CNKL-2 CNKL 54 M 10190 7133 6842 14.9 61.8 6 10 94 —
CNKL-3 CNKL 73 F 13780 11024 9721 13.2 24.9 9 7 91 n.d.
CNKL-4 CNKL 51 F 16500 11390 8420 13.1 25 21 23 76 n.d.
CNKL-5 CNKL 56 F 21100 17700 16880 13 17 10 9 79 n.d.
CNKL-6 CNKL 62 M 18000 11880 10262 13.1 39.6 13 13 86 n.d.
CNKL-7 CNKL 34 M 22100 13040 6590 16.4 31.2 35 n.d. 51 —
CNKL-8 OCNKL 62 F 45400 43580 22250 1.7 16 3 3 82 n.d.
CNKL-9 CNKL 7% M 14800 13620 105610 1.2 5.8 12 9 75 +
ANKL-1  ANKL 15 F 51700 45760 41360 13.7 20.6 20 20 58 +
F, female; M, male; WBC, white blood cells; Lymph, lymphocytes; LGL, large granular lymphocytes; Hb, hemoglobin; Plt, platelets; n.d., not
determined. Monoclonal or biclonal EBV genome was detected in the NK cells of CNKL-9 or ANKL-1 patient, respectively.
Leukemia



BAMP screening of NK cell fractions

Biotin-labeled ¢RNA was prepared from surface marker-
matched NK fractions from the study subjects, and was
hybridized with high-density ofigonucleotide microarrays (Affy-
metrix HGU95Av2), providing the expression data for >12 000
human genes. To exclude genes that were virtually silent
transcriptionally, we first selected genes whose expression
received the ‘Present’ call from the Microarray Suite 4.0
software (Affymetrix) in at least 10% of the samples, A total of
6494 genes passed this ‘selection window,” and their expression
profiles in the 19 samples are shown in Figure 2a as a
dendrogram, or ‘gene tree,’ in which genes with similar
expression profiles (assessed by standard correlation) among
the samples were clustered near each other. In Figure 2a, several
clusters of genes that were expressed preferentially in either
normal or affected NK cells (shown by arrows) were identified.
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Figure 2 Expression profiles of 6494 genes in NK cell fractions. (a)

Hierarchical clustering of 6494 genes on the basis of their expression
profiles in CD37CD56 “ fractions derived from nine healthy volun-
teers (Normal), nine individuals with CNKL, and one with ANKL. Each
column represents a single gene on the microarray, and each row a
separate patient sample. Expression level of each gene is shown color-
coded, as indicated by the scale at the bottom. Arrows indicate the
positions of clusters of genes that were expressed preferentially in
either normal or affected NK cells. (b) Two-way clustering analysis of
the healthy individuals (Normal-1-9), CNKL patients (CNKL-1-9), and
the ANKL patient (ANKL-1), based on the similarities in the expression
profiles of the 6494 genes demonstrated in (a).
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To statistically evaluate the similarity of the overall gene
expression profiles across the 19 samples, we generated another
dendrogram, a ‘patient tree,’ by the two-way clustering
method,?® with a separation ratio of 0.5 (Figure 2b). The
samples did not clearly cluster into disease-specific branches;
rather, normal and affected NK samples were mixed in several
branches.

Identification of LDGL-associated genes

One of the major goals in this study was to develop expression
profile-based diagnostic procedures for the NK cell disorders.
For such an approach to be meaningful, an important question
to be addressed would be thus to clarify whether affected NK
cells share a specific gene expression profile, or ‘molecular
signature’,” clearly distinct from that of normal NK cells.

‘Therefore, we first tried to identify genes whose expression
level may efficiently differentiate normal NK cells from LDGL
ones. For this purpose, we chose genes whose expression level
differed significantly between the two groups of samples
(Student’s t-test, P<0.001). However, most of the genes thus
identified had a low level of expression throughout all samples,
making their usefulness as molecular markers uncertain. From
these genes, therefore, we selected those whose mean expres-
sion intensity differed by >3.0 arbitrary units (U) between the
two groups. The resultant 15 ‘LDGl-associated genes’ are
shown in a gene tree format (Figure 3a); five of them were
specific to CNKL/ANKL cells, while the remaining 10 genes
were to normal NK cells.

The former group of the genes included those for transcrip-
tional factors involved in the regulation of cell growth and/or
apoptosis. B lymphoma Mo-MLV insertion region (BMI1;
GenBank accession number, L13689), for example, belongs to
the Polycomb type of DNA-binding proteins.”* Intriguingly,
BMIT is expressed in hematopoietic stem cells (HSCs), and plays
an indispensable role in the self-renewal process of HSCs. 2
Therefore, abundant expression of BMIT gene only in the
affected NK cells may be involved in the deregulated outgrowth
of the NK cells. Similarly, a zinc-finger protein ZFR (GenBank
accession number, Al743507) was shown to protect embryonic
cells from apoptosis and provide mitotic activity.?”

Class prediction by our ‘weighted distance method’

We next performed two-way clustering analysis, with a
separation ratio of 0.5,. of the 19 specimens based on the
expression levels of such 15 LDGL-associated genes. As shown
in Figure 3b, the samples clustered into three major branches;
one contains mainly normal NK specimens (with an addition of
CNKL-1), another is composed solely of two CNKL patients
(CNKL-2 and -7), and the other contains only affected NK cells.
It should be noted that the ANKL sample was clustered closely
with CNKL ones in the third branch.

Do the gene-expression profiles of NK cells differ between
healthy individuals and those with NK cell disorders, and, if so,
how different? Is such difference large enough to develop an
expression profile-based diagnosis system? To address these
issues, we performed correspondence analysis?’ to extract three
major dimensions from the expression patterns of the 15 LDGL-
associated genes. On the basis of the calculated three-
dimensional coordinates for each sample, the specimens were
then projected into a virtual space (Figure 3c). All normal
samples were placed at a position clearly far from that of the
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Figure 3 Identification of LDGL-associated genes. (a) Expression
profiles of 15 LDGL-associated genes are shown in a dendrogram,
color-coded as indicated by the scale in Figure 2a. Each row
corresponds to a single gene, and each column to NK cells from
healthy individuals (normal) and patients with CNKL or ANKL. The
gene symbols are indicated on the right. The names, accession
numbers, and expression intensity data for these genes are available at
the Leukemia web site. (b) Two-way clustering analysis of the 19
samples based on the expression levels of the LDGL-associated genes.
(c) Correspondence analysis of the LDGL-associated genes identified
three major dimensions in their expression profiles. Projection of the
specimens into a virtual space with these three dimensions revealed
that the specimens from healthy individuals (normal) were clearly
separated from those from the patients with CNKL or ANKL. The
position of EBV * CNKL-9 sample is indicated.
Leukemia

affected NK cells, indicating that all affected NK cells possessed
a common molecular signature which was distinct from that of
the normal NK cells. Again, here the two samples with clonal
EBV infection (CNKL-9 and ANKL-1) were placed closely with
the other CNKL specimens.

The clear separation of affected NK specimens from normal
ones in Figure 3c also supported the feasibility of an expression
profile-based prediction for NK cell disorders. We therefore tried
class prediction (normal or LDGL) for each specimen on the
basis of the coordinates calculated by the correspondence
analysis. The relative ‘weighted distances’ of a given specimen
to the normal or LDGL group (excluding the specimen for the
prediction) were calculated, and the specimen was assigned a
class when the relative distance to the class was <0.4. As
demonstrated in Table 2, our weighted-distance method could
correctly predict the class of every sample examined, making
the array-based diagnostic procedure of NK cell-type LDGL into
reality.

Comparison of ‘Normal vs CNKL’ by the
weighted-distance method

Given the large difference in the clinical course between CNKL
and ANKL, there may be gene-expression alterations specific to
the latter condition, which characterize its aggressive clinical
course. Therefore, it might be appropriate to investigate these
two conditions separately. We thus focused on the comparison
between normal individuals and those with CNKL, and tried to
assign, by the weighted-distance method, either normal or
CNKL class to every specimen among nine healthy individuals
and nine patients with CNKL.

To accurately measure the prediction power of our weighted-
distance method, we conducted a cross-validation trial (i.e.,
‘drop-one-out’ format) for the diagnosis of normal or CNKL
class. To predict the class of sample X, ‘CNKL-associated genes'’
were extracted from the comparison of remaining 17 samples

Table 2 Diagnosis by the ‘weighted-distance method’
Patient ID Clinical Distance to Distance to Prediction
diagnosis normal LDGL
Normal-1 Normal 0.207 0.793 Normal
Normal-2 Normal 0.256 0.744 Normal
Normal-3 Normal 0.192 0.808 Normal
Normal-4 Normal 0.200 0.800 Normal
Normal-5 Normal 0.211 0.789 Normal
Normal-6 Normal 0.229 0.771 Normal
Normal-7 Normal 0.311 0.689 Normal
Normal-8 Normal 0.352 0.648 Normal
Normal-9 Normal 0.391 0.609 Normal
CNKL-1 LDGL 0.729 0.271 LDGL
CNKL-2 LDGL 0.845 0.155 LDGL
CNKL-3 LDGL 0.854 0.146 LDGL
CNKL-4 LDGL 0.877 0.123 LDGL
CNKL-5 LDGL 0.800 0.200 LDGL
CNKL-6 L.DGL 0.877 0.123 LDGL
CNKL-7 LDGL. 0.735 0.265 LDGL
CNKL-8 LDGL 0.861 0.139 LDGL
CNKL-9 LDGL 0.868 0.132 LDGL
ANKL-1 LDGL 0.842 0.158 LDGL

The relative weighted distance to the normal group (distance to normal)
or to LDGL group (distance to LDGL} was calculated, and used to
assign a class {normal or LDGL) to each sample.



according to the criteria used in Figure 3a (P<0.001 in Student’s
t-test, and |effect size|>3). The number of such CNKL-
associated genes ranged from 4 to 10. Correspondence analysis
was carried out for the expression profiles of the CNKL-
associated genes, and was used to calculate the relative
weighted distance of the ‘dropped’ sample X to either normal
or CNKL class. As shown in Table 3, with a T-value of 0.4, a
clinically matched prediction was obtained for 14 (77.8%) out
of 18 cases, while one case (CNKL-2) was unpredictable and
three cases (normal-6, normal-8 and CNKL-1) received a
prediction incompatible with the clinical diagnosis. Therefore,
even in a cross-validation assay, the weighted-distance method
could achieve a high accuracy.

For comparison, we also conducted a cross-validation trial of
class prediction by using a known prediction algorithm, the ‘k-
nearest neighbor method’ (http://Awww silicongenetics.com/
Support/GeneSpring/GSnotes/class_prediction.pdf). Among the
18 samples tested, only 10 samples (55.6%) received correct
prediction, indicating the superiority of our weighted distance
method.

Since CNKL-9 patient had NK cells with EBV in a clonal
episomal form, and had progressed into an ANKL phase in a
refatively short period, we questioned if this patient had an
atypical molecular signature for CNKL. To visualize the
similarity of transcriptome of CNKL-9 sample with that of the
other CNKL ones, the result of the cross-validation trial for
CNKL-9 is demonstrated as a virtual-space format in Figure 4a.
Correspondence analysis of nine genes that most efficiently
differentiated normal-1-9 from CNKL-1-8 has identified three
major dimensions in their expression pattern, and projection of
the CNKL-9 patient together with the other samples in a 3D
space indicated that CNKL-9 had an expression profile highly
similar to that of the other CNKL subjects at least in the space of
these nine highly informative genes.

To confirm the similarity in the gene-expression profile of
EBV' ANKL cells to the CNKL ones, we next carried out
correspondence analysis for the ANKL-1 patient. Statistical
comparison of transcriptome between Normal-1-9 and CNKL-
1-9 subjects identified a total of seven genes, which contrasted
the expression profile of normal NK cells from that of CNKL NK
cells. As shown in Figure 4b, projection of the ANKL-1 patient
into a 3D space constructed from the data of such seven genes

Table 3 Cross-validation of disease prediction

Patient ID Clinical diagnosis Prediction
Normal-1 Normal Normal
Normal-2 Normal Normal
Normal-3 Normal Normal
Normal-4 Normal Normal
Normal-5 Normal Normal
Normal-6 Normal CNKL
Normal-7 Normal Normal
Normal-8 Normal CNKL
Normal-9 Normal Normal
CNKL-1 CNKL Normal
CNKL-2 CNKL Unpredictable
CNKL-3 CNKL CNKL
CNKL-4 CNKL. CNKL
CNKL-5 CNKL CNKL
CNKL-6 CNKL CNKL
CNKL-7 CNKL CNKL
CNKL-8 CNKL CNKL
CNKL-9 CNKL CNKL

Microarray analysis of NK-type LDGL
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demonstrated that the EBV ™ ANKL-T sample was plotted at a
neighbor position to those of the CNKL samples. In accordance
with the 3D view, the weighted-distance method also con-
cluded that the ANKL-1 sample belonged to the same class with
the CNKL ones (data not shown). These analyses unexpectedly
suggested that the gene expression profile characteristic to
CNKL NK cells is also shared with EBV" NK cells. It should be
noted, however, that additional genetic changes specific to EBV
infection may exist, and account for the fulminant clinical
character of EBV" LDGL.
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Figure 4 Investigation of the EBV " samples. (a) We could isolate
nine genes, expression of which differentiated normal NK cells
(normal) from indolent CNKL ones (CNKL-1-8). The EBV " CNKL-9
was projected into a virtual space together with the other normal and
CNKL specimens, based on the coordinates calculated by the
correspondence analysis of such nine genes. (b) A total of seven
genes were identified to be differentially expressed between normal
NK cells {(normal) and CNKL cells. The ANKL-1 sample was projected
into the virtual space as in (a).
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Isolation of single-gene markers for LDGL diagnosis

The gene set identified in Figure 3a may potentially be the
candidate genes to construct custom-made DNA microarrays for
disease diagnosis of NK cell disorders. Since availability of DNA
microarray systems is still restricted in current hospitals,
however, it would be valuable if a high expression of single
gene or its product can be used as a reliable marker for such
purposes. For instance, it would be highly useful if the serum
level of a protein can help to diagnose NK cell disorders. Given
the presence of false data even with DNA microarray, it is
unlikely that an expression of any single gene can correctly
diagnose all samples. Therefore, here we have tried to isolate
genes whose high expression may be ‘sufficient’ to predict the
presence of NK cell-type LDGL, but the absence of its
expression may not necessarily mean that the NK cells are
normal. Such type of predictor genes should be strictly
inactivated in all normal NK cells, but become activated in, at
least, a part of the NK cells in the LDGL group.

To screen such type of predictors, first, the mean expression
value of each gene was calculated for the normal or LDGL
group. Then, with the use of GeneSpring software, we searched
for genes whose expression profiles were statistically similar,
with a minimum correlation of 0.95, to that of a hypothetical
‘LDGL-specific gene’ that exhibits a mean expression level of
0.0 U in the normal group and 100.0 U in the LDGL group. From
such 652 genes identified, we then applied another criteria that
gene-expression value should be (i) >60.0U in, at least, one of
the LDGL samples, and (ii) <25.0U in all normal samples. A
total of six genes were finally identified to be 'LDGL-specific’
(Figure 5a). Here we have tried to extract LDGL-specific genes
with minimum false-positive results, while allowing false-
negative ones. Therefore, we should confidently tell that the
given NK cells are of LDGL if one of the ‘LDGL-specific genes’ is
highly expressed in the specimens.

Conversely, we also tried to identify ‘normal-specific genes’
through the same approach. Firstly, a total of 1424 genes were
identified to be statistically similar to a hypothesized ‘normal-
specific gene’ that has a mean expression value of 100.0 U in the
normal group, but of 0.0U in the LDGL group. Among these
genes, those whose expression was kept below 25.0 U through-
out the samples in the LDGL group, but became activated at
>60.0U in, at least, one sample in the normal group were
selected. We could thus extract a set of 22 genes, expression of
which was specific to normal NX cells (Figure 5b).

Confirmation of overproduction of IFNG

NK cells become activated and produce IFNG in response to the
stimulation with 11-2,2% 11-12,%% and 1L-15.%% Under physiolo-
gical circumstances, however, activated NK cells eventually
undergo apoptotic changes to prevent overactivation of the
immune system. interestingly, IFNG itself provides a survival
signal onto NK cells, and, therefore, sustained incubation with
IFNG of NK cells protects efficiently them from cell death.*’ it
was thus provocative to find IFNG in our LDGL-specific genes
(Figure 5a), indicating a potential role of IFNG in the outgrowth
mechanism of NK cells in the LDGL condition.

Here we have confirmed the disease-specific expression of
IFNG gene by a quantitative ‘real-time’ RT-PCR assay. As shown
in Figure 6a, abundant expression of IFNG mRNA was only
detected in the purified NK cell fraction of LDGL patients, but
not of the normal controls. Furthermore, a high concentration of
IFNG protein was also observed in the sera of CNKL/ANKL
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Figure 5 Identification of single-gene markers for LDGL. (a)
Dendrogram showing the expression profiles of six genes whose
expression intensity was kept suppressed in normal NK cells, but
became activated in a part of affected NK cells. Each row represents a
single gene, and each column a separate patient sample. Expression
tevel of the genes is shown colored according to the scale in Figure 2a.
(b) Expression profiles of 22 ‘normal-specific genes’ are demonstrated
as in (a). Two different oligonucleotide sets for the alphaE-catenin
(CTNNAT1) gene are present on an HGU95Av2 array.

patients (Figure 6b), proving that overexpression of IFNG mRNA
in NK cell disorders leads to the systemic elevation of IFNG
protein level. Interestingly, overexpression of IFNG protein was
also noticed in the patients with IMN. High expression of IFNG
in IMN individuals may result from the infection of EBV
associated with IMN, or may indicate the activated status of T
or NK cells in the condition of IMN.

Discussion

In this manuscript, we tried to clarify whether gene-expression
profiling can help to differentiate NK cells of LDGL individuals
from those of healthy ones. Toward this goal, we first purified
NK cell fractions from study subjects, which are characterized
by the absence of cell surface CD3 molecule and the presence of
CD56 antigen. Analysis with these isolated NK cells should be
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Figure 6 Confirmation of overexpression of IFNG. (a) Quantitation

of IFNG mRNA in NK cell fractions. Complementary DNA was
prepared from the NK cell fractions, and was subjected to real-time
RT-PCR analysis with primers specific for the IFNG or GAPDH genes.
The ratio of the abundance of IFNG mRNA to that of GAPDH mRNA
was calculated as 27, where n is the Cy value for GAPDH cDNA minus
the Gy value for IFNG cDNA. (b) Sera were obtained from healthy
volunteers (healthy) and individuals with aplastic anemia (AA),
systemic lupus erythematosus (SLE), virus infection-associated hemo-
phagocytic syndrome (VAH), LDGL of 2™ T cell, LDGLof y§ * T cell,
infectious mononucleosis (IMN), CNKL, or ANKL. The expression
level of IFNG protein in the sera was determined by flow cytometry,
and shown as pg/ml.

intrinsic for an accurate comparison of the disease status, since
simple comparison with PB MNCs would be severely influenced
by any changes in the cell composition of PB MNCs in each
individual.

However, even by using expression profiles of the purified
fractions, similarity of the expression pattern of all gene set
failed to clearly separate the affected NK cells from normal ones
(Figure 2b), indicating the necessity of a diagnostic system with
a ‘supervised’ algorithm. For this aim, we first extracted gene
clusters, expression of which was specific to either normal or
affected NK cells. Correspondence analysis on the expression
patterns of such ‘LDGL-associated genes’ has succeeded in the
reduction of the number of pattern dimensions into three. To our
surprise, projection of all samples into this 3D space clearly
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demonstrated that the affected NK cells (CNKL/ANKL) were
placed clustered at a position separate from that of normal NK
cells (Figure 3c). With coordinates in such decomposited
dimensions, we then invented a novel class prediction means,
‘weighted-distance method’. As expected from the clear
separation in the 3D view, the weighted-distance method
provided correct prediction for all samples studied. A cross-
validation trial for the disease diagnosis also gave a highly
accurate prediction rate (77.8%).

Given a high incidence of clonal EBV infection in ANKL cells,
EBV is believed to play an essential role in the pathogenesis of
this fulminant disorder. From the point of view of gene-
expression profile, the NK cells positive for EBV infection
(CNKL-9 and ANKL-1) shared gene-expression patterns char-
acteristic to other indolent CNKL cells. For instance, a
comparison of normal NK cells and CNKL samples (except
EBV ™ CNKL-9) has identified a total of nine CNKL-related genes
including those for nuclear matrix protein-2 (GenBank acces-
sion number, D50926), cytochrome C (D00265), tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation pro-
tein, theta polypeptide or 14-3-3 protein tau (X56468), O-linked
GlcNAc transferase (AL050366), IFNG, chemokine C-C motif
receptor T (CCR1; D10925), chondroitin sulfate proteoglycan 2
(X15998), and fibrinogen-like 2 (A1432401). The 3D view of the
correspondence analysis for these ‘CNKL-associated’ genes
clearly demonstrated that the EBV' CNKL-9 subject was
included in the other indolent CNKL group (Figure 4a).
Similarly, another EBV" subject (ANKL-1) was placed closely
with the CNKL samples, according to the expression profiles of
the genes which differentiated CNKL cells from normal NK cells
(Figure 4by).

These data propose a hypothesis that gene-expression
alterations characteristic to an activated, yet indolent, prolifera-
tion of NK cells found in CNKL patients also take place in the
highly proliferating NK cells in EBV™" individuals. In other
words, a similar mechanism may be utilized for the sustained
outgrowth of NK cells both in the individuals with CNKL and
ANKL. It should be emphasized, however, that the number of
EBV ™" samples (n=2) in these analyses was too small to extract
any conclusive remarks on the pathophysiology of proliferating
EBV ™ NK cells. Nevertheless, we believe that it was interesting
to find that EBV™ NK cells may share a molecular signature with
EBV™ LDGL cells.

We finally tried to identify single-gene markers, the presence
or absence of which helps the diagnosis of LDGL. A total of 22
genes were shown to be specific to normal NK cells, including
those for cyclin-dependent kinase inhibitor 1A (CDKNT1A;
GenBank accession number U03106) or CIP1, dual-specificity
phosphatase 6 (DUSP6; AB013382), toll-like receptor 2 (TLR2;
AF051152), tissue inhibitor of metalloproteinase 1 (TIMP1;
D11139), and aldo-keto reductase family 1 member C3
(AKR1C3; D17793) (Figure 5b).

CDKNT1A is transcriptionally regulated by the activity of p53,
and functions as a major effector for antitumor activity of p53,
through the suppression of cyclin-dependent kinase activities.?
Therefore, loss of expression of CDKNTA may allow uncon-
trolled transition at the G,-M boundary in the cell cycle, and
may partially account for the overgrowth of NK celis in LDGL
individuals. Similarly, DUSP6 antagonizes MAPK activities via
dephosphorylation of the latter kinases.*® Decrease of DUSP6
expression may therefore contribute to overactivation of MAPK
and to enhanced mitogenesis.

AKR1C3 catalyzes conversion of aldehydes and ketones to
alcohols in vivo. Although its role in NK cells is unknown yet,
downregulation of its transcription has been also reported in the
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LGLs of T cell-type LDGL."® Comparison with DNA microarray
of CD4~CD8™ T-cells between healthy individuals and those
with T cell-type LDGL has identified the AKR7C3 gene as the
specific marker to the former. Decrease of AKRTC3 message was
also confirmed by quantitative ‘real-time’ RT-PCR method in
those patients. Transcriptional suppression of AKR1C3 was thus
revealed in affected LGLs for both NK cell- and T cell-type
LDGL, and may be a common marker for the diagnosis of LDGL
condition.

A number of growth-promoting factors were found in the
‘LDGL-specific genes’ in Figure 5a. IFNG and BIRC3>* are, for
instance, known to protect NK cells from apoptosis, and IRF4
has an oncogenic activity in vivo.*® Additionally, CHD1
contains an SNF2-related helicase/ATPase domain, and is
presumed to be involved in the regulation of chromatin structure
and gene transcription as well,*®

Our data, together with that by Mizuno et al’' suggest that the
serum concentration of IFNG protein may be an indicator of NK
cell-type LDGL. Direct production of IFNG by affected NK cells
may also imply the presence of an autocrine loop for the NK cell
growth.

The mechanism by which affected NK cells produce IFNG
is still to be revealed. It is known that 1L-2, 1L-12, IL-15, and IL-
18 all activate production of IFNG in NK cells. In our microarray
data set, however, none of IL-2, IL-12, and IL-18 were found
to be significantly expressed in the subjects (not shown).
Although 1L-15 was moderately expressed in our NK
samples, its expression level did not differ between normal
and affected NK cells. In support of this notion, we could not
detect significant level of IL-2 protein in the examination of
serum level of cytokines (not shown). Therefore, it is currently
an open question as to whether activation of IFNG transcription
in the affected NK cells is a secondary event from the
stimulation by other cells such as T cells, or intraceilular
mechanism of IFNG expression is deregulated in the affected
NK cells.

Conclusion

We have characterized the transcriptome of a relatively
uncommon disorder, NK cell-type LDGL. Comparison of
purified NK cells between healthy and CNKL individuals led
to the identification of gene sets which are useful in the
expression profile-based differential diagnosis of the disorder.
Such disease-associated genes have also provided us insights
into the molecular pathogenesis of NK cell-type LDGL. Together
with further optimization of statistical methods, increase in
the number of both genes and subjects for the analysis would
help to define and clarify the clinical entities of NK cell
disorders.
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