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Figure 1. CD44 Contributes to ROS Defense in Gastrointestinal Cancer Cells

(A) Cell lines incubated with 500 pM H,O, for 20 min were stained with DCFH-DA (left, middle panels) and with Hoechst 33342 (left, lower panels) and examined by
fluorescence microscopy. Cells not exposed to H,O, were also analyzed with antibodies to CD44 and to Hoechst 33342 staining (left, upper panels). Scale bars,
100 um. DCF fluorescence intensity (arbitrary units) was determined for >1000 cells in a representative experiment and is presented as mean + SD values

(right panel).
(B) Flow cytometric analysis of CD44 expression on HCT116 cells transfected with control or CD44 siRNAs.
(C) HCT116 cells transfected with control or CD44 siRNAs were treated as in (A) and then stained with DCFH-DA, and subjected to flow cytometric analysis. RF,

relative fluorescence intensity.

(D) HCT116 cells transfected with control or CD44 siRNAs were incubated in the absence or presence of 10 mM NAC for 5 min and then in the additional absence
or presence of 500 nM H,0, for 20 min, lysed, and subjected to immunoblot analysis with indicated antibodies. The positions of bands corresponding to variant
(CD44v) and standard (CD44s) forms of CD44 are indicated. The fold increase in the intensity of the phospho-p38™4P band relative to that in the leftmost lane is

also shown.
(E) HCT116 cells transfected with control or CD44 siRNAs were treated as in (D) and then stained with DCFH-DA and Hoechst 33342, and examined by fluores-

cence microscopy. Scale bars, 100 pm.
See also Figure S1.

form of p38MAPK which is normally expressed in the differenti-
ated gastric surface epithelial cells (Figure 2C, lower panel),
was preferentially detected in tumor cells that were negative
for CD44 staining (Figure 2C, upper panel). We recently showed
that CD44 expressed in the tumor cells of Gan mice consists
mostly of variant isoforms (CD44v8-10) containing amino acids
derived from exons 8-10 (Ishimoto et al., 2010). Furthermore,

(intestinal-type) gastric tumors and become moribund around
30-50 weeks of age (Oshima et al., 2006). We first examined
the expression of CD44 in the gastric tumors of 30-week-old
Gan mice. Reverse transcription (RT) and polymerase chain
reaction (PCR) analysis of normal stomach and gastric tumor
tissue revealed upregulation of CD44 mRNA in gastric tumors
(Figure 2A), indicating that an increase in CD44 gene expression

is associated with gastric tumorigenesis. Immunohistochemical
analysis also showed that CD44 expression was increased in
gastric tumors relative to that in the normal glandular stomach
but that its pattern of expression in the tumors was heteroge-
neous (Figure 2B). We further found that the phosphorylated

RT-PCR analysis revealed that CD44v8-10 mRNA, rather than
CD44s mRNA, was the dominant form of CD44 mRNA present
in the human gastrointestinal cell lines AGS, HCT116, HT29,
and KATOIIl (Figure S2). Therefore, we next examined the
relation between CD44v expression and phosphorylation of
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Figure 2. CD44 and Phospho-p38MAPX Expression in Gastric Tumors of Gan Mice

(A) RT-PCR analysis of expression of the CD44 gene and of transgenes in the stomach of wild-type (WT) or Gan mice at 30 weeks of age. Expression of the gene
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was examined as a control.

(B) CDA44 staining in the normal stomach of a WT mouse {jower image) and in a gastric tumor of a 30-week-old Gan mouse (left, upper images). The boxed regionin
the left image is shown at higher magnification in the right image. Arrows and arrowheads indicate CD44* and CD44~ tumor cells, respectively. Col, columnar
epithelium; Sq, squamous epithelium. Scale bars, 1 mm (left, upper images) and 100 um (lower image, and right, upper images).

(C) H&E and immunostaining for CD44 and phospho-p38M4PK in a gastric tumor of a 30-week-old Gan mouse (upper images). H&E and immunostaining for
phospho-p38M4PK in the normal stomach of a WT mouse (lower images). Arrows and arrowheads indicate inversely correlated expression of CD44 and
phospho-p38MA°K, respectively, in tumor cells. Scale bars, 100 pm.

{D) Immunofluorescence staining for CD44v and ;:zhospho-pss“"“’K together with staining of nuclei with 4',6-diamidino-2-phenylindole (DAPI). Arrows and
arrowheads indicate inversely correlated expression of CD44v and phospho-p38MAPK respectively, in tumor cells. Scale bars, 20 pm. Lower images show
CD44v~, low-, and high-expressing cells at higher magnification of the boxed region in the upper image. Scale bars, 10 um.

See also Figure S2.

(E) Dissociated tumor cells from Gan mice and glandular stomach cells from WT mice were stained with DCFH-DA and subjected to flow cytometric analysis.
(F) Dissociated tumor cells from Gan mice were subjected to flow cytometric analysis with antibodies to CD44v and DCFH-DA. RF|, relative fluorescence

intensity.

p38MAPK with the use of antibodies specific for CD44v. Immuno-
fluorescence analysis revealed that the abundance of phospho-
p38MAPK as inversely correlated with CD44v expression within
a single tumorous gland (Figure 2D); CD44v™ cells expressed
high levels of phospho-p38MAPX, CD44v high-expressing cells
did not express phospho-p38MAPK and CD44v low-expressing
cells expressed a moderate level of phospho-p38MAFK Consis-
tent with our data obtained with the HCT116 cell line (Figure 1D),
p38MAPK gactivation was thus found to be suppressed in CD44v*
cells of mouse gastric tumors compared with that in CD44v™
cells. Our observation that CD44 and phospho-p38MAPX expres-
sion appeared to be heterogeneous and inversely correlated
within individual tumorous glands of Gan mice suggested that
CD44* tumor cells have an increased capacity for ROS defense.
To address this possibility we measured ROS level in tumor cells
isolated from Gan mouse by DCFH-DA. Gan mouse tumor cells

390 Cancer Cell 19, 387400, March 15, 2011 ©2011 Elsevier Inc.

showed much higher DCFH-DA fluorescence compared with
normal mouse gastric cells (Figure 2E), indicating that Gan
mouse tumor contains a high level of ROS. We next investigated
whether CD44v* tumor cells contain a lower level of ROS
compared with CD44v— cells. DCFH-DA staining revealed that
CD44v* tumor cells contain a much lower level of ROS than
CD44v— cells (Figure 2F), suggesting that CD44 expression
status is associated with ROS defense ability of tumor cells.

tpregulation of Antioxidant Gene Expression

in CD44" Tumor Cells

We next examined the expression of antioxidant genes in tumor
cells isolated from Gan mice by fluorescence-activated cell
sorting (FACS). Thus, lineage marker (Lin)-negative cells that
were CD44* or CD44~ were isolated from the gastric tumors
of 30-week-old Gan mice (Figure 3A) and subjected to cDNA
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Figure 3. Upregulation of Antioxidant Gene Expression in CD44" Gastric Tumor Cells Isolated from Gan Mice
(A) Dissociated tumor cells from Gan mice were subjected to flow cytometric analysis with antibodies to CD44. See also Figures S3A and S3B.
(B) Expression of the indicated antioxidant enzyme genes in CD44" cells relative to that in CD44~ cells isolated as in (A), as determined by cDNA microarray

analysis. Data are from a representative experiment.

