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SUMMARY

Acute myeloid leukemia (AML) originates from self-
renewing leukemic stem cells (LSCs), an ultimate
therapeutic target for AML. Here we identified T cell
immunoglobulin”° mucin-3 (TIM-3) as a surface
molecule expressed on LSCs in most types of AML
except for acute promyelocytic leukemia, but not
on normal hematopoietic stem cells (HSCs). TIM-3*
but not TIM-3~ AML cellis reconstituted human AML
in immunodeficient mice, suggesting that the TIM-3"
population contains most, if not all, of functional
LSCs. We established an anti-human TIM-3 mouse
IgG2a antibody having complement-dependent and
antibody-dependent cellular cytotoxic activities.
This antibody did not harm reconstitution of normal
human HSCs, but blocked engraftment of AML after
xenotransplantation. Furthermore, when it is admin-
istered into mice grafted with human AML, this
treatment dramatically diminished their leukemic
burden and eliminated LSCs capable of reconstitut-
ing human AML in secondary recipients. These data
suggest that TIM-3 is one of the promising targets
to eradicate AML LSCs. ‘

INTRODUCTION

\

Acute myeloid leukemia (AML) is a clonal malignant disorder
derived from a small number of leukemic stem cells (LSCs).
LSCs self renew and generate leukemic progenitors that actively
divide to produce a large number of immature clonogenic
leukemic blasts (Bonnet and Dick, 1997; Hope et al., 2004;
Lapidot et al., 1994). This hierarchical stem cell-progenitor-
mature cell relationships in AML appears to simulate normal
hematopoiesis that originates from hematopoietic stem cells
(HSCs) with self-renewal activity. We have shown that like
normal HSCs, AML LSCs are quiescent in vivo and appear to
reside at the endosteal “osteoblastic” niche in the bone marrow
based on our analysis in a xenograft model (Ishikawa et al.,
2007). AML LSCs are resistant to chemotherapeutic reagents
that usually target cycling malignant cells. In the majority
(~90%) of AML patients, the conventional chemotherapies can
diminish the leukemic clones to achieve remission. However,

~60% of such remission patients still relapse, and the recur-
rence of AML in these patients should originate from LSCs that
survive the intensive chemotherapies. Therefore, the LSC should
be the ultimate cellular target to cure human AML.

To eradicate the AML LSC without killing normal HSCs, it is crit-
ical to isolate a molecule that is expressed or functions specifically
at the AML LSC stage (Krause and Van Etten, 2007). It has been
shown that the AML LSCs mainly reside within the CD34*CD38™
fraction of leukemic cells and can reconstitute human AML in
immunodeficient mice (Lapidot et al., 1994), although recent
studies have suggested that LSCs can exist also in CD34*CD38*
(Taussig et al., 2008) or CD34™ blastic fractions at least in some
types of AML (Martelli et al., 2010; Taussig et al., 2010). Normal
HSCs with long-term reconstitution activity also have the CD34"
CD38~ phenotype (Bhatia et al., 1997; Ishikawa et al., 20085).
However, the expression pattem of other surface molecules in
the CD34*CD38" fraction of AML cells is different from that of
normal controls. For example, CD34*CD38~ AML cells possess
many phenotypic characteristics analogous to normal granulo-
cyte/macrophage progenitors (GMPs) (Yoshimoto et al., 2009).
Previous studies have reported molecules preferentially
expressed in AML cells. Such molecules include CLL-1 (van Rhe-
nen et al., 2007), CD25, CD32 (Saito et al, 2010), CD33 (Florian
et al., 2006; Hauswirth et al., 2007), CD44 (Florian et al., 2006;
Jin et al., 2006), CD47 (Jaiswal et al., 2009; Majeti et al., 2009),
CD96 (Hosen et al., 2007), and CD123 (Jin et al., 2009; Yalcintepe
et al., 2006). However, in our hands, some of these molecules are
expressed in LSCs ata level insufficient for clear distinction, are ex-
pressed also in normal HSCs at a considerable level, or are found
only ina fraction of AML cases. Itis therefore criticalto isolate ideal
targets for AML LSCs with sufficient specificity and sensitivity.

Here we report a new surface molecule that might be useful to
eradicate AML LSCs leaving normal HSC intact. We performed
differential transcriptional profiling of AML LSCs and HSCs and ex-
tracted the T cell immunoglobulin mucin-3 (TIM-3) as a promising
AML LSC-specific target surface molecule. TIM-3 is originally
found as a surface molecule expressed in CD4* Th1 lymphocytes
in mouse hematopoiesis and is an important regulator of Th1 cell
immunity and tolerance induction (Monney et al., 2002; Sabatos
etal., 2003; Sanchez-Fueyo et al., 2003). Murine TIM-3 is also ex-
pressed in CD11b* macrophages and CD1 1c* dendritic cells and
recognizes apoptotic cells’ phosphatidylserine through its 1gV
domain to mediate phagocytosis (Nakayama et al., 2008).

We found that human TIM-3 was expressed in the vast
majority of CD34*CD38~ LSCs and.CD34*CD38" leukemic
progenitors in AML of most FAB types, except for acute
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Figure 1. The Expression of LSC-Specific Surface Molecules in AML
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The CD34*CD38" adult bone marrow HSCs and CD34*CD38~ AML LSCs were purified and tested for their surface molecule expression.

(A) Results of cDNA microarray analysis of HSCs and AML LSCs. Representative genes coding surface molecules that are expressed highly in AML LSCs are
shown. TIM-3 is expressed specifically in LSCs at high levels in the majority of AML patients. Patient numbers correspond to those in Table S1.

(B) The expression of representative surface proteins in HSCs and AML LSCs on FACS.

promyelocytic leukemia (M3). TIM-3 was not expressed in
CD34*CD38~ normal HSCs or the vast majority of CD34*
CD38" normal progenitors. Administration of anti-human TIM-3
mouse antibodies with a complement-dependent cytotoxicity
(CDC) and an antibody-dependent cellular cytotoxicity (ADCC)
selectively inhibited engraftment and development of human
AML in xenograft models. Our data strongly suggest that the
use of TIM-3 to target AML LSCs is a promising approach for
the improvement of leukemia therapy.

RESULTS

TIM-3 Is Expressed in the CD34*CD38" Fraction of AML
Patients’ Bone Marrow Cells

In most types of AML, LSCs are concentrated in the CD34*
CD38~ fraction of AML cells (ishikawa et al, 2007; Lapidot
et al,, 1994), whose phenotype is common to normal adult
HSCs. Patients’ characteristics are shown in Table S1 available )
online. To search for the AML LSC-specific molecules, 10,000
each of purified CD34*CD38~ AML cells and CD34*CD38-
normal HSCs were subjected to cDNA microarray analysis. We
extracted 256 genes with >4-fold change between normal

Cell

HSCs and CD34*CD38~ AML cells and then selected 197 differ-
entially expressed genes with <0.01 of a cut-off p value
(Table S2). Genes coding surface molecules that are expressed
highly in CD34*CD38~ AML cells were selected for this study.
Figure 1A shows the mRNA levels of candidate LSC-specific
surface molecules in purified CD34*CD38~ AML cells and
normal HSCs. The molecules expressed in CD34*CD38~ AML
cells at levels >8-fold higher as compared to normal HSCs
included TIM-3 and previously identified LSC-specific molecules
such as CLL-1 (van Rhenen et al., 2007), CSF1R (Aikawa et al.,
2010), and CD96 (Figure 1A; Hosen et al., 2007). As shown in
Figure 1B, TIM-3 protein was highly expressed in CD34*CD38~
AML cells but not in normal HSCs. We focused on TIM-3 not only
because it is expressed spebiﬂcally in CD34*CD38~ AML cells at
high levels, but also because it is expressed in the majority of
patients with most AML types.

We evaluated the TIM-3 protein expression on cell surface of
AML cells by FACS analysis. As shown in Figure 2, the vast
majority of the CD34*CD38~ LSCs as well as CD34*CD38*
progenitor fractions in AML M0, M1, M2, and M4 types
expressed TIM-3 atahighlevelin virtually all cases studied. In AML
MS5, M6, and M7, a considerable fraction of CD34*CD38~ cells
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Figure 2. The Expression of TIM-3 in Stem and Progenitor Populations of AML
The representative expression pattern of TIM-3 in the CD34*CD38" LSC fraction (top) and distribution of TIM-3 in

Expression of TIM-3 in each FAB type of AML.

of Each FAB Type

CD34*CD38" LSCs, CD34*CD38* leukemic progenitors, and CD34~ Jeukemic blasts (bottom) are shown.

expressed TIM-3. TIM-3 was, however, not expressed in the
CD34*CD38™ population in all five M3 cases tested. In general,
TIM-3 was expressed in both CD34*CD38~ LSCs and
CD34*CD38* leukemic progenitor fractions, but its expression
tended to decline at the CD34™ leukemic blast stage (Figure 2,

bottom).

The TIM-3-Expressing of AML Fraction Contains the
Vast Majority of Functional LSCsin a Xenograft Model
Recent studies have suggested that at least in some AML cases,
LSCs that are capable of initiating human AML in xenograft
models reside not only within the CD34*CD38~ fraction but

also outside of this population including CD34*CD38* (Taussig
et al, 2008) or CD34~ (Martelli et al, 2010; Taussig
et al., 2010) AML cells. To evaluate whether functional AML
LSCs express TIM-3, 108 cells of human TIM-3* and TIM-3~
AML populations were transplanted into sublethally irradiated
immunodeficient mice. We used NOD.Cg-Rag?™™ ™™
ll2rg™™/Sz) (NRG) mice for the xenogeneic transplantation
experiments, by which higher chimerism of human hematopoi-
etic cells was observed in xenotransplantation assays (Pearson
et al., 2008). Recipients transplanted with TIM-8* and TIM-37
AML cells were sacrificed 8-10 weeks after transplantation.
As shown in Figure 3, human CD45*CD33* AML cells were
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Figure 3. The TIM-3* AML Population Contains the Vast Majority of Functional LSC Activity :

! (A) A representative analysis of xenotransplantation of purified TIM-3* or TIM-3~
AML cells after transplantation.

AML cells from patient 27 into NRG mice. Only TIM-3" cells reconstitute hCD45*

(B) Summarized data of four independent experiments. Only TIM-3* (not TIM-37) AML cells reconstituted human AML cells in xenotransplantation experiments in
all experiments, suggesting that most functional LSCs reside in the TIM-3* AML fraction.
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Figu}e 4. TIM-8 Is Expressed in Monocytes and Their Progenitors in Normal Hematopoiesis

(A) TIM-3 expression in normal mature blood cells.

(B) TIM-3 expression in normal hematopoietic progenitors. A fraction of GMPs but not other myeloid progenitors express TIM-3.
(C) Results of clonogenic assays of myelo-erythroid progenitors including single TIM-3* GMPs out of five independent experiments. The vast majority of TIM-3*

GMPs gave rise to macrophage colonies (CFU-M).

reconstituted only in mice transplanted with TIM-3* AML cells,
whereas TIM-3~ AML cells failed to reconstitution in all four
AML cases tested (Figure 3B). Thus, all 23 mice injected with
TIM-3* AML cells reconstituted human AML, whereas 11 mice
" injected with TIM-3~ AML never developed human AMLs after
transplantation. These results strongly suggest that LSCs exclu-
sively reside within the TIM-3* fraction in human AML at least in
these patients.

TIM-3 Is Not Expressed in Normal Adult HSCs,
and Its Expression Begins after Cells Are Committed

- to the Monocyte Lineage
Murine TIM-3 is expressed in a fraction of Th1 cells, monocytes,
dendritic cells, and mast cells (Anderson et al., 2007; Monney
et al., 2002; Nakae et al., 2007). The expression of human TIM-3
protein in normal steady-state human hematopolesis is shown
in Figures 4A. In periphery, TIM-3 was expressed in monocytes
and a fraction of NK cells, but not in granulocytes, T cells, or
B cells (Figure 4A). In the bone marrow, TIM-3 was not expressed
in normal HSCs (Figure 1) or the vast majority of the CD34*CD38*
progenitor population. Within the CD34*CD38* fraction, TIM-3
was expressed only in a fraction of GMPs at a low level, but
not in common myeloid progenitors (CMPs), megakaryocyte/
erythrocyte progenitors (MEPs) (Figure 4B), or common
lymphoid progenitors (CLPs) (not shown). In clonogenic
colony-forming unit (CFU) assays, the vast majority of purified
TIM-3* GMPs gave rise to CFU-M, whereas colonies derived
from TIM-3~ GMP contained CFU-GM as well as CFU-G and
CFU-M (Figure 4C). These data strongly suggest that TIM-3 up-
regulation mainly occurs in concert with the monocyte lineage
commitment at the GMP stage in normal hematopoiesis.

Anti-Human TIM-3 Antibodies Did Not Impair
Development of Normal Hematopoiesis

To selectively eliminate TIM-3-expressing AML LSCs in vivo, we
developed a monoclonal antibody against TIM-3 that has an
efficient interaction with cellular Fc receptors on innate immune
effector cells. It has become clear that the ADCC activity is one of

the most important factors to eliminate target cells in antibody
therapies (Nimmerjahn and Ravetch, 2007). A TIM-3 monoclonal
antibody (IgG2b) was obtained by immunizing Balb/c mice with
L929 cells stably expressing human TIM-3 and soluble TIM-3
protein. The variable portion of the VH regions of the cloned
hybridoma that recognize TIM-3 were then grafted onto IgG2a
Fc regions, because 1gG2a subclass is most efficient to induce
ADCC activity in mice (Nimmerjahn and Ravetch, 2005; Uchida
et al., 2004). The established clone, ATIK2a, possessed CDC
activities in EoL-1 and L929 cells transfected with TIM-3 (Fig-
ure 5A), as well as Kasumi-3, an AML cell line that spontaneously
expresses TIM-3 (not shown). Importantly, ATIK2a displayed
strong ADCC activity against TIM-3-expressing EoL-1 and
L9829 cells in vitro (Figure 5B).

We first tested the effect of ATIK2a treatment on reconstitution
of normal HSCs in a xenograft model. The major effectors in
ADCC reaction are NK cells. Because NRG mice do not have
NK cells because of yc mutation (Pearson et al.,, 2008), we
used NOD-SCID mice for this experiment to potentiate ADCC
activity of ATIK2a antibodies. NOD-SCID mice were sublethally
irradiated and were transplanted with 10° CD34* adult human
bone marrow cells. 15 ug of ATIK2a was intraperitoneally in-
jected to mice 12 hr after transplantation, which was followed
by further injections of 15 pg of ATIK2a once a week until mice
were sacrificed at 12 weeks after transplantation. Injection of
ATIK2a did not affect reconstitution of normal hematopoiesis:
The percentage of human cells were equal (~1 %), and human
B and myeloid cells were normally reconstituted irespective of
ATIK2a treatment in three independent experiments (not shown).
We also tested the effect of this ATIK2a treatment in NOD-SCID
mice transplanted with 10° CD34* cord blood cells. Cord blood
cells have potent reconstitution activity in NOD-SCID mice, and
percentage of hCD45" human cells reached ~50% after trans-
plantation (Figure 5C). Again, the chimerism of human cells
was equal, and CD19* B cells and CD33* myeloid cells were re-
constituted irrespective of ATIK2a treatment (Figure 5C, left). In
mice injected with ATIK2a, however, human TIM-3* monocytes
were removed (Figure 5C, right). These data suggest that
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Figure 5. ATIK2a, a New Monoclonal Antibody against TIM-3,
Reconstitution

Has CDC and ADCC Activities and Does Not Harm Normal Hematopoietic

(A) CDC assays to evaluating the killing effect of ATIK2a antibodies on EoL-1 and L929 cell lines with enforced expression of human TIM-3.

(B) ADCC activities of ATIK2a on TIM-3-expressing EoL-1 and L929 cell lines.

(C) The effect of ATIK2a treatment on human hematopoietic reconstitution in NOD-SCID mice transplanted with 10° CD34* human cord blood cells. 15 ug of
ATIK2a was intraperitoneally injected to mice 12 hr after transplantation, which was followed by further injéctions of 15 pg of ATIK2a once a week until mice
were sacrificed at 12 weeks after transplantation. In this experiment, percentages of human cells in 10 each of mouse groups treated with control or ATIK2a

antibodies were equivalent at 12 weeks after transplantation.

targeting TIM-3 does not affect development of normal hemato-
poiesis but remove TIM-3-expressing monocytes.

Anti-Human TIM-3 Antibodies Effectively Blocked
Development of AML LSCs but Not that of Normal HSCs
We then tried to test the effect of ATIK2a in AML LSCs. We trans-
planted 1 0° bone marrow cells of AML patients (patients 6, 8, 15,
18, and 26) into NOD-SCID mice. The bone marrow of patients 6,
9, 15, and 26 were completely occupied with AML clones, and
normal HSCs were not seen on FACS. Samples of each patient
were transplanted into six mice, and three mice each were
treated with 15 pg of ATIK2a or control IgG 12 hr after transplan-
tation and with the same dose of antibodies once a week (Fig-
ure BA). Mice were sacrificed 16 weeks after xenotransplanta-
tion. As shown in Figure 6B, the chimerism of AML cells were
low in the NOD-SCID xenotransplant system. Nonetheless,
ATIK2a injection significantly blocked AML reconstitution in
these mice. In all of these patients, mice injected with control
1gG showed reconstitution of CD34*TIM-3* cells that contained
primitive AML stem or progenitors as well as CD33" AML blasts

(Figure 6B). In contrast, in mice treated with  ATIK2a, the
leukemic clone was barely detectable, and did not contain
detectable numbers of CD34* cells (not shown), displaying
significantly lower chimerisms as compared to control mice in
all four independent experiments (Figure 6C).

The bone marrow of patient 18 possessed a smali fraction of
CD34*CD38~CD90*TIM-3" cells that was phenotypically normal
HSCs, In addition to the major fraction of CD34*CD38~
CDO0~TIM-3* AML LSCs (Figure 6D). Interestingly, in mice trans-
planted with the bone marrow from this patient, ATIK2a injection
induced reconstitution of normal myeloid and B cells, whereas
control mice developed AML. These data strongly suggest
that the ATIK2a treatment selectively inhibited development of
human AML, presumably by targeting LSCs, instead allowing
normal HSCs to reconstitute human hematopoiesis in vivo.

TIM-3 Targets Leukemic Stem Cells

In testing the inhibitory effect of ATIK2a on established human
AML in a xenotransplant system, we used the NRG mice to
increase engraftment efficiency of human AML cells. Eight

712 Cell Stem Cell 7, 708-717, December 3, 2010 ©2010 Elsevier Inc.



Cell Stem Cell
TIM-3 Targets AML Stem Cells

A

AML cells

92%)

15ug of ATIK2a or control IgG
IP weekly

®

\“3 B
NOD-SCID 4
xenotransplantation sacrificed y 0.05| 016 - 57 ,,i %
[ ‘
[ . S
=)y
L 1. - 1%
CD34
c . .
Patient 6(M1) Patient 9(M2) Patient 18(M2) Control
hos —*— H1e. —— CD34+CD3g" NOD-SCIDBM ~ hCD45* cells
go4 J Szl | . . | . sorted hCD45+ cells
5 03 1 Q@ L T EE
2 fos8 s. P AML | * ‘ .
0 02 [=] = H
£ 04 £0 _ 965 D G
° 0k o o - r‘; .,.‘ o) SRl S W op R
32 “Control ATIK2a 2 Control ATIK2a CD33
Patient 15(M2) Patient 26(M4) +ATIK2a
bas —in b1z, — NOD-SCIDBM ~_hcD45* cells
8 f: | S os o o, 14858 cell sorted hCDas+ cells
; L 51
g 1.0 §0'4 O«Y ,«:.
£05 | £ B
= 5 e
2 ContolATIZa 2 OGontrol ATIKza CD33

Figure 6. ATIK2a Antibodies Blocked AML Reconstitution in NOD-SCID Mice

(A) Schedule of ATIK2a administration in NOD-SCID experiment. ATIK2a treatment was started 12 hr after the transplantation.

(B) Analysis of mice transplanted with AML bone marrow cells at 16 weeks after transplantation. Three control mice (left top) showed reconstitution of human
CD45" cells, and the majority of these cells were TIM-3*CD33* AML cells that contained CD34* leukemic progenitor or stem cell populations {right). In contrast,
mice treated with ATIK2a (left bottom) have only a small number of hCD45* cells. Representative data of patient 9 are shown.

(C) Summary of four independent experiments to test the effect of ATIK2a on reconstitution of AML bone marrow cells from patients 6, 9, 15, and 26. In all exper-
iments, ATIK2a treatment significantly inhibited the AML reconstitution. Three mice per group were analyzed.

(D) Selective inhibition of AML reconstitution by ATIK2a in mice reconstituted with the bone marrow of patient 18, which contained both normal HSCs and AML
LSCs (left). Injection of the bone marrow cells resulted in AML development in control mice (right top), whereas mice treated with ATIK2a developed normal hema-

topoiesis (right bottom).

weeks after injection of 106 AML cells, engraftment of human
AML cells were confirmed by blood sampling. In NRG mice,
ATIK2a cannot fully exert its ADCC effects because of a lack of
NK cells. Therefore, we injected a high dose (80 pg) of ATIK2a
to maximize its CDC effects on AML cells in vivo. These mice
were treated with ATIK2a or control 1gG, 3 times a week for
4 weeks (Figure 7A). In all four cases tested (patients 7, 14, 27,
and 28), ATIK2a treatment significantly reduced human CD45*
AML burden in vivo: ATIK2a strongly suppressed or eliminated
the TIM-3* AML fraction (Figure 7B, left) that contains all func-
tional LSCs in our hand (Figure 3B), as well as the CD34*CD38~
LSC fraction (Figure 7B, right, and Figure 7C), suggesting that
reduction of leukemic burden by ATIK2a was achieved at least
in part by killing LSCs.

In patients 7 and 27, in order to verify the anti-AML LSC effect
of ATIK2a treatment, 10® human CD45* AML cells from the
primary NRG recipients were further retransplanted into
secondary NRG recipients. In patients 14 and 28, however,

reduction of AML cells by ATIK2a in primary recipients was
very severe, and we could not harvest sufficient numbers of
AML cells to transplant into secondary recipients. We then eval-
uated the re-engraftment of AML cells in secondary recipients
8 weeks after transplantation. All seven mice transplanted with
bone marrow cells from primary recipients treated with control
IgG developed AML, whereas none of 10 mice transplanted
with cells from ATIK2a-treated primary recipients developed-
AML. Representative data in patient 27 are shown in Figure 7C.
These data again suggest that functional LSCs were effectively
eliminated by ATIK2a treatment in primary recipients.

DISCUSSION

To selectively kill AML LSCs sparing normal HSCs, one of the
most practical approaches is to target the AML LSC-specific
surface or functionally indispensable molecules. To achieve
specificity for LSCs, the target molecule should be expressed

Cell Stem Cell 7, 708-717, December 3, 2010 ©2010 Elsevier Inc. 713




Cell Stem Cell
TIM-3 Targets AML Stem Cells

PRESS
A s0u of ATIK? . ¢ After treatment
a or control
@ AN calls IP'3 imes/week ¢ Control ATIK2a
X ompg T, o
recipients »10.21 2.85 "1<0.02 0.
Sy L& (et 3 g | glRepes
(hCD45%) [
1st transplant pLg—— 4 2nd transplant O :iI O~ ) pes
AML engraftment #untficad o e S T
CD38 CD38
B . .
Patient 7 Patient 14 8 weeks after 2nd transplant
-3+ CD34+CD38" -3+ CD34+CD38"

T",\,A 8 & . s T'M,a N . Control ATIK2a
tH 50 o245 b 6 2025 . 319 <0.1
2% a1 : §oa )
= = i
B 30 3 e 5 4 ?2o15 -

3 26 2 33 | 45
8 20 lag Q 82010
S210 =2 T2 2 0.05
S8 Ml _mm XT — 280 L3
Control ATIK2a Control ATIK2a Control ATIK2a Control ATIK2a Secondary
; . recipients
Patient 27 Patient 28 (Patient 27)
‘ TIM-3+ CD34+CD38" TIM-3+ CD34+CD38"
L1001 G025 T 42 ——
= 80 g:go.zo = 10
= =
f, 60 92015 5 : NA
é 40 2 Q 0.10 é 4
£220 03005 fo2
<80 2% o 280
Control ATIK2a Control ATIK2a Control ATIK2a

Figure 7. ATIK2a Antibodies Reduced the AML Burden at

Least Targeting Functional LSCs

(A) Schedule of ATIK2a administration to test the effect on established human AML in NRG mouse experiments. ATIK2a treatment was started 8 weeks after

transplantation.

(B) Summary of four independent experiments to assess the effect of ATIK2a on established human AML cells in vivo (patients 7, 14, 27, and 28). In all exper-
iments, ATIK2a treatment significantly reduced hCD45* AML burden. Within the hCD45* population, the TIM-3* AML fraction that should contain AM LLSCs (see
Figure 3) was also reduced by this treatment. The percentages of CD34*CD38" cells, in which LSCs were concentrated, were also reduced. Three to six mice in

each group were analyzed.

(C) The phenotype of engrafted hCD45* cells in primary recipients (top). 10° hCD45* AML cells were then harvested from primary recipients treated with ATIK2a or

control IgG, and then retransplanted into the secondary NRG recipients. ATIK2a efficiently

patient 27 are shown.

on LSCs at a high level but not on normal HSCs. In addition,
when the molecule is expressed also in leukemic progenitors
or blasts, it will help mass reduction of AML clones. It should
not matter whether the molecule is expressed in normal mature
blood cells or progenitor cells, because if norhjal HSCs are
spared, they should be able to replenish all mature blood cells
after treatment.

TIM-3 is expressed in the CD34*CD38~ AML LSC fraction as
well as the majority of their downstream CD38* leukemic
progenitors in most AML types except for M3. TIM-3* but not
TIM-3- AML population engrafted and reconstituted human
AML in NRG mice, suggesting that functional LSCs almost exclu-
sively reside in TIM-3" cells. In contrast, normal HSCs do not
express TIM-3. Thus, TIM-3 should be useful molecules to target
AML LSCs without seriously affecting normal hematopoiesis. In
steady-state human hematopoiesis, TIM-3 is not expressed in
HSCs or myeloerythroid or lymphoid progenitor populations.
TIM-3 expression begins at the GMP stage, in parallel with
monocyte lineage commitment (Figure 4). Furthermore, in addi-
tion to TIM-3, the expression profiling data show that the CD34"

blocked reconstitution of AML cells (bottom). Representative results of

CD38" LSC fraction expressed many monocyte lineage-related
molecules such as CD86 and CSF1R at a high level (Figure 1). In
this context, LSCs in most AML types, except for M3 that might
be of granulocytic lineage leukemia, may activate some mono-
cyte lineage-related programs.

ATIK2a, a TIM-3 antibody with ADCC and CDC activities, selec-
tively blocked the human AML engraftment and/or developmentin
NOD-SCID mice, whereas it did not disturb normal HSC engraft-
ment. Furthermore, in NRG mice transplanted with human AML
cells where percentage of engrafted human cells reached 5%~
60% (Figure 7B), ATIK2a treatment reduced or eliminated CD34*
CD38~ and TIM-3* LSC-containing fractions within the bone
marrow of primary recipients, resulting in failure of re-engraftment
of primary recipients’ bone marrow cellsinto secondary recipients
(Figure 7C). Collectively, it is likely that ATIK2a eradicated func-
tional AML LSCs in vivo, sparing normal HSCs.

To use surface markers for targeting AML LSCs, specificity as
well as sensitivity should be critical. TIM-3 has an advantage
against other candidate markers in several aspects: Detectable
levels of TIM-3 protein is not expressed in normal HSCs or other
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progenitors except for only a fraction of GMPs. Furthermore, TIM-
3isexpressedinLSCs ata high level, and its expression was found
in the vast majority of CD34*CD38™ cells of MO, M1, M2, and M4
AMLs in all cases tested. As shown in Figure 1, the mRNA expres-
sion level of CD25, CD32, CD44, and CD47 in LSCs was only 2-to
3-fold higher as compared to normal HSCs, and in some AML
cases, LSCs did not express these molecules. CD33 and CD123
proteins were detectable in normal HSCs (Figure 1B) as well as
most myeloid progenitors including CMPs and GMPs (Taussig
et al., 2005). In fact, prolonged cytopenias have been observed
in AML patients treated with gemtuzumab, a recombinant human-
ized CD33 monoclonal antibody conjugated with the cytotoxic
antibiotic calicheamicin, and this side effect could be due to
CD33 expression in normal HSCs (Taussig et al., 2005). CLL-1,
CSF1R, TIM-3, and CD96 are the group of molecules that are
specifically expressed in LSCs. Among all, the sensitivity of TIM-
3 is likely to be the highest at least for AML M0, M1, M2, and M4
(Figures 1B and 2). Thus, TIM-3 might be one of the most useful
therapeutic targets at least for these AML types.

It may also be important to understand function of these mole-
cules in maintenance or reconstitution capability of LSCs. For
example, it was shown that CD44 monoclonal antibodies
reduced the leukemic burden and blocked secondary engraft-
ment in a NOD-SCID model (Jin et al., 2006). This effect on
LSCs was mediated in part by the disruption of LSC-niche inter-
actions (Jin et al., 2006). CD47 antibodies can block LSC recon-
stitution and inhibited the growth of engrafted human AML in
a NOD-SCID model (Majeti et al., 2009). However, the interpreta-
tion of this result is difficult because the anti-LSC effect of CD47
antibody treatment in this xenograft model could be due to
induction of xenogeneic rejection by blocking the ligation of
human CD47 expressed on LSCs with mouse SIRPA: NOD-
type SIRPA expressed on host macrophage is agonistic for
human CD47 to block phagocytotic signals, resulting in the
induction of tolerance for human cells in this model (Takenaka
et al., 2007). The effect of TIM-3 antibodies in our study might
be due to killing activity for their target cells that should include
LSCs. It is, however, still important to understand the role of
TIM-3 signaling in LSC functions by, for example, testing the
effect of activation or suppression of TIM-3 signaling on LSC
fate decision.

In summary, TIM-3 is a promising surface molecule to target
AML LSCs of most FAB types. Our in vivo experiments strongly
suggest that targeting this molecule by monoclonal antibody
treatment is a practical approach to eradicate human AML.

EXPERIMENTAL PROCEDURES

Clinical Samples

The bone marrow samples of 34 adult AML cases diagnosed according to
French-American-British (FAB) and WHO criteria were enrolled. Human adult
bone marrow and peripheral blood celis were obtained from healthy donors,
Cord blood cells were obtained from full-term deliveries. Informed consent
was obtained from all patients and controls in accordance with the Helsinki
Declaration of 1975 that was revised in 1983, The Institutional Review Board
of Kyushu University Hospital approved all research on human subjects.

Antibodies, Cell Staining, and Sorting

For the analyses and sorting of human HSCs and progenitors, cells were
stained and sorted by FACS Aria (BD Biosciences) as we have previously re-
ported (Kikushige et al., 2008; Yoshimoto et al., 2009). In brief, for the analyses

and sorting of HSCs and myeloid progenitors, cells were stained with a Cy5-
PE- or PC5-conjugated lineage cocktail, including anti-CD3 (HIT3a), CD4
(RPA-T4), CDB (RPA-T8), CD10 (HI10a), CD19 (HIB19), CD20 (2H7), CD11b
(ICFR44), CD14 (RM0O52), CD56 (NKH-1), and GPA (GA-R2); FITC-conjugated
anti-CD34 (8G12), anti-CDY0 (SE10), or anti-CD45RA (HI100); PE-conjugated
anti-TIM-3 (344823), CD33 (HIM3-4), CD96 (NK92.39), or anti-CD123 (6H8B);
APC-conjugated anti-CD34 (8G12) or anti-CD38 (HIT2); and Pacific Blue
conjugated anti-CD45RA (HI100), and biotinylated anti-CD38 (HIT2), or anti-
CD123 (9F5). For analysis and sorting of human cells in the immunodeficient
mice, FITC-conjugated anti-CD33 (HIM3-4), PE-conjugated anti-CD19
(HIB19), PE-Cy7-conjugated anti-CD38 (HIT2), and APC-conjugated anti-
CD45 (J.33) monaclonal antibodies were used in addition to the antibodies
described above. Streptavidin-conjugated APC-Cy7 or PE-Cy7 was used for
visualization of the biotinylated antibodies (BD PharMingen, San Jose, CA).
Nonviable cells were excluded by propidium iodide (PI) staining, Appropriate
isotype-matched, irrelevant control monoclonal antibodies were used to
determine the level of background staining. The cells were sorted and
analyzed by FACS Aria (BD Biosciences, San Jose, CA). The sorted cells
were subjected to an additional round of sorting withthe same gate to eliminate
contaminating cells and doublets. For single-cell assays, an automatic cell-
deposition unit system (BD Biosciences, San Jose, CA) was used.

In Vitro Assays to Determine the Differentiation Potential of Myeloid
Progenitors

Clonogenic colony-forming unit (CFU) assays were performed with a methyl-
cellulose cutture system that was set up to detect all possible outcomes of
myeloid differentiation as reported previously (Kikushige et al., 2008; Manz
et al,, 2002). Colony numbers were enumerated on day 14 of culture. All of
the cultures were incubated at 37°C in a humidified chamber under 5% CO,.

Microarray Analysis

Twelve AML samples and five normal adult HSCs samples were investigated
with Sentrix Bead Chip Assay For Gene Expression, Human-6 V2 (lllumina).
In brief, total RNA was extracted with TRizol (Invitrogen) from FACS-sorted
AML CD34*CD38" cells and normal CD34*CD38"Lin~ HSCs, and biotinylated
complementary RNA was synthesized with two round amplification steps via
MessageAmpll aRNA Ampilification Kit and lllumina TotalPrep RNA Amplifica-
tion Kit (Applied Biosystems), 1.5 ug of cRNA from each sample was hybrid-
ized to the Bead Chip. After staining and washing, Bead Chip was scanned
with an lllumina Bead Array reader. Microarray data were analyzed with
Gene Spring GX11.01 software (Agilent Technologies). According to the
guided workflow for lllumina single color experiment, normalization algorithm
of 75-percentile shift was used, and the preprocessing baseline was adjusted
to median of all samples. )

Production of Recombinant Anti-Human TIM-3 Mouse Monoclonal
Antibody

Human TIM-3 cDNA were cloned from normal pancreas cDNA (Clontech).
Female Balb/C mouse (7-week-old, Purchased from Charles River) was immu-
nized with L929 cells stably expressing TIM-3 four times and soluble human
TIM-8 protein once. Four days after the final injection, spleen cells were fused
with SP2/0 cells by the PEG method and selected in the HAT-medium. Hybrid-
omas were screened by FACS and clone-sorted. cDNAs encoding the variable
regions amplified by SMART RACE cDNA Kit (Clontech) and specific primers
(Doenecke et al., 1997) were ligated to mouse 19G2a or Igk constant region.

Evaluation of ADCC and CDC Activities of ATIK2a Antibodies

ADCC and CDC were determined as previously described with slight modifica-
tion (Shields et al., 2001; Tawara et al., 2008). For ADCC, target cells and IL-2-
cultured peripheral blood mononuclear cells prepared from healthy volunteers
were incubated with antibodies (1 ug/mL, Effecter/Target ratio = 25), Cytotox-
icity was analyzed by CytoTox 96 Non-Radioactive Cytotoxicity Assay (Prom-
ega) as follows: specific lysis [%] = (Ag — Aniio)/(Amax — Ars) X 100, where Agis
absorbance of experiment, Ay is allogenic reaction (no antibody control),
Awax is maximum, Ars is target spontaneous release. For CDC, viability of
target cells incubated with rabbit sera was assayed by CellTiterGlo (Promega,
no antibody control = 100%). UPC 10 (Sigma) replaced in PBS was used as an
isotype control,
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Transplantation of AML Cells into Immunodeficient Mice

NOD-SCID and NRG mice (stock#7799) were purchased from The Jackson
Laboratory. The mice were housed in a specific-pathogen-free facility in
micro-isolator cages at the Kyushu University. Animal experiments were per-
formed in accordance with institutional guidelines approved by the Kyushu
University animal care committee. NOD-SCID and NRG mice were irradiated
at a sublethal dose (2.4 Gy and 4.8 Gy, respectively). in transplantation of
AML cells, NOD-SCID mice additionally received a single intraperitoneal injec-
tion of 200 pg purified CD122 antibodies that were generated from TM-B1
hybridoma (Tanaka et al., 1993) before transplantation, based on the expecta-
tion that it induces transient reduction of NK cells and helps human cell
engraftment. We did not inject CD122 antibodies in transplantion of normal
bone marrow or cord blood cells. AML cells or CD34" cells from adult bone
marrow and cord blood cells were transplanted via a tail vein.

Statistical Analysis

Data were presented as the mean + standard deviation. The significance of the
differences between groups was determined via Student's  test.
ACCESSION NUMBERS

The microarray data are available in the Gene Expression Omﬁibus (GEOQ)
database (http://www.ncbinim.nih.gov/gds) under the accession number
24395,
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Interaction of the Eph family of receptor protein tyrosine kinases
and their ligands, ephrin family members,. induces bidirectional
signaling through cell—cell contacts.- High expression of B-type..
ephrin is associated with high invasion potential of tumors, and
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 chains of types I, II, and III collagen as well as a wide range of

we previously observed that signaling through the C-terminus of .

ephrin-B}Lmediatés th'g migration and invasion. of cells, and:is -
involved in the promotion. of carcinomatous peritonitis in vivo..,
Here we show that the intracellular introduction of a synthetic
peptide derived from ephrin-B1 C-terminus blocks ephrin-B1 medi- .,
ated signaling in scirrhous gastric cancer cells. Treatment of cancer .,

the highly invasive phenotype of ephrin-B1

non-collagenous substrates, regulation of this MMP family

member through the ephrin-B1 C-terminus might contribute to

‘ exg_res'sing cancer,

cells by degradation of the extracellular matrix.®>2 " "
In order to facilitate the application of ephrin-B1 1o developa’

novel molecular therapy, the synthetic peptide derived from eph-

rin-B1 C-terminus was evaluated for its effects on tumor sup- .

pression. A 13 amino acid (aa) peptide (GRKKRRQRRRPPQ)
.derived from . the protein transduction domain . (PTD). of

 cells with a fusion peptide consisting of HIV-TAT and amino acids .
331-346 of ephrin-B1 (PTD-EFNB1-C) suppressed the activation of |

RhoA, mediated by the association of ephrin-B1 with an adaptor |
protein. Dishevelled, and also_inhibited. extracellular. secretion of
metalloproteinase. Moreover, injection of PTD-EFNB1-C. peptide -
into the peritoneal cavity,of nude mice suppressed carcinomatous .

BIV-TAT elicits transport of its fusion protein through cellular .
membranes and is generally used for the intracellular delivery *
of proteins. > In this report, we show that a fusion protein con-
sisting of PTD and ephrin-B17°'7% attenuates the signaling™

 through ephrin-B1, and suppresses cancer promotion including

cancer cells. These results indicate the possible application of .,

ephrin-B1.C-terminal peptide to develop novel protein therapy for. .

scirrhous. gastric. carcinoma, especially, in_the stage , of ;tumor
progression, including peritoneal dissemination. (Cancer Sci 2010; ,
101: 87-93) ) et SRR ST R 1)

F o B

T he. members of .the Eph receptor family can be classified
preferential binding to ligands tethered to the cell surface either
by a glycosylphosphatidy] inositol-anchor (ephrin-A) or a trans-
membrane domain (ephrin-B)."~> The interaction of EphB
receptor protein tyrosine kinases and their ephrin-B ligands
induces bidirectional signaling through the resultant cell-cell

_contacts. Ephrin-B has an intracellular domain that includes sites
for tyrosine phosphorylation by means of Src fam“i_lz kinases and
a docking site for proteins with a PDZ domain.“® These sites
give ephrin-B ligands at least two ways of involving intracellu-

- Iar signaling. In addition, we and others previously reported that
the association of Dishevelled with the C-terminal region-of .-
ephrin-B1, which was independent of the PDZ domain; affects
the cell motility through regulation of the small. GTPase,
RhoA. " Although investigation of the functions of Eph recep-
tors and ephrins have focused on the deyelopment of the vascu
lar and nervous systems, the roles of Eph—ephrin pathways in
epithelial cells and cancers have also attracted interest. %12
Overexpression of B-type ephrin in cancer cells is reported to

th “high" invasion - and ' high “vascularity ™ of

correlate .~ w.

tumors, 519 and elevated expression of ephrin-B1 is observed

in poorly differentiated invasive tumor cells and other tumors
with poor clinical prognosis.”'® As one of the mechanisms of
ephrin-B1l mediated enhancement of cancer cell. invasion, we
previously reported that the C-terminus of ephrin-B1 regulates
the exocytosis of MMP-8 in response to the interaction with the
EphB2 receptor, which depends on the intracellular signaling.
including activation of Arfl GTPase.

(9 Because MMP-8 is

expressed in wide variety of cells and it cleaves all three: o=

doi: 10.1111/.1349-7006.2009.01352.x -
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' B1 and GST-GGA3 have been described previously.™ R i
.. polyclonal antibody that recognizes ephrin-Bl (C18)-was pur-

- with the entire extracellular

, ‘ sec I " carcinomatous peritonitis of scirrhous gastric cancer in vivo, "
peritonitis .of intraperitoneally transplanted  scirthous . gastric - . ' \ oy e

Materials and Methods DG PR SR Sy
Plasmids, “antibodies andreag nt ‘ephrm-l
) Rabbit.

sm . ents. Plasmids encodin

chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The, goat polyclonal antibody .against ephrin-B1, which reacts
domain, was purchased from R&D

into two groups based on their sequence similarity and their. " ; Systems, (Minneapolis,, MN, USA). Polyclonal ,‘ahtjbddiés_,fdlr‘f,' |

Dishevelled and HA-epitope were purchased from Santa Cruz®
Biotechnology. Antibody for MMP-8 was from Millipore (Bill-
erica, MA, USA). Monoclonal antibodies for HIV-TAT*'~* and
myc-epitope- (9E10) were purchased. from Abcam (Cambridge,
UK) “and Santa” Cruz, respectively. ' PTD-EFNB1-C peptide
was synthesized as a fusion peptide of HIV-TAT PTD -
with ephrin-B1- (aa 331-346) connected by a linker GGG;
GRKKRRQRRRPPQGGGVQEMPPQSPANIYYKY. As a con-
trol, the scrambled sequenced peptide that contains the same aa .

_composition of the PTD-EFNBI-C was synthesized as follows:

GRKKRRQRRRPPQGGGEISKPMYPQVQVYPNA.
- Cell culture, transfection, and peptide treatment. The 44As3

- cell line was cultured in RPMI-1640 supplemented with 10%
- FBS:@¥ Cos] cells were cultured in DMEM with 10% FBS. For

transient: expression 'assays;: Cosl' cells” were' transfected with
lasmid DNA using FuGene6 reagent: (Invitrogen, Carlsbad,
CA, USA). Peptides were added to the cultured cells at the final

oncentration of 1or 5 pm, & v 0T el L

i

" cell migration’ assay ahqwéollaguen&g‘el"ihvlasibﬁ""';sséy. Migra- =
tion assay and collagen gel invasion assay were ((:?gr)n

ed out using
Transwell chambers ‘as: d ' The assays .
were done three times;. . RIS LATH: ! ,
' RhoA-GTP and Arfi-GTP: pull-down  assay. The activation of
RhoA and Arf] was examined by affinity precipitation of GTP- .
bound RhoA with the GST fusion protein of the RhoA binding

cfibed previously

_4To whom correspondence should be addressed. E-Eﬁavil:,;s.a‘k'ai@ricc.go.Jp
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domain of Rho kinase (GST-RB), and GTP-Arfl with GST-
tagged GGA3 (GST-GGA3) as described.”'®

In vivo peritoneal dissemination assay. The animal experi-
mental protocols were approved by the National Cancer Center
Committee for Ethics of Animal Experimentation, and the
experiments were conducted in accordance with the guidelines
for Animal Experiments in the National Cancer Center (Tokyo,
Japan). Peritoneal dissemination of tumors was tested by i.p.
injection of 2 x 10° 44As3 cells suspended in 0.3 mL RPMI-
1640 medium into 6-week-old BALB/c nude mice (n = 20;
CLEA Japan, Tokyo, Japan). The mice were killed 12 days after
injection and peritoneal dissemination was evaluated. When the
tumors were treated with the peptides, 6.25 um PTD-EFNB1-C
peptide in 0.4 mL of PBS per body was injected i.p. 3 days post
transplantation of cancer cells, and chased every 24 h at the
same concentration until the mice were killed.

Immunohistochemical analysis. Tumor tissues disseminated in
the peritoneal cavity of nude mice were fixed, and embedded in
paraffin. Paraffin blocks were sectioned in slices and subjected
to immunohistochemical staining using the indirect polymer
method with Envision reagent (Dako, Carpinteria, CA, USA).
Antigen retrieval was carried out by placing sections in the cit-
rate buffer and autoclaved according to the manufacturer’s
instructions. Sections were incubated with specific antibody
against PTD of HIV-TAT.

Results

Peptide derived from ephrin-B1 C-terminus attenuates inter-
action of ephrin-B1 with Dishevelled and activation of RhoA. Our
previous observation that ephrin-B1 is involved in promoting
the invasion of cancer cells through the signaling including its
C-terminal region led us to determine whether the peptide
derived from ephrin-B1 C-terminus would affect the invasion of
cancer cells.” To this end, a fragment of ephrin-B1 C-termi-
nus containing aa 331 to 346 was fused to the PTD peptide
derived from HIV-TAT for intracellular delivery through cellu-
lar membranes (PTD-EFNB1-C; Fig. 1, top).?* 44As3, an eph-
rin-B1 expressing cell line of scirrhous gastric carcinoma, was
previously used to evaluate the involvement of ephrin-B1 in

L 270 346
Ephrin-B1 [ !
! YY YY W
HIV-1 TAT#8-60 Ephrin-B]331-346
| | | 1

PTD-EFNB1-C  GRKKRRQRRRPPQ GGG VQEMPPQSPANIYYKV

Scrm
(A) (C) (E)

PBS

Anti-TAT

Anti-ephrin-B1-C

carcinomatous peritonitis.® When the 44As3 gastric scirrhous
carcinoma cells were incubated with the PTD-EFNB1-C fusion
peptide or control peptide Scrm, the peptides were diffusely
detected in the cytoplasm and also in the nucleus of almost ail
of the cells within 30 min and thereafter until at least 48 h by
immunostaining with anti-HIV-TAT antibody (Fig. 1A,C.E).
The partial nuclear localization of the fusion peptide was
previously reported as a characteristic feature of PTD of HIV--
TAT.®> The amount of the exogenous C-terminal fragment of
ephrin-B1  derived from the peptide was significantly
higher than the endogenous wild-type ephrin-B1, which was
preferentially localized to the cell membrane, as judged
from the comparison of the intensity of the immunostaining
with the antibody reactions to the ephrin-B1 C-terminus
(Fig. 1B,D,F).

In order to monitor the effect of the PTD-EFNBI1-C fusion
peptide on ephrin-B1 mediated signaling, the interaction of eph-
rin-B1 with the adaptor protein Dishevelled, which physicallsy
associates with the C-terminus of ephrin-B1, was examined.”*®
The binding of exogenously expressed ephrin-B1 with Xenopus
Dishevelled was inhibited by the addition of the PTD-EFNB1-C
peptide onto the transfected cells in a dose-dependent manner,
but not by the control peptide Scrm (Fig. 2A, left). The fusion
peptide also effectively suppressed the association of endoge-
nous proteins of ephrin-B1 and Dishevelled in 44As3 cells
(Fig. 2A, right). '

The interaction of ephrin-B1 with Dishevelled causes the acti-
vation of small GTPase RhoA.""* Therefore, the biochemical
effect of the PTD-EFNB1-C fusion peptide was next evaluated
by monitoring the RhoA activation. The amount of activated
GTP-bound RhoA was increased by the expression of ephrin-B1
and Dishevelled in Cosl cells, as expected (Fig. 2B, left). The
incubation of these cells with the PTD-EFNB1-C fusion peptide,
but not the control PTD peptide, dose-dependently suppressed
the activation of RhoA (Fig. 2B, left). Moreover, inhibition of
RhoA activity by PTD-EFNB1-C was also detected in 44As3
cells (Fig. 2B, right). These results indicate that PTD-EFNB1-C
peptide is effectively incorporated in cultured cells, and blocks
the signaling of ephrin-B1/Dishevelled mediated activation of
RhoA.

PTD-EFNB1-C

Fig. 1. Top: Diagram of ephrin-B1 and the
sequence of a fusion protein consisting of the
protein transduction domain of HIV-TAT and
ephrin-B133'-346 (PTD_EFNB1-C). The gray box at the
Cterminus indicates the region required for
interaction with Dishevelled. Amino acids 48-60 of
HIV-TAT were connected to ephrin-B1331-3% ging
the linker of glycines. TM, transmembrane domain;
Y, tyrosine phosphorylation sites. Bottom: Locali-
zation of PTD-EFNB1-C peptide in 44As3 scirrhous
gastric carcinoma cells. The cells were treated with
PTD-EFNB1-C or the control peptide of scrambled
sequence (Scrm) for 1 h, The cells were then fixed
and subjected to immunostaining with anti-TAT
or anti-ephrin-B1 antibody, which reacts to the
C-terminus of ephrin-B1, as indicated. Original
magnification, x600. '

doi: 10.1111/j.1349-7006.2009.01352.x
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Fig.2. A fusion protein consisting of the protein transduction domain of HIV-TAT and ephrin-B133'-3% (PTD-EFNB1-C) attenuates the
association of ephrin-B1 with Dishevelled, and activation of RhoA and Arfl GTPases. (A) Left: Cos1 cells were transfected with plasmids encoding
ephrin-B1 tagged with HA at the C-terminus, and Xenopus Dishevelled (dsh) tagged with six copies of myc-epitope at the N-terminus. The
control peptide Scrambled (Scrm) or PTD-EFNB1-C peptide (EFN) was added to the culture medium at the indicated concentrations 10 h after

transfection and incubated for 14 h. It should be noted that six copies

of the myc-epitope tagged with the cDNA increases the protein size by

approximately 8 kDa. Right: 44As3 scirrhous gastric carcinoma cells were treated with the peptides for 24 h. The cells were lysed and subjected
to immunoprecipitation (IP) and immunoblotting (IB) with the indicated antibodies. *IgG light chain; #19G heavy chain. Dvl2, dissevelled 2. (B)
Cos1 cells transfected with plasmids and 44As3 cells were treated with peptides as in (A). Cell lysates were subjected to pull-down assay to
detect RhoA-GTP with GST-RBD bound to glutathione-Sepharose. The expression of total RhoA in each lysate is shown in the lower panels. (C)
Arf1-GTP was pulled with glutathione-Sepharose-conjugated GST-GGA3 from lysates of 44As3 cells treated with peptides as indicated.
Expression of the total Arf1 is shown in the middle panel. Bottom: PTD-EFNB1-C decreased MMP-8 secretion. 44As3 cells were treated with the
peptide as above, and the conditioned medium was subjected to trichloroacetic acid (TCA) precipitation to detect MMP-8 through
immunoblotting. Black arrowhead, proenzyme; white arrowhead, substantially activated MMP-8.

HIV-TAT-ephrinB1 peptide attenuates the secretion of MMP-8
by suppression of Arf1 activity. Signaling mediated by the eph-
rin-B1 C-terminus affects the secretion of metalloproteinase
MMP-8 through activation of Arfl GTPase in response to the
interaction with EphB2, which may lead to degradation of the
collagen matrix and assist the invasion of cancer cells.® Extra-
cellular secretion of metalloproteinase largely depends on the
membrane traffic of secretory granules containing MMPs, and
Arfl is the key molecule to regulate this process. 2) Therefore,
we next examined whether the addition of PTD-EFNB1-C modi-
fies Arfl activation and the secretion of MMP-8. Stimulation of
ephrin-B1 is induced by the incubation of ephrin-B1 expressing
cells with EphB2-Fc fusion protein, which consists of the extra-
cellular domain of EphB2 with the Fc fragment of mouse
IgG2b.? The amount of activated GTP-bound Arfl was
increased in ephrin-B1 expressing cells by the treatment of cells
with EphB2-Fc, which was inhibited by pretreatment of the
cells with PTD-EFNB1-C peptide in 44As3 cells (Fig. 2C).
Consistent with this result, the amount of MMP-8 in the culture
medium increased by the stimulation with EphB2-F, which
was also abolished by the preincubation of the cells with

Tanaka et al.

PTD-EFNB1-C (Fig. 2C, bottom). However, the amount of
MMP-8 mRNA was not altered by the treatment with peptides
(data not shown). These results indicate that PTD-EFNB1-C
peptide effectively blocked the ephrin-B1 mediated signaling of
Arfl activation, and attenuated the secretion of MMP-8.
PTD-EFNB1-C peptide inhibits invasion of cancer cells in vitro.
The biological effects of PTD-EFNBI1-C peptide were next
examined in cultured 44As3 gastric scirrhous carcinoma cells.
The incubation of 44As3 cells with the PTD-EFNBI-C pep-
tide suppressed the migration of the cells in a Transwell assay
in a dose-dependent manner, whereas the control peptide had
no effect (Fig. 3, left). In addition, invasion of 44As3 cells
through type I collagen matrix was also significantly abolished
by treatment with PTD-EFNB1-C peptide (Fig. 3, right). How-
ever, PTD-EFNBI1-C did not significantly affect the growth of
44As3 cells under normal cell culture conditions, or the basal
apoptosis level of 44As3 cells without additional treatment,
which was examined by measurement of nucleosomes in the
cytoplasm of apoptotic cells (data not shown). These results
suggest that signaling mediated by the C-terminus of ephrin-
B1 is involved in cell migration and invasion, rather than the

Cancer Sci | January 2010 | vol.101 | no.1 | 89
© 2009 Japanese Cancer Association
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Fig. 3. Fusion protein PTD-EFNB1-C, consisting of
the protein transduction domain of HIV-TAT and

180 "ephrin-B1331-3%  attenuates the migration and
160 invasion of 44As3 scirrhous gastric carcinoma cells.
140 44As3 cells were seeded onto a Transwell membrane
in serum-free medium containing control peptide

P 120 ® 1uM Scm Scrambled (Scrm) or PTD-EFNB1-C at the indicated
8100 H concentrations. In (B), the Transwell membranes
S g =1UMPTD-EFNB1-C  were coated with collagen matrix (25 ng/cm?). After
S = 5 M Scrm 10 h (A) or 14 h (B) incubation, the wells were
60 harvested and cells that had moved to the bottom

40 5 UM PTD-EFNB1-C surface of the membrane were counted.
Representative fields of experiments with 5w of

20 each peptide are shown. The results from three

0 independent experiments, each in duplicate, are

Migration Collagen gel

proliferation of cancer cells. This is consistent with our earlier
studies that revealed that the expression of ephrin-Bl pro-
motes migration and invasion rather than the proliferation of
cancer cells.!

PTD-EFNB1-C peptide inhibits the peritoneal dissemination of
scirrthous gastric carcinoma. Next, we examined whether PTD-
EFNBI-C peptide blocks the cancer promotion in vivo. 44As3
cells caused severe peritoneal dissemination after they were
transplanted in the peritoneal cavity or orthotopically in the
gastric wall of nude mice.®® Our previous observations that
expression of wild-type ephrin-Bl, but not the ephrin-B1
mutant, which lacks the four amino acids of its C-terminus, sig-
nificantly promoted the formation of peritoneal dissemination
in nude mice suggested that ephrin-B1 C-terminus mediated
signaling stimulates the cancer cell invasion also in vivo.'®
Therefore, the effect of PTD-EFNB1-C peptide. was examined
in the model system of peritoneal dissemination with 44As3
cells.

Following the transplantation of 44As3 cells into the perito-
neal cavity of nude mice, PTD-EFNB1-C peptide was injected
i.p. 3 days after the transplantation and chased every 24 h until
the mice were killed at day 12 (Fig. 4A). Most of the mice trans-
planted with the 44As3 cells and chased with the control peptide
showed significant tumor dissemination in the peritoneal cavity
including the mesentery (Fig. 4B), paragastric region (Fig. 40),
and rectouterine region (Fig. 4D), also summarized in Table 1.
In contrast, the number and size of disseminated tumor nodules
in the mice treated with PTD-EFNBI-C peptide were clearly
reduced (Fig. 4B-D, right-hand panels; Tables 1,2). The differ-
ences in the number of nodules in mesentery, paragastric, and
rectouterine regions were statistically significant (P < 0.001)
using Pearson’s y>-test.

20

shown as the mean = SD. *P < 0.01.

When histology of the tumors that developed in the rectouter-
ine region was compared, there was some difference between
the groups treated with control peptide and PTD-EFNB1-C. The
tumors in control peptide treated mice contained abundant
fibrous stromal tissues, which reflects typical human gastric scir-
rhous carcinoma, whereas the tumors in mice treated with PTD-
EFNBI1-C contained less volume of stromal fibrosis, and the
cancer cells were scattered more diffusely. However, there was
no significant change in the level of Ki67, a marker of cell pro-
liferation or apoptosis (as indicated by TUNEL) (Fig. 4D, bot-
tom). The uptake of the control peptide and PTD-EFNB1-C in
tumors was further monitored by immunostaining of tumor pla-
ques in the peritoneal cavity with anti HIV-TAT antibody. As
shown in Figure 4E, the peptides were detected not only in the
outermost surface layer, but also throughout in the tumor pla-
ques. Although the intensity of the staining was variable within
the tumor tissues, nearly 40% of the cancer cells were positive
for HIV-TAT immunostaining (Fig. 4E).

Discussion

In this study, we showed that the peptide derived from ephrin-
B1 C-terminus fused with PTD peptide of HIV-TAT was suffi-
cient to cause apparent inhibition of peritoneal dissemination of
44As3 cells. Because PTD-EFNB1-C is diffusely distributed in
the cytoplasm, it is likely the peptide captured the downstream
effector proteins that interact with the C-terminus of ephrin-B1,
and prevented the physical association of these effectors with
wild type ephrin-B1. For example, four amino acids of ephrin-
B1 C-terminus are necessary for the interaction of ephrin-B1
with Dishevelled,® which was effectively blocked by the addi-
tion of PTD-EFNB1-C. The fact that PTD-EFNB1-C peptide

doi: 10.1111/1.1349-7006.2009.01352.x
© 2009 Japanese Cancer Association
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Fig. 4. Fusion protein PTD-EFNB1-C, consisting of the protein transduction domain of HIV-TAT and ephrin-B1331-346 inhibits the peritoneal
dissemination of scirrhous gastric cancer cells. (A) Time-course schedule of peritoneal dissemination assay. 44As3 scirrhous gastric cancer cells
were transplanted in the peritoneal cavity of nude mice (ip). PBS containing control peptide Scrambled (Scrm) or PTD-EFNB1-C was
intraperitoneally injected every 24 h after the transplantation of 44As3 cells. Representative appearance of intestinal loops (B) and the
paragastric region (C), and tumors involving the rectouterine region (D) were compared. Red arrowheads (C,D) indicate disseminated tumor
nodules. Yellow arrows (C) indicate fine tumor nodules in mesentery. In (D), all four mice treated with Scrm, but only one in four mice treated
with PTD-EFNB1-C, show clear tumor dissemination. Asterisk indicates the bladder. No significant change was observed in the level of Ki67 and
TUNEL staining. (E) Disseminated tumors of nude mice were subjected to immunostaining with anti-TAT antibody to detect the peptides in the
tumor tissues. Histology of the tumor is shown at the bottom using H&E staining. PBS, mice treated with PBS without any peptide. Scale bars,
5 mm (B-D). Original magnification, x200 (D bottom panels, E).

was widely distributed in the tumors in vivo, although not in all  improved by modification of peptide delivery into tumors. The
cells, indicates that the peptide was effectively incorporated into  present study demonstrates the ability of a short peptide derived
the tumor cells by intraperitoneal injection. It is expected that  from the C-terminus of ephrin-B4 to suppress the invasion of
the tumor suppression effect of PTD-EFNB1-C will be further  cancer cells both in virro and in vivo.

Cancer Sci | January 2010 | vol. 101 | no.1 | 91
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Table 1. Intraperitoneal dissemination after i.p. inoculation of cancer
cells in micet

No. of nodules . . .
Paragastric Rectouterine No. of mice

: in mesentery#
Peptide L region§ region§ survived*
0-10 10-30 30+
PBS 1 2 16 16 17 19
Scrm 1 3 14 16 16 18
PTD-EFNB1-C 12 4 3 3 3 19

tData are shown as the number of mice bearing a tumor, #Number of
tumor nodules larger than 2 mm in the mesentery per body. §Number
of mice bearing tumor nodules larger than 5 mm. * Number of mice
survived at 12 days after inoculation of cancer cells.

Table 2. Mean size of tumors in mice injected with a fusion peptide
consisting of HIV-TAT and amino acids 331-346 of ephrin-B1 (PTD-
EFNB1-C)t

. Paragastric Rectouterine
Peptide Mesentery P region region P
PBS 3.2£12 NA 75220 NA 80x24 NA
Scrm 3.0x1.7. 0683 68x17 0484 7.8=x2.1 0.532
PTD-EFNB1-C 1.4 + 0.6 <0.010 1.8+ 1.1 <0.001 23+ 1.5 <0.001

tValue for tumor size is given as the mean = SD (mm). Student’s t-test
was used to compare with PBS-treated group. NA, not applicable;
~ Scrm, Scrambled (control peptide).

PTD-EFNB1-C peptide seems to suppress the dissemination
of 44As3 cells in at least two ways. One is blocking the complex
formation of ephrin-B1 with Dishevelled, which leads to the
suppression of RhoA activation. Inactivation of RhoA and its

downstream effector Rock likely suppresses the formation and °

contraction of stress fiber, thereby attenuating the cell motility.
Another mechanism is blocking the MMP-8 secretion accompa-
nied with inactivation of Arfl GTPase. Because it is not clear
which molecules directly mediate ephrin-B1 signaling towards
Arfl activation followed by MMP-8 secretion, we cannot cur-
rently conclude whether these two mechanisms are independent
or whether they have some cross-talk. In addition, there is evi-
dence that phosphorylation of two tyrosine residues located
within the C-terminus of ephrin-B1 (Y343, Y344) affects the
interaction with other proteins. For example, interaction of
Dishevelled with ephrin-B1 is also regulated by the state of
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phosphorylation of these two tyrosines.”® Therefore, we cannot
rule out the possibility that PTD-EFNB1-C peptide also modifies
signaling depending on the phosphorylation of Y343 and Y344
of ephrin-Bl C-terminus. PTD-EFNBI-C peptide did not
directly affect the proliferation of cancer cells, but it may affect
the histological appearance of tumors, which influences tumor
volume. (Fig. 4D). Stromal fibrosis is characteristic for gastric
scirrhous carcinomas, and the proliferation of fibrous tissues
may promote the growth and invasion of this type of tumor
through some cancer—stromal interaction. Treatment of PTD-
EFNBI1-C peptide suppressed such stromal reaction within the
tumors.

Besides the signaling related to the C-terminus of ephrin-B1,
ephrin-B1 also induces the signaling through tyrosine phosphor-
ylation of the cytoplasmic domain, which is mainly caused by
Src family kinases. We previously reported the suppression of
44As3 peritoneal dissemination by expression of the ephrin-B1
with mutation of four tyrosine residues in the cytoplasmic
domain (ephrin-B1 4YF; Y313, 317, 324, and 329), which
blocks the siéna]ing mediated by the tyrosine phosphorylation
of ephrin-B1.* In order to compare the contribution of tyrosine
phosphorylation of ephrin-B1 cytoplasmic domain and C-ter-
minus mediated signaling to cancer dissemination, further
systematic study will be required comparing the different parts
of C-terminal peptides, including tyrosine to phenylalanine
mutants. It is also possible that combined therapy by PTD-
EFNBI1-C used in this study and peptides derived from the aa
surrounding the phosphorylated tyrosines of ephrin-B1 cytoplas-
mic domain might have additional effects for suppressing the
promotion of scirrhous gastric carcinoma.

It appears that the peptide therapy targeting ephrin-B1 protein
might have a major effect in tumor progression such as tumor
invasion, metastasis, and dissemination, rather than in the initia-
tion and proliferation of tumors. Therefore, it is also expected
that the effects of the ephrin-B1 peptide on solid tumors would
be improved by combination with other treatments including
general chemotherapeutic reagents. Our results in this study sug-
gest that the peptide derived from ephrin-B1 C-terminus is a
promising model for novel drug design in scirrhous gastric
carcinoma and possibly other types of tumors.
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Invadopodia are ventral cell protrusions formed in invasive cancer
cells. Because invadopodia have extracellular matrix (ECM) degra-
dation activity, they are thought to function in cancer invasion.
In this study, we examined the roles of phosphatidylinositol
4,5-bisphosphate [PI(4,5)P,] and PI(4,5)P,-producing enzymes in
invadopodia formation in MDA-MB-231 human breast cancer cells.
Immunofluorescence analysis showed that Pi(4,5)P, accumulates
at invadopodia on the ventral cell surface. Injection of an anti-
PI(4,5)P; antibody inhibited invadopodia formation along with
gelatin degradation activity. Sequestering of PI(4,5)P, by over-
expression of the phospholipase C (PLC) §1-pleckstrin homology
(PH) domain, a specific probe for PI(4,5)P,, also blocked invadopo-
dia formation, while a mutated PLC51-PH domain that lacks
Pi(4,5)P,-binding activity had no effect. Cellular PI(4,5P, pro-
duction is mainly mediated by type-1 phosphatidylinositol 4-phos-
phate 5-kinase (PIP5KI) family proteins, which include PIP5KI, Ip,
and ly. Real-time quantitative PCR analysis showed that PIP5KIx is
a dominant isoform expressed in MDA-MB-231 cells. Knockdown
of PIP5Kla by small-interfering RNA (siRNA) inhibited invadopodia
formation and gelatin degradation. Immunofluorescence analysis
revealed that endogenous PIP5KIa protein localizes at invado-
podia, which is corroborated by the observation that exogenously
expressed green fluorescent protein (GFP)-fused PIPSKla protein
also accumulates at gelatin degradation sites. These results indi-
cate that localized production of PI(4,5)P, by PIP5Klx is required for
invadopodia formation and ECM degradation by human breast
cancer cells. (Cancer Sci 2010; 101: 1632-1638)

I nvadopodia are extracellular matrix (ECM)-degrading protru-
sions formed at the ventral surface of invasive cancer
cells.!? In the case of breast cancer cell lines, the ability to
form invadopodia is closely related to their invasive and meta-
static properties. ¥ Additionally, during intravasation, invado-
podia-like protrusions in tumor cells have been observed in vivo
by intravital imaging.*® Therefore, invadopodia are proposed
to function in local ECM degradation during cancer invasion
and metastasis, although the in vivo relevance of invadopodia
has yet to be determined. To date, many components of invado-
podia have been reported, including proteins involved in the reg-
ulation of the actin cytoskeleton, cell signaling, cell-ECM
adhesion, ECM degradation, and membrane remodeling.”~* We
- and other researchers previously proposed that invadopodia for-
mation occurs in several steps. Invadopodia precursors are
assembled by an actin polymerization machinery containing
neural Wiskott-Aldrich syndrome protein (N-WASP), the
Arp2/3 complex, and cortactin in response to extracellular stim-
uli.®'9 The invadopodia precursors are then stabilized by fur-
ther actin polymerization induced by cofilin and Mena, and
finally these structures gather matrix metalloproteinases to
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mature into functional invadopodia.®'''? However, it is
unknown how these events occur at the restricted sites on the
plasma membrane of invasive cancer cells.

The membrane phospholipid phosphatidylinositol 4,5-bis-
phosphate [PI(4,5)P,] regulates diverse cellular processes,
including signal transduction, endocytosis/phagocytosis, vesicu-
lar trafficking, and actin cytoskeletal reorganization.!'?
PI(4,5)P, acts as a substrate for phospholipase C (PLC) and phos-
phatidylinositol 3-kinase (PI3K), while it also directly regulates
the activity and. localization of target proteins that have a
PI(4,5)P, binding domain."* PI(4,5)P, production in mamma-
lian cells is primarily mediated by type I phosphatidylinositol
4-phosphate 5-kinase (PIP5KI), which phosphorylates phosphati-
dylinositol 4-phosphate at the D-5 position of the inositol
ring.""> Three isoforms of PIPSKI (PIP5KIa, IB, and Iy in human
nomenclature) and two alternatively spliced isoforms of PIPSKIg'
(Iy635 and Iy661) have been identified in mammalian cells.('®
Because the subcellular localization of PIPSKIs is unique to each
isoform, they seem to have distinct cellular functions,t 1®

Previous reports have identified that the localization and
activity of several invadopodia components, such as N-WASP,
cofilin, and dynamin-2, are regulated by PI(4,5)P, 192% Addi-
tiona]lryi Arf6, an essential regulator of invadopodia forma-
tion,?"#? i known to activate PIPSKIs and, therefore, stimulate
PI(4,5)P, synthesis.*® However, the importance of PI(4,5)P,
and PIP5KIs in invadopodia formation is yet to be determined.

Here, we studied the roles of PI(4,5)P, and PIP5KIs in
invadopodia formation. We found that PI(4,5)P; and PIP5KIo
are essential regulators of invadopodia-mediated ECM degra-
dation by human breast cancer cells.

Materials and Methods

Cell culture. MDA-MB-231 human breast cancer cell line
was obtained from the American Type Culture Collection
(Manassas, VA, USA) and cultured as described previously,

Antibodies, reagents, and constructs. Alexa dyes, fluores-
cence-labeled phalloidin, and secondary antibodies were pur- -
chased from Invitrogen (Carlsbad, CA, USA). Gelatin and other
chemicals were purchased from Sigma (St. Louis, MO, USA).
Anti-P1(4,5)P, antibody has been described previously.d‘” Anti-
PIP5KIor and anti-B-actin antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Millipore
(Billerica, MA, USA), respectively. Anti-Akt and anti-phospho-
Akt (Ser473) antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). Green fluorescent protein
(GFP)-PIP5KIa constructs were kindly provided by Dr Kanaho
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(Tsukuba University, Ibaraki, Japan). For GFP-PLCS1-pleck-
strin homology (PH) domain constructs, cDNA encoding the
mouse PLC81-PH domain (amino acid 1-140) was subcloned
into pEGFP-C1 vector (Clontech, Mountain View, CA, USA). A,
PrimeSTAR Mutagenesis Basal Kit (Takara Bio, Shiga, Japan)
was used to generate the R40D mutant of the PLC31-PH
domain.

Plasmid transfection. Cells were transfected with the indi-
cated plasmids using Lipofectamine LTX (Invitrogen) according
to the manufacturer’s instructions.

RNA interference. Stealth RNAI (Invitrogen) molecules were
used for RNA interference (RNAi) experiments: Negative Con-
trol Medium GC Duplex #2, Stealth Select RNAi for PIP5KIx
(HSS144742 and HSS144743) and for PIPSKIy (HSS118703).
Cells were transfected with 30 nm small-interfering RNA
(siRNA) using Lipofectamine RNAIMAX (Invitrogen) accord-
ing to the manufacturer’s instructions. The cells were cultured
for 48-72 h and subjected to invadopodia assay, reverse trans-
criptase—polymerase chain reaction (RT-PCR) analysis, or
immunoblotting. .

RT-PCR. Standard PCR amplification was performed as
described previously. The sequences of primer pairs used were
as follows: human cyclophilin B2 (5-GCACAGGAGG-
AAAGAGCATC-3’ and 5-CTTCTCCACCTCGATCTTGC-3"),
human PIPK Ia (5-TGCCCATCAAGAAAATAGGC-3’ and
5-GAAGTAGCGGAAGGCAACAG-3"), human PIPK IB
(5'-AGACACAATGGGAGGCATTC-3’ and 5-TCTCCTGTG-
AAGTGGCCTTT-3"), and human PIPK Iy (5-CAGGACTT-
CCGCTTCAAGAC-3’ and 5-CACGCAGTACAGCCCATA-
GA-3). Quantitative RT-PCR was performed with Thunderbird
gPCR Mix (Toyobo, Osaka, Japan) in a CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA, USA).
The primer pairs used were as follows: human cyclophilin B2
(5’-TTCTAGAGGGCATGGAGGTG-3" and 5-GCTTCTCCA-
CCTCGATCTTG-3’), human PIPK Ila (5-CGGTCTGGCTC-
ATCTTTCTC-3’ and 5-AAACATCAGGACGACCAAGG-3"),
human PIPK IB (5-AAGGATGAGAAGCGGGATTT-3’ and
5-AATTGTGGTTGCCAAGGAAG-3’), and human PIPK Iy
(5-AGAAGCCACTACAGCCTCCA-3" and 5-CCTGTCCA-
GACGACTGTGTG-3’). These primer pairs have almost the
same amplification efficiencies. Human mosaic cDNA template
(Toyobo) was used as a positive control.

Epidermal growth factor (EGF) stimulation and immuno-
blotting. Cells were serum-starved overnight in 0.35% bovine
serum albumin/medium and stimulated with 50 ng/mL EGF for
10 min at 37°C. The cells were then lysed in lysis buffer con-
taining 50 mm Tris-HCl, pH 7.5, 1% NP-40, 2 mm EDTA,
100 mm NaCl, 1 mm sodium orthovanadate, and a protease
inhibitor cocktail (Roche, Basel, Switzerland). The lysates were
subjected to immunoblot analysis as described previously.®’ To

(a)

Fig. 1. PI(4,5)P, accumulates at invadopodia formed
in human breast cancer cells. (a) MDA-MB-231 cells
were cultured on coverslips coated with fluorescent
gelatin (red) and stained with anti-PI(4,5)P, antibody
(green) and phalloidin (blue) as described in the
Materials and Methods. Right panels are magnified
images of the boxed region. Arrowheads denote
accumulation of PI(4,5)P, signals at invadopodia.

‘Yamaguchi et al.

quantify the phospho-Akt amount, densitometry was performed
on scanned immunoblot images using the Image] 1.410
(National Institutes of Health, Bethesda, Maryland, USA, http://
rsbwep.nih.gov/ij/) gel analysis tool.

Immunofluorescence. Cells were stained with indicated anti-
bodies and phalloidins as described previously.® PI(4,5)P,
staining was also performed as described.*” Samples were
observed with an Olympus 1X81-ZDC-DSU confocal micro-
scope (Olympus, Tokyo, Japan) equipped with a cooled
charged-coupled device (CCD) camera (ORCA-ER: Hamama-
tsu, Shizuoka, Japan). Images were analyzed and processed with
Metamorph (Universal Imaging, Buckinghamshire, UK), ImageJ
1.410, and Adobe Photoshop software.

Invadopodia assay. Fluorescent gelatin-coated dishes were
prepared as described previously. 2% In brief, gelatin was
labeled with TRITC in borate buffer (40 mm NaCl, 50 mm
Na,B,0,, pH 9.3) and extensively dialyzed against phosphate-
buffered saline (PBS). Coverslips (12 mm, circular) were coated
with 25 mg/mL fluorescent gelatin and 20 mg/mL sucrose in
PBS, and then crosslinked with 0.5% glutaraldehyde on ice for
15 min followed by 30 min at room temperature. After exten-
sive washing with PBS, the coverslips were treated with
5 mg/mL sodium borohydrate for 3 min to quench autofluores-
cence of residual glutaraldehyde. The coverslips were then ster-
ilized with 70% ethanol for 15 min and quenched in growth
medium for 1 h before plating cells. Cells were cultured on the
gelatin matrix for 3-7 h and then stained with the appropriate
antibody and phalloidin to visualize invadopodia and gelatin
degradation sites. To quantitate the degradation activity of
invadopodia, the degradation area was calculated from images
using ImageJ 1.410 software and normalized for the number of
cells. In the cases of antibody microinjection and GFP-PLC31
PH domain overexpression, the average values of control cells
were set to 100% and relative degradation activities were
shown. Data were obtained from three independent experiments.
For siRNA knockdown experiments, at least 40 transfected cells
were analyzed for each sample and the values of control cells
were set to 100% in each experiment. Data shown are
mean =+ SE of four independent experiments.

Antibody microinjection. Cells were plated onto fluorescent
gelatin, cultured for 2 h, and then microinjected with anti-
PI(4,5)P, antibody or control mouse immunoglobulin G (IgG)
using a microinjection system (Eppendorf, Hamburg, Germany).
The cells were further cultured for 3 h to allow them to form
invadopodia and degrade the gelatin matrix. Cells were then
fixed and stained with Alexa Fluor 488-conjugated antimouse
IgG antibody and Alexa Fluor 633-phalloidin to detect micro-
injected cells and invadopodia, respectively.

Quantification of the cellular PI(4,5)P; amount. A PI(4,5)P;
Mass ELISA Kit (Echelon Biosciences, Salt Lake City, UT,
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Gelatin

F-actin
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F-actin
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