(C) Antioxidant enzyme gene expression in CD44" cells relative to that in CD44™ cells isolated as in (A), as determined by quantitative RT-PCR analysis. Data were
normalized by the amount of GAPDH mRNA and are mean + SD from three independent experiments. *p < 0.01.

(D) Antioxidant enzyme gene expression in HCT116 cells transfected with a control siRNA relative to that in cells transfected with a CD44 siRNA, as determined by
cDNA microarray analysis. Data are from a representative experiment. See also Figure S3C.

(E) Immunobilot analysis of CD44 and PRDX isoforms in HCT116 cells transfected with a control siRNA or CD44 siRNAs (#1 or #2) for the indicated times. ERK and

a-tubulin were similarly analyzed as loading controls.

microarray analysis. Compared with CD44~ cells, CD44* cells
manifested increased expression of Wnt target genes but only
low levels of expression of marker genes for gastric differentia-
tion, including those for MUC5AC, gastric H*/K*-ATPase subunit
beta (Atp4b), gastric intrinsic factor (Gif), and pepsinogen C (Pgc)
(Figures S3A and S3B), suggesting that CD44* tumor cells are
maintained in an undifferentiated state. The expression of
several key antioxidant genes, including those for glutathione
peroxidase (GPX) and peroxiredoxin (PRDX) isoforms, was found
to be increased in CD44* tumor cells compared with that in
CD44~ cells (Figure 3B), consistent with the notion that CD44*
tumor cells have an increased capacity for ROS defense. Quan-
titative RT-PCR analysis confirmed that the abundance of
mRNAs for GPX1 and GPX2, which are major H,O,-reducing
antioxidant enzymes in the gastrointestinal tract, as well as
that of mRNAs for PRDX1 and PRDX4 was significantly higher
in CD44* tumor cells than in CD44™ cells (Figure 3C). Similar to

our observations for CD44* gastric tumor cells, breast CSCs
have previously been found to express antioxidant enzyme
genes at increased levels and to show an enhanced ROS
defense ability compared with their nontumorigenic progeny
(Diehn et al., 2009).

We next examined whether depletion of CD44 might affect
antioxidant gene expression in cancer cells. Thus, HCT116 cells
were transfected with CD44 or control siRNAs and subjected to
cDNA microarray analysis or RT and real-time PCR analysis.
Although the CD44 siRNA was found to deplete the cells of
CD44 mRNA, the expression of antioxidant genes was largely
unaffected (Figures 3D; Figure S3C). We also examined the
abundance of PRDX isoforms in CD44-depleted HCT116 cells
by immunoblot analysis and found that CD44 depletion did not
affect the amounts of PRDX1, -2, -3, and -4 (Figure 3E). There-
fore, these results suggested that, although several antioxidant
enzyme genes are highly expressed in CD44" cancer cells
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in vivo, the CD44-mediated antioxidative effect in cultured
cancer cells is largely independent of regulation of antioxidant
gene expression.

CD44v Regulates the Intraceliular Level of GSH

On the basis of our observation that CD44 depletion did not
affect antioxidant gene or protein expression in cancer cells
(Figures 3D and 3E}), we examined whether it might alter the intra-
cellular level of GSH in CD44"9" cancer cells. Depletion of CD44
was achieved with two different siRNAs that target different
sequences of CD44 mRNA (Figure S4A) and resulted in a
pronounced reduction in the intracellular GSH content of
HCT116 cells (Figure 4A), suggesting that CD44 contributes to
the regulation of the intracellular level of GSH. To examine
whether forced expression of CD44 affects intracellular GSH
content, we transiently transfected 293T cells (a transformed
human kidney cell line with a high transfection efficiency) with
an expression vector either for CD44s or for CD44v8-10, a major
variant isoform of CD44 in human gastrointestinal malignancies
(Figure S2) (Tanabe et al., 1993). The amount of GSH in cells
expressing CD44v was found to be significantly greater than
that in those expressing CD44s or in those transfected with the
empty vector (Figure 4B), suggesting that CD44v regulates intra-
cellular GSH content. Importantly, the increase of GSH content
achieved by CD44v8-10 expression was comparabie to that
achieved by treatment with NAC, which is a precursor of GSH
and functions as an antioxidant (Figure 4B). All these findings
_suggest that CD44v8-10 expression promotes GSH synthesis.
To further confirm this hypothesis, we stably transfected
MKN28 cells (CD44™9) with an expression vector either for
CD44s or for CD44v. The resulting CD44s- or CD44v-expressing
MKN28 cells (Figure S4B) were incubated for 24 hr with L-buthio-
nine-sulfoximine (BSO), which inhibits y-glutamylcysteinyl
synthase and thereby depletes intracellular GSH, and were
then allowed to recover for 24 hr in BSO-free medium. The
CD44v-expressing MKN28 cells, but not the CD44s-expressing
cells, were found to contain a significantly greater amount of
GSH at this time compared with cells transfected with the empty
vector (Figure 4C). Thus, this result suggested that CD44v, but
not CD44s, promotes GSH synthesis. Given that increased
GSH synthesis promotes resistance to anticancer agents that
induce ROS-mediated cytotoxicity (Trachootham et al., 2009),
we next investigated whether CD44v-dependent GSH synthesis
promotes the viability of cells exposed to H,O, or to ROS-
inducing anticancer drugs such as cisplatin (CDDP) and doce-
taxel (DTX). We found that CD44v-expressing MKN28 cells
were more resistant to HO,, CDDP, and DTX than were cells
stably transfected with the empty vector (Figure 4D). These
results suggested that promotion of GSH synthesis by CD44v
results in enhancement of cellular antioxidative capacity and
thereby promotes resistance to common chemotherapeutic
drugs.

Given that the availability of cysteine is rate limiting for GSH
synthesis (Ishii et al., 1987), we next investigated the effect of
CD44 depletion by RNAi on the amino acid content of HCT116
cells. This analysis revealed that CD44 depletion resulted in an
~67% decrease in the amount of cysteine, whereas the amounts
of other amino acids including glutamate and glycine were not
similarly affected (Figure 4E). Given that the intracellular level

392 Cancer Cell 19, 387-400, March 15, 2011 ©2011 Elsevier Inc.

Cancer Cell
CD44 Promotes ROS Resistance in Cancer Cells

of cysteine is determined largely by the function of the xc™
system, which exchanges extraceliular cystine for intraceliular
glutamate, with the cystine then being rapidly converted to
cysteine and utilized for GSH synthesis (Lo et al., 2008), we
hypothesized that CD44 might influence the function of this
transporter. To test this hypothesis we directly measured cystine
uptake in HCT116 cells by incubating the cells with "SN-labeled
L-cystine and then determining the intracellular contents of the
mass-labeled cysteine by CE-MS-based metabolome analysis
(Shintani et al., 2009). We found that CD44 ablation by RNAI
resulted in significant inhibition of cystine uptake in HCT116 cells
(Figure 4F; Table S1), suggesting that CD44 affects the function
of the cystine transporter.

Ch44 Depletion Reduces the Cell Surface Expression
and Stability of xCT

The xCT subunit confers substrate specificity on the xc™ system,
allowing the cellular uptake of cystine in exchange for intracel-
lular glutamate, and is essential for cellular protection from
oxidative stress (Huang et al., 2005; Sato et al., 2005). To
examine whether the expression of xCT at the cell surface is
related to CD44 expression in cancer cells, we prepared a mono-
clonal antibody that recognizes the extracellular domain of
human xCT and then measured the amount of xCT at the surface
of the CD44"9" cancer cell lines HCT116, HT29, and KATO!I by
flow cytometry. The expression level of xCT at the surface of
these CD44™9" cancer cells was substantially higher than that
apparent for CD44™% (MKN28) cells (Figure 5A), suggesting
that cell surface expression of xCT might be related to CD44
expression. On the other hand we found that the amount of
xCT mRNA in these various cell lines was not correlated with
xCT protein expression at the cell surface (Figure S5A). We
also examined the possible effect of CD44 on the abundance
of xXCT mRNA in HCT116 cells by RNAi. CD44 ablation resulted
in an increase in the amount of xCT mRNA, and this effect was
inhibited by NAC treatment (Figures S5B and S5C), indicating
that the increase in xCT mRNA abundance induced by CD44
depletion is due to increased intracellular accumulation of
ROS. The abundance of xCT mRNA was previously shown not
to correlate with the intracellular level of GSH in NCI-60 cancer
cells (Huang et al., 2005) but was found to be increased as
a result of cystine deprivation (Sasaki et al., 2002). Thus, our
results suggested that the amount of XCT mRNA is regulated
by the intracellular ROS level, whereas cell surface expression
of xCT might be regulated by CD44 expression status.

To examine the relevance of CD44 to the subcellular localiza-
tion of xCT, we performed immunocytofluorescence analysis by
confocal microscopy. Most xCT immunofiuorescence at the
surface of HCT116 cells was found to colocalize with CD44
immunofluorescence, whereas RNAi-mediated CD44 ablation
reduced the amount of xCT at the plasma membrane (Figure 5B).
Flow cytometry also revealed that CD44 ablation reduced the
amount of xCT at the cell surface without affecting the cell
surface expression of CD98hc in HCT116 cells (Figure 5C), sug-
gesting that CD44 regulates the subcellular localization of xCT,
but not that of CD98hc. We next investigated whether CD44
expression might affect the stability of xCT by establishing
HCT116 cells that stably express either a short hairpin RNA
(shRNA) specific for CD44 mRNA or a corresponding scrambled
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Figure 4. CD44 Expression Correlates with the Intracellular Level of GSH

(A) GSH content of HCT116 cells transfected with CD44 siRNAs relative to that of those transfected with a control siRNA. Data are mean = SD from three
independent experiments. *p < 0.01. See also Figure S4A.

(B) GSH content of HEK2983T cells incubated with 1 mM NAC for 12 hr, expressing CD44v or CD44s relative to that of those transfected with the empty vector
(mock). Data are mean = SD from three independent experiments. *p < 0.01.

(C) MKN28 cells stably expressing CD44v or CD44s, or those stably transfected with the empty vector (mock), were incubated with 500 pM BSO for 24 hr and then
allowed to recover in BSO-free medium for 24 hr. GSH content was analyzed as in (C). Data are mean + SD from three independent experiments. *p < 0.01.
See also Figure S4B.

(D) MKN28 cells stably expressing CD44v, or those stably transfected with the empty vector (mock), were incubated for 72 hr with the indicated concentrations of
H,0,, CDDP, or DTX and then assayed for cell viability; data are expressed as treated/control cell ratio and are mean + SD from three independent experiments.
The median inhibitory concentration (ICso) values are also shown. )

(E) Amino acid contents of HCT116 cells transfected with the controf siRNA or with CD44 siRNAs (#1 or #2). Data are expressed as mean + SE from three separate
experiments. *p < 0.03 versus the value for cells transfected with the control siRNA. (F) Differences in "®N,-cystine uptake between HCT116 cells transfected with
CD44 siRNA and those transfected with the control siRNAs. Data are expressed as mean = SE from five separate experiments. *p < 0.05. **p < 0.01 versus the
values for the cells transfected with the control siRNA.
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Figure 5. CD44 Regulates Cell Surface Expression of xCT, but Not that of CD98hc
(A) Flow cytometric analysis of cell surface xCT expression in HCT116, HT29, and KATOIII cells relative to that on MKN28 cells. Cells were stained with rat mono-

clonal antibodies to human xCT, which recognize the extracellular domain of xCT.
(B) Immunofluorescence analysis of xCT and CD44 in HCT116 cells transfected with control or CD44 siRNAs. Nuclei were also stained with DAPI.
Arrows indicate colocalization of xCT and CD44 at the cell surface; arrowheads indicate loss of surface expression of xCT in cells depleted of CD44.

Scale bars, 20 ym.
(C) Flow cytometric analysis of CD98hc, xCT, and CD44 expression at the surface of HCT116 cells transfected with controi or CD44 siRNAs. Cells were stained

with antibodies to CD44 as well as with antibodies to CD98hc or to xCT.
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(control) shRNA (Figure S5D). We measured the protein levels of
xCT by both immunoblot and FACS analyses. Treatment of the
cells with the protein synthesis inhibitor cycloheximide (CHX)
revealed that the levels of xCT in the cells expressing the CD44
shRNA were reduced significantly faster than those in the cells
expressing the control shRNA (Figures 5D; Figure S5E), suggest-
ing that CD44 expression enhances the stability of xCT protein.

Ch44v Interacts with and Stabilizes xCT

at the Plasma Membrane

Therefore, we hypothesized that CD44 and xCT interact at the
plasma membrane and that this molecular interaction stabilizes
the membrane localization of XCT and thereby promotes cystine
uptake in CD44"" cancer cells. To test this hypothesis we
examined whether CD44 and xCT interact with each other by
immunoprecipitation analysis. Such analysis with antibodies to
CD44 revealed that both xCT and CD98hc indeed physically
interact with CD44 (Figure 5E). Furthermore, such analysis with
antibodies to xCT showed that xCT interacts preferentially with
130 kDa CD44v rather than with the 85 kDa CD44s isoform (Fig-
ure 5E). We recently found that CD44v (v6-10, v7-10, and v8-10)
was the predominant form of CD44 expressed in the gastric
tumors of Gan mice (Ishimoto et al., 2010). Thus, these observa-
tions suggested that CD44v may play a key role in resistance to
oxidative stress in gastrointestinal cancer cells and thereby
might promote tumor development.

To confirm that xCT preferentially interacts with CD44v, we
expressed recombinant CD44s or CD44v in 293T cells, which
contain only low levels of endogenous CD44, and performed
immunoprecipitation analysis with antibodies to xCT. Such anal-
ysis revealed that xCT specifically interacted with CD44v, not
with CD44s (Figure 5F). Together with our observation that
forced expression of CD44v, but not that of CD44s, increased
the intracellular GSH content in 293T cells (Figure 4B), these
results suggested that CD44yv interacts with and stabilizes xCT
and thereby increases intracellular GSH content.

To further determine whether variant region of CD44v is indeed
required for the interaction of CD44v and xCT, we generated
an expression plasmid encoding the S301A mutant of CD44v
(Figure S5F). Given that the v8-10 region of CD44v contains
consensus motifs for an N-linked glycosylation site (Asn-X-Ser/
Thr) (Dougherty et al., 1991), the CD44v S301A is considered
to be an N-linked glycosylation site mutant. The immunoprecip-
itation analysis revealed that the CD44v S301A failed to interact
with xCT (Figure 5G), suggesting that the v8-10 region of CD44 is

required for the specific interaction between CD44v and xCT.
Furthermore, forced expression of the CD44v S301A failed to
increase basal GSH level in 293T cells (Figure 5H). These results
suggest that specific interaction of CD44v and xCT maintains
a high level of GSH in cancer cells.

To determine whether xCT contributes to the ROS defense
mechanism of CD44"9" (HCT116) cancer cells, we investigated
the effect of xCT depletion by RNAI (Figure S5G) on ROS-scav-
enging ability. Ablation of xCT resulted in a significant increase in
DCFH-DA staining in cells exposed to H,0, (Figure S5H), as did
treatment with BSO (Figure S5I), suggesting that xCT-mediated
cystine uptake and consequent GSH synthesis are important for
the ROS-scavenging ability of cancer cells. Furthermore, we found
that H,Op-induced activation of p38MAPK was enhanced by xCT
depletion (Figure S8J), as it was by CD44 ablation (Figure 1D).
Thus, these results suggested that both CD44 and xCT are
required for suppression of ROS-induced p38MAFK activation.

CD44 Ablation Reduces the Number of Proliferating
Tumor Progenitor Cells and Inhibits Gastric Tumor
Development in Gan Mice

To examine whether CD44 expression affects tumor cell expan-
sion during gastric tumorigenesis in vivo, we crossed Gan mice
with CD44 knockout (CD44™'") mice, which show no overt
phenotype during development (Schmits et al., 1997), in order
to generate CD44~/~ Gan animals. Tumors were markedly
smaller in CD44™'~ Gan mice than in Gan mice at 30 weeks of
age and thereafter, whereas tumor size was similar in animals
of the two genotypes up to 20 weeks of age (Figures 6A and
6B), suggesting that CD44 is required for the maintenance of
tumor cell proliferation. Furthermore, hematoxylin and eosin
staining (H&E) revealed that CD44~/~ Gan mice only gave rise
to hyperplastic tumors (Figure 6B), suggesting that CD44
expression affects gastric tumor grade in Gan mice.

We next investigated the mechanism underlying the difference
in tumor size between Gan mice and CD44™/~ Gan mice. The
proportion of proliferating tumor cells that incorporated bromo-
deoxyuridine (BrdU) was significantly smaller in CD44™/~ Gan
mice than in Gan mice (Figure 6C), indicating that the number
of proliferating progenitor cells was reduced in the CD44-defi-
cient hyperplastic tumors. In contrast the proportion of apoptotic
cells in tumors did not differ between mice of the two genotypes
(Figure 6D). Thus, these results indicated that CD44 contributes
to the proliferation of gastric tumor cells rather than to cell
survival in Gan mice.

(D) Left panels show immunoblot analysis of xCT and B-actin (foading controf) in HCT116 cells stably expressing control or CD44 shRNAs and exposed to CHX
(40 pg/mi) for the indicated times. In the right panels, mean values +SD from three independent experiments for the xCT/B-actin band intensity ratio relative to the
corresponding value for time zero (0) are shown. See also Figure S5E.

(E) HCT116 cell lysates were subjected to immunoprecipitation (IP) with antibodies to CD44 (IM7) or to xCT, or with control immunoglobulin G (IgG), and the
resulting precipitates, as well as the original cell lysates (input), were subjected to immunoblot analysis with antibodies to xCT, to CD98hc, or to CD44
(anti-CD44cyto).

(F) Lysates of HEK293T cells expressing CD44v or CD44s, or of those transfected with the empty vector {(mock), were subjected to immunoprecipitation with
antibodies to xCT or with control IgG, and the resulting precipitates, as well as the original cell lysates (input), were subjected to immunoblot analysis with
antibodies to xCT or to CD44 (anti-CD44cyto).

(G) Lysates of HEK293T cells expressing CD44v or CD44v (S301A), or those transfected with the empty vector (mock), were subjected to IP with antibodies to xCT
or with control IgG, and the resulting precipitates, as well as the original cell lysates (input), were subjected to immunoblot analysis with antibodies to xCT or to
CD44 (anti-CD44cyto).

(H) HEK293T cells expressing CD44v or CD44v (S301A), or those transfected with the empty vector (mock), were analyzed for intraceliular GSH content. Data are
expressed relative to the value for mock-transfected cells and are mean = SD from three independent experiments. *p < 0.01. See also Figure S5F,
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CDh44 Ablation Induces pSSMAPK Activation

and p219FPYWAFT Unregulation in Gastric Tumors

of Gan Nice

Given that sustained activation of p3 is a characteristic
of cells with a high ROS level in vivo (Dolado et al., 2007), we
examined whether ablation of CD44 increases the abundance
of phospho-p38MAFK in gastric tumor cells. The region contain-
‘ing cells positive for phospho-p38M*FK was markedly extended
in hyperplastic tissue of CD44~/~ Gan mice compared with
that in tumors of Gan mice (Figure 7A). Furthermore, immunoblot
analysis revealed that the amount of phospho-p38M4PK was
greater in CD44-deficient hyperplastic tumors than in CD44*
tumors (Figures 7B and 7C) and that CD44v, rather than
CD44s, was preferentially expressed in the latter tumors (Fig-

8MAPK

ure 7B). We next investigated the relation between CD44v

expression and p38MAPK signaling in human gastric cancer.
The staining patterns of CD44v and phospho-p38™MAFX were
inversely correlated in tumorous glands of human-gastric adeno-
carcinoma (Figure S6). Together, these results suggested that
CD44v negatively regulates p38MAPX activity and that ablation
of CD44v induces tumor cells to adopt a more differentiated
and less proliferative state through activation of p3gMAPK,

We next investigated whether the extension of the tumor
region positive for p38MAPK phosphorylation apparent in
CD44~'~ Gan mice might be due to the loss of the influence of
CD44 on the plasma membrane localization of xCT. Immunohis-
tochemical analysis revealed that genetic ablation of CD44 re-
sulted in a marked reduction in the amount of xCT at the cell
surface (Figure 7D), suggesting that the CD44-xCT axis might
regulate p38MAPK signaling through modulation of the intracel-
lular ROS level in gastric tumor cells.

To explore further the molecular mechanism underlying
p38MAPK_mediated tumor growth suppression, we examined
the expression of p21°FPYWAFT which is a major downstream
component of the pathway by which p38™*FX inhibits cell prolif-
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mice at the indicated ages relative to that in age-matched
wild-type (WT) mice. Data are mean + 8D for the indicated
number of animals. *p < 0.05 versus the corresponding
value for CD44~'~ Gan mice. ;
(B) Macroscopic images and H&E of gastric tumors of Gan
and CD44~/~ Gan mice at 30 weeks of age. Scale bars,
5 mm (upper panels) and 100 pm (lower panels).

(C) BrdU incorporation in gastric tumors of 30-week-old
Gan or CD44™/~ Gan mice (left panels). Scale bars,
100 um. The BrdU-labeling index was determined as
mean = SD values for five mice of each genotype (right
panel); *p < 0.02.

(D) Apoptosis index for gastric tumors of 30-week-old Gan
or CD44~'~ Gan mice. Data are mean x SD for four mice of

) each genotype. NS, not significant.
[
@‘6@ eration (Han and Sun, 2007) and participates
(%»“ in the differentiation of gastric epithelial cells

(Katz et al., 2005). Quantitative RT-PCR analysis

revealed that CD44 ablation resulted in a

significant increase both in the amount of
p21CPYWART MRNA (Figure 7E) and in that of the mRNA for the
gastric differentiation marker MUCS5AC (Figure 7F) in gastric
tumors of Gan mice. Together, these results suggested that
CD44 ablation triggers growth arrest in immature and prolifera-
tive tumor cells through activation of p38MAPK and upregulation
of p21CPTWAF "resulting in the suppression of tumor progres-
sion through the induction of cell differentiation, in the Gan
mouse model.

The xCT Inhibitor Sulfasalazine Suppresses
Ch44-Dependent Tumor Growth and Promotes
Activation of pSSMAPK in Tumor Cells In Vivo

We next examined whether xCT contributes to CD44-dependent
tumor growth. HCT116 cells stably expressing CD44 shRNA
formed significantly smaller tumors in nude mice than did those
expressing a control shRNA (Figure 8A), suggesting that HCT116
cells form tumors in vivo in a CD44-dependent manner. Further-
more, immunoblot analysis revealed that RNAi-mediated CD44
knockdown markedly increased the phosphorylation of
p38MAPK in the tumor cells (Figure 8B), indicating that CD44-
dependent tumor growth is associated with the suppression of
p38MAPK_mediated signaling. Sulfasalazine is a well-character-
ized specific inhibitor of xCT-mediated cystine transport and
has been shown to inhibit the growth, invasion, and metastasis
of several types of cancer (Chen et al., 2009; Gout et al., 2001;
Lo et al., 2008). We found that intraperitoneal administration of
suifasalazine inhibited the growth of tumors formed by HCT116
cells in nude mice (Figure 8C), suggesting that the function of
xCT plays a role in the expansion of CD44* tumor cells in vivo.
Furthermore, immunohistochemical analysis revealed that sulfa-
salazine treatment stimulated the phosphorylation of p38MAF in
HCT116 tumor cells in vivo compared with that apparent in mice
treated with saline (Figure 8D). Immunoblot analysis of tumor
lysates also showed that sulfasalazine treatment increased
p38MAPK activation (Figure 8D), as did RNAi-mediated CD44
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phospho-p38MAPX (¢ and d) in gastric tumors
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(b and d) mice. Scale bars, 100 um. See also

Figure S6.

7 (B} Immunoblot analysis of phospho-p3
total p38MAPK, CD44, and ERK (loading control)
in lysates of gastric tumors from 30-week-old

s Gan or CD44™/~ Gan mice.
Phospho-pa8™ (C) Amount of phospho-p38™APX in gastric tumors
of 30-week-old CD44~/~ Gan mice relative to that

F in those of Gan mice, as determined by immuno-

1 Gan mice
B Co44 Gan mice

3

"

Fold change

8MAPK,

B Gan mice blot analysis. Data are mean + SD for three mice
B CO4” Gan mice of each genotype. *p < 0.01.

70 * (D) Immunostaining of xCT in gastric tumors of
Lo i 30-week-old Gan or CD44~/~ Gan mice. Arrows
gﬂ indicate expression of xCT at the plasma
H « membrane in tumors of Gan mice, whereas arrow-
£ : heads indicate the loss of xCT expression at the

plasma membrane in tumors of CD44~'~ Gan
mice. Scale bars, 50 pm.

(E) Quantitative RT-PCR analysis of p21CI71/WAF1
mRNA in tumors of 30-week-old CD44~/~ Gan

°

MUCSAC mRNA

mice relative.to that in those of Gan mice. Data were normalized by the amount of GAPDH mRNA and are mean + SD for three mice of each genotype. *p < 0.02.
(F) Quantitative RT-PCR analysis of MUCSAC mRNA in tumors of 30-week-old CD44~/~ Gan mice relative to that in those of Gan mice. Data were normalized by
the amount of GAPDH mRNA and are mean + SD for three mice of each genotype: *p < 0.01.

knockdown (Figure 8B). Thus, these results suggested that the
activity of xCT plays a role in the ability of CD44* tumor cells to
evade oxidative stress and p38MA"X-mediated growth suppres-
sion in vivo.

Finally, we examined whether suppression of xCT function by
sulfasalazine might enhance the effect of the anticancer drug
CDDP on tumor growth. The antitumor effect of CDDP at a low
dose (2 mg/kg) was significantly enhanced by treatment with sul-
fasalazine (Figure 8E), suggesting that sulfasalazine reduces the
ROS defense capacity of cancer cells and sensitizes them to
available chemotherapeutic drugs.

DISCUSSION

Our results revealed a function of CD44v that contributes to the
ROS resistance of gastrointestinal cancer cells. CD44* gastric
tumor cells of Gan mice were shown to express antioxidant
genes at higher levels compared with CD44™ tumor cells. We
found that CD44* tumor cells expressed Wnt target genes signif-
icantly higher than CD44~ tumor cells (Figure S3A). Given that
Whnt signals have been shown to be activated in stem-like cancer
cells (Vermeulen et al., 2010), we assume that CD44" fraction
contains more stem-like cells than CD44™ fraction. The previous
report demonstrated that the CD44™ breast CSCs manifest upre-
gulation of antioxidant genes (Diehn et al., 2009). Therefore, we
speculate that the differences in expression of antioxidant genes
in CD44* and CD44 ™~ fractions are due to the proportion of stem-
like tumor cells included in each fraction. However, in the present
study we also show that CD44 ablation suppressed the
synthesis of the nonenzymatic antioxidant GSH without affecting
the level of antioxidant gene expression in cultured cancer cells,
indicating that CD44-mediated ROS resistance is largely inde-

pendent of such antioxidant gene expression. Furthermore, we
found that CD44v interacts with and stabilizes the cystine trans-
porter subunit xCT and thereby regulates the intracellular level
of GSH in CD44* cancer cells, resulting in suppression of
p38MAPK. and p21CP1WAR_mediated growth inhibition. These
results indicate that ROS defense in CD44* cancer stem-like
cells is supported by CD44v enhancement of GSH synthesis in
addition to high levels of antioxidant gene expression. We are
not able to rule out the possibility that CD44 directly or indirectly
controls the expression of antioxidant genes in CD44* cancer
stem-like cells in vivo, thus with this issue requiring further
investigation.

Recent studies have indicated that increased levels of ROS
promote aging of hematopoietic stem cells (lto et al., 2006)
and that, in Drosophila, high ROS levels sensitize hematopoietic
progenitors to the induction of differentiation (Owusu-Ansah and
Banerjee, 2009). On the other hand, CSCs as well as normal stem
cells possess an enhanced ROS defense system (Diehn et al.,
2009; Phillips et al., 2006). Our results now show that CD44
expression correlates with ROS resistance in cancer cells as
a result of the enhancement of GSH synthesis by CD44. Thus,
expression of CD44 might serve as a functional marker for
CSCs with immature and ROS-resistant properties in various
tumor types.

CD44 is synthesized in multiple isoforms as a result of alterna-
tive mRNA splicing (Ponta et al., 2003). We and others have
previously shown that the expression of CD44v, but not that of
CD4d4s, is associated with progression of human gastrointestinal
malignancies (Tanabe et al., 1993). Furthermore, we have
recently shown that quiescent or slow-cycling gastric stem or
progenitor cells that reside in the normal mouse stomach and
undergo expansion during tumorigenesis express a high level

Cancer Cell 19, 387-400, March 15, 2011 ©2011 Elsevier Inc. 397
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Figure 8. Inhibition of xCT Function Increases p38™MAPK Activity in Tumor Cells and Suppresses CD44-Dependent Tumor Growth In Vivo

(A) Macroscopic images of tumors formed in nude mice by HCT116 cells stably expressing control or CD44 shRNAs at 28 days after cell injection (top panel);
scale bar, 5 mm. The weight of tumors formed by HCT116 cells stably expressing the CD44 shRNA relative to that of those formed by the control cells was
also determined at 28 days after cell injection (bottom panel). Data are mean + SD for five animals in each group. *p < 0.01.

(B) Lysates of tumors formed by HCT116 cells stably expressing control or CD44 shRNAs were subjected to immunobilot analysis with indicated antibodies
(right panel).

(C) Time course of the weight of tumors formed by HCT116 cells in nude mice treated with sulfasalazine (250 mg/kg) or saline. Data are mean + SD for five mice
per group. *p < 0.01 versus the corresponding value for saline-treated animals.

(D) Immunostaining of phospho—pSB"""‘F’K in tumors formed by HCT116 cells in nude mice treated with sulfasalazine or saline (left panels); the boxed regions are
shown at higher magnification in the insets. Scale bars, 500 um. Tumor lysates were also subjected to immunoblot analysis with indicated antibodies (right panel).
(E) The weight of tumors formed by HCT116 cells in nude mice treated with saline, CDDP (2 mg/kg), or CDDP (2 mg/kg) plus sulfasalazine (250 mg/kg) was
determined at 28 days after cell injection. Data are mean + SD for five animals per group. *p < 0.01.

(F) Model for regulation of ROS-p38MAPX signaling by CD44v. CD44v maintains a high-level GSH by stabilizing the expression of xCT at the plasma membrane of

cancer cells. This action of CD44v results in suppression of ROS-p38MAPK signaling. HA, hyaluronic acid.

(G) Model for the role of the CD44v-xCT interaction in tumor development. CD44v and xCT interaction suppresses ROS-p3

upregulating intracellular GSH, thereby promoting tumor development.

- of CD44v (Ishimoto et al., 2010). We have now found that CD44v
interacts with xCT and that CD44 ablation resuits in depletion of
intracellular GSH and loss of cell surface expression of xCT, with
the amount of CD98hc at the cell surface being apparently unaf-
fected. Furthermore, forced expression of CD44v8-10, but not
that of CD44s, accelerated the recovery of GSH content in
CD44~ cancer celis after GSH depletion induced by BSO. These
observations suggest that CD44v-mediated stabilization of xCT
at the plasma membrane promotes ROS resistance and mainte-
nance of cancer cells.

xCT is a component of a plasma membrane transporter (the
xc™ system) that mediates the cellular uptake of extracellular
cystine in exchange for intracellular glutamate and thereby plays

398 Cancer Cell 19, 387-400, Maro_h 15, 2011 ©2011 Elsevier Inc.

8MAPK signaling in cancer cells by

a key role in GSH synthesis. The activity of xCT-mediated
cystine uptake in cancer cells is highly associated with cell
proliferation, chemoresistance, and tumor growth (Gout et al.,
2001; Lo et al., 2008). CD98hc is covalently linked to one of
several light chains, including LAT1, LAT2, y+LAT1, y+LAT2,
and ASC-1 in addition to xCT (Verrey et al., 2004), with the re-
sulting complexes functioning as amino acid transporters at
the plasma membrane. However, the precise mechanism by
which CD98hc selects its binding partner to constitute the
different types of amino acid transporter has remained
unknown. In the present study we showed that CD44v stabilizes
xCT expression at the plasma membrane, with the xc™ system
then mediating cystine uptake and promoting GSH synthesis.
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Another variant (exon 3-containing) isoform of CD44 has been
shown to interact with monocarboxylate transporter (MCT)-1
and MCT-4, which are responsible for the transport of lactate
in breast cancer cells (Slomiany et al., 2009). Therefore, it is
possible that different CD44v isoforms contribute to the stabili-
zation of several different types of transporter at the plasma
membrane.

We previously showed that CD44 expressed in invasive
cancer cells undergoes matrix metalloproteinase-dependent
cleavage, which promotes turnover of CD44-mediated cell-
matrix interaction and efficient invasion of extracellular matrix
(Nagano et al., 2004; Nagano and Saya, 2004). These previous
observations together with our present findings suggest that
CD44 contributes to both the matrix invasion and ROS defense
capabilities of cancer cells. It is possible that a switch between
these dual functions of CD44 is determined by its stable expres-
sion at the cell surface or its cleavage.

Oxidative stress has been implicated in activation of both
p38MAPK and p53-p21°P1"WAFT signaling and, consequently, in
celi-cycle arrest and senescence (Muller, 2009). Constitutive
activation of p38MAPK has been shown to negatively regulate
tumorigenesis (Bulavin et al., 2004; Dolado et al., 2007; Han
and Sun, 2007). Furthermore, p21°F"WAF is an important medi-
ator of the differentiation of gastrointestinal epithelial cells
(Katz et al., 2005; van de Wetering et al., 2002). Ablation of
CD44 in mice harboring a transgene for tumor necrosis factor-
« exacerbates chronic inflammatory arthritis as a result of exces-
sive p38MAPK activation, indicative of increased levels of ROS
(Hayer et al., 2005). Thus, expression of CD44 might be required
to support cell proliferation in an inflammatory microenvironment
characterized by increased oxidative stress. We have now
shown that CD44 ablation suppressed gastric tumor growth in
a mouse model of spontaneous tumorigenesis concomitant
with the upregulation of p38MAPK  phosphorylation and
p21CIPWAFT gane expression. Furthermore, treatment with the
specific xCT inhibitor sulfasalazine induced p38™F¥ activation
and suppressed CD44-dependent tumor growth in an HCT116
xenograft model. Furthermore, the effect of the ROS-inducing
anticancer drug CDDP -on CD44-dependent HCT116 tumor
growth was significantly enhanced by sulfasalazine treatment.
Together, these findings indicate that xCT-mediated suppres-
sion of ROS-p38MAPK signaling that negatively regulates the
tumorigenic and proliferative capacities of tumor cells plays
a role in the CD44-mediated expansion of tumor celis.

In conclusion our present data provide evidence that the
expression of CD44v and its association with xCT block the
ROS-induced stress signaling that results in growth arrest, cell
differentiation, and senescence, and thereby promote the prolif-
eration of cancer cells and the formation of lethal gastrointestinal
tumors (Figures 8F and 8G). Given that CD44-expressing CSCs
~ play a central role in resistance to cancer therapy, it has been
suggested that definitive treatment should target the CD44™d"
cell population in cancer. On the other hand, given that
CD44 appears to have numerous functions, further investigation
of other functions of this molecule in tumor growth and
maintenance is warranted. Our present study indicates that
CD44v-targeted therapy may impair the ROS defense ability of
gastrointestinal cancer stem-like cells and thereby sensitize
them to currently available cancer treatments.

EXPERIMENTAL PROCEDURES

Transgenic Mice

K19-Wnt1/C2mE transgenic (Gan) mice were described previously (Oshima
et al., 2006). CD44~'~ mice were obtained from The Jackson Laboratory
(Bar Harbor, ME, USA). Gan mice were crossed with CD44™'~ mice to generate
CD447/~ Gan mice. Wild-type littermates of Gan mice were used as controls.
All animal experiments were performed in accordance with protocols
approved by the Ethics Committee of Keio University.

Statistical Analysis

Data are presented as mean = SD and were analyzed with the unpaired
Student’s t test with the use of Excel 2007 (Microsoft, Redmond, WA, USA).
A p value of <0.05 was considered statistically significant.

ACCESSION NUMBERS

Coordinates have been deposited in the GEO database with accession codes
GSE20913, and GSE20914.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.ccr.2011.01.038.
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|dentification of HLA-A2-restricted CTL epitopes of a novel
tumour-associated antigen, KIF20A, overexpressed in pancreatic
cancer |
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BACKGROUND: Identification of tumour-associated antigens (TAAs) that induce cytotoxic T lymphocytes (CTLs) specific to cancer cells
is critical for the development of anticancer lmmunotherapy In this study, we aimed at identifying a novel TAA of pancreatic cancer
_ for immunotherapy.

METHODS: On the basis of the genome-wide cDNA microarray analysis, we focused on KIF20A (also known as RAB6KIFL/MKIp2) as a
candidate TAA in pancreatic cancer cells. The HLA-A2 (A*02:0/)-restricted CTL epitopes of KIF20A were identified using HLA-A2
transgenic mice (Tgm) and the peptides were examined to check whether they could generate human CTLs exhibiting cytotoxuc
responses against KIF20A*, HLA-A2 ™ tumour cells in vitro.

RESULTS: KIF20A was overexpressed in pancreatic cancer and in some other malignancies, but not in their non-cancerous counterparts
and many normal adult tissues. We found that KIF20A-2 (p12-20, LLSDDDVWV), KIF20A-8 (p809-817, CIAEQYHTV), and
KIF20A-28 (p284-293, AQPDTAPLPV) peptides could induce HLA-A2-restricted CTLs in HLA-A2 Tgm without causing
autoimmunity. Peptide-reactive human CTLs were generated from peripheral blood mononuclear cells of HLA-A2 * healthy donors
by in vitro stimulation with the three peptides, and those CTLs successfully exhibited cytotoxic responses to cancer cells expressing

both KIF20A and HLA-A2.
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Pancreatic cancer is one of the highly lethal malignancies with an
overall 5-year survival rate of ~5% (Jemal et al, 2007). Although a
surgical resection is the only treatment for long-term survival,
patients with resectable pancreatic cancer are in the minority
(9-22%) (Eloubeidi et al, 2006; Goonetilleke and Siriwardena,
2007). Furthermore, even the 5-year survival rate after a curative
resection is reported to be ~20% (Cleary et al, 2004; Smeenk et al,
2005; Moon et al, 2006). Therefore, there is a strong need for
development of novel therapeutic modalities.

Anticancer immunotherapy is considered to be the candi-
date modality for pancreatic cancer. Recently, analyses of gene
expression profiles of cancer and normal cells using cDNA
microarray technologies have provided an effective approach
for the identification of tumour-associated antigens (TAAs)
(Nakatsura et al, 2004b; Uchida et al, 2004; Yoshitake et al, 2004;
Watanabe et al, 2005; Komori et al, 2006; Suda et al, 2006;
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CONcLUsION: KIF20A is a novel promising candidate for anticancer immunotherapeutic target for pancreatic cancers.
British Journal of Cancer (2011) 104, 300~307. doi:10.1038/5].bjc.6606052  www.bjcancer.com
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Harao et al, 2008; Imai et al, 2008). This study analysed the gene
expression profiles of pancreatic cancer using a genome-wide
c¢DNA microarray consisting of 27 648 genes, which revealed that
KIF20A was overexpressed in pancreatic cancer tissues but not in
many normal tissues.

In this study, we examined whether KIF20A could be a potential
target for anticancer immunotherapy. To this aim, human KIF20A-
derived and HLA-A2-restricted cytotoxic T lymphocyte (CTL)
epitopes were identified using HLA-A2 transgenic mice (Tgm), and
the ability of peptides to induce KIF20A-reactive human CTLs that
kill cancer cells and the safety not to induce autoimmune
responses in the mouse were investigated.

MATERIALS AND METHODS

c¢DNA microarray analysis

A data set of genome-wide cDNA microarray analyses using
cancerous and adjacent normal tissues obtained by a laser
microbeam dissection (Nakamura et al, 2004) was used in this
study. The tissue samples were obtained from surgical specimens



of pancreatic cancer patients. All patients provided their written
informed consent to participate in this study.

Mice, cell lines, and HLA expression

The HLA-A2 Tgm, H-2D>™~ B,m™'~ double knockout mice
introduced with a monochain gene construct of human f2m-
HLA-A2.1(zl, a2)-H-2D%(a3, transmembrane, and cytoplasmic)
(Pascolo et al, 1997; Firat et al, 1999), were kindly provided by
Dr FA Lemonnier. Mice were maintained and handled in accordance
with the animal care guidelines of the Kumamoto University.

The human pancreatic cancer cell line PANCI, the colon cancer
cell line CaCo-2, and a transporter associated with antigen
processing (TAP)-deficient and HLA-A2 (A*02:01)-positive cell
line T2 were purchased from the Riken Cell Bank (Tsukuba,
Japan). The human liver cancer cell line SKHepl and the human
pancreatic cancer cell line PK9 were provided by Dr Kyogo Itoh
(Kurume University, Kurume, Japan) and the Cell Resource Center
for Biomedical Research Institute of Development, Aging and
Cancer (Tohoku University, Sendai, Japan), respectively.

The expression of HLA-A2 was examined by flow cytometry
with an anti-HLA-A2 monoclonal antibody (mAb), BB7.2 (One
Lambda Inc., Canoga Park, CA, USA) to select HLA-A2-positive
blood donors and target cancer cell lines.

Patients, blood samples, and tumour tissues

The clinical research using peripheral blood mononuclear cells
(PBMCs) obtained from healthy donors was approved by the
Institutional Review Board of the Kumamoto University. The
cancer and adjacent non-cancerous tissues were obtained from 14
patients during routine diagnostic procedures from patients in the
Kumamoto University Hospital. The tissues were subjected to
either reverse transcription-PCR (RT-PCR) or immunohisto-
chemical analyses as listed in Table 1. Blood and tissue samples
were obtained from donors and patients, respectively, after
receiving their written informed consent.

RT-PCR

Reverse transcription-PCR analyses were performed as described
previously (Nakatsura et al, 2004a). The primers used were:
KIF204, sense 5'-CTACAAGCACCCAAGGACTCT-3' (788-808, the
4th exon) and antisense 5-AGATGGAGAAGCGAATGTTT-3’
(1400-1381, the 8th exon) and ACTB, sense 5'-CATCCACGAAACT
ACCTTCAACT-3' (903-925, the 5th exon) and antisense

Table | Expression of the KIF20A gene or protein in pancreatic cancer
tissues
Patient RT-PCR IHC
| -2 NT
2 -2 -
3 2 _b
4 +2 NT
3 42 +b
6 42 +b
7 +? NT
8 +2 NT
9 +2 +b
10 +2 NT
I NT +
12 NT +
I3 NT +
14 NT -
Abbreviations: IHC = immunohistochemical analysis; — = negative; NT = not tested;

+ = positive; RT—PCR = reverse transcription~PCR. *RT--PCR data are shown in
Figure 2. ®lmmunohistochemical data are shown in Figure 3.
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npg)

5'-TCTCCTTAGAGAGAAGTGGGGTG-3' (1535-1513, the 6th exon).
Primer positions are shown according to c¢DNA sequences
presented in the Gene Bank Accession numbers of NM_005733
for human KIF20A and of NM_001101 for human ACTB. The
products were 612bp long for KIF20A and 632bp long for ACTB.
After normalisation by the intensity for ACTB mRNA, the
expression levels of KIF20A mRNA were compared among the
tissues and cell lines.

Western blot analysis and immunohistochemical
examination

Western blot analysis and immunohistochemical staining of
KIF20A using rabbit polyclonal anti-KIF20A antibody (category
no. A300-879A) of Bethyl Laboratories (Montgomery, TX, USA)
were performed as described previously (Nakatsura et al, 2001;
Yoshitake et al, 2004). Immunochistochemical staining of CD4 or
CD8 in tissue specimens of HLA-A2 Tgm immunised with the

 KIF20A-8g¢9-35:7 peptide was performed as described previously

(Matsuyoshi et al, 2004).
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Figure | The relative expression ratio of KIF20A mRNA in pancreatic
cancer tissues {Pancreatic Ca) and in various normal tissues based on a
cDNA microarray analysis. The KIF20A gene was overexpressed in all six
pancreatic cancer tissues investigated, but barely expressed in many normal
tissues, except for in the testis and thymus. The ratio of relative expression
levels of KIF20A mRNA in six pancreatic cancer tissues to that of disease-
free counterparts was calculated. For normal tissues, the average
expression level of KIF20A mRNA in all tissues was assigned to be 1.0,
and the relative expression level of KIF20A mRNA in each tissue was
calculated. For pancreatic cancer, the expression levels of KIF20A mRNA in
adjacent normal pancreatic tissues were assigned to be 1.0, and the relative
expression levels of KIF20A mRNA in pancreatic cancers were calculated
using specimens obtained from six patients with pancreatic cancer.
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Lentiviral gene transfer Induction and response of KIF20A-reactive mouse CTLs

KIF20A cDNA was transduced into SKHepl cells by a lentiviral A total of 36 human KIF20A-derived peptides (purity >95%) with
vector-mediated gene transfer as described previously (Tahara- predicted high binding scores for HLA-A2 (4*02:01) by BIMAS
Hanaoka et al, 2002; Irie et al, 2006). The expression of KIF20A software (NIH, Bethesda, MD, USA; http://www-bimas.cit.nih.gov/)
was confirmed by western blot analysis. were synthesised by the American Peptide Company (Sunnyvale,
CA, USA; Supplementary Table 1). The HLA-A2 Tgm were

immunised intraperitoneally twice on days 0 and 7 with bone

marrow-derived dendritic cells (BM-DCs) pulsed with 12 sets of a

‘ ) mixture of 3 kinds of the 36 synthesised peptides. Seven days after

Tal?le 2 Expression of the KIF20A gene in pancreatic cancer and various the last immunisation, CD4-depleted spleen cells (CD4~ spleen
malignancies investigated by cDNA microarray analyses® cells) from Tgm using CD4 microbeads (Miltenyi Biotec, Auburn,
. ] CA, USA) were stimulated in vitro with BM-DCs pulsed with each
N r';‘t’::,t'(':/e) A:zrii‘:;:nriﬁ:e peptide. The CTL responses to the peptides were tested by the
> P ELISPOT assay (human INF-y ELISPOT kit, BD Biosciences,

Pancreatic cancer 6/6 100 31900 Franklin Lakes, NJ, USA).

Small cell lung cancer 15/15 100 22

Bladder cancer 30731 97 20500 '

Non-small cell lung cancer 20122 9l 25800 Induction of KIF20A-reactive human CTLs

Cholangiocellular carcinoma 7/ 64 3780 . .

Breast cancer 29/61 44 327 Peripheral monocyte-derived DCs were generated from CD14%
Prostate cancer 11/36 3] 4 cells isolated from PBMCs of HLA-A2-positive healthy donors
Renal cell carcinoma 3/11 27 5 using CD14 microbeads (Miltenyi Biotec), with stimulation of
Oesophageal cancer 2/13 15 3 100ngml™ granulocyte/macrophage colony-stimulating factor,
Colorectal cancer 231 3 2 10ng ml ™! interleukin (IL)-4, and Streptococcal OK-432 (Picibanil,
Gastric cancer 0/4 0 0 Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) (Naito et al, 2006)

Data are obtained from our previous studies (Nakao et al, 1995; Uchida et al, 2004; as described pr ev1ously (Harao et al, 2008). The cells were

Yoshitake et a, 2004; Taniuchi et al, 2005; Watanabe et dl, 2005). *The relatve ~ morphologically changed to express many dendrites, and their
expression ratio was calculated by dividing the value of the expression of KIF20A expression levels ?f MHC class-1I and CD80 were upregulated after
mRNA in cancer cells by that in the normal counterpart, and a relative expression the stimulation with OK-432. The DCs were pulsed with 20 ugml™*

ratio (cancer/normal tissue) of >5 was considered to be positive. candidate peptides in the presence of 4 ugml™" f2-microglobulin
A Normal tissues
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Figure 2 Expression of KIF20A mRNA and protein in human normal tissues, cancer cell lines, and pancreatic cancer tissues. (A) RT—PCR analysis of
KIF20A mRNA expression in various normal tissues, KIF20A mRNA was not detected except for faint expression observed in the testis. (B) The expression
of KIF20A mRNA and protein in various cancer cell lines investigated by RT—PCR (left) and western blot analyses (right). KIF20A mRNA was detected in all
pancreatic cancer cell lines examined. The major bands at ~ [00kDa, which corresponds to the calculated molecular weight for KIF20A, are shown. It must
be noted that SKHep| and SKHep |/Mock expressed only a trace amount of the KIF20A protein, whereas KIF20A cDNA-transfected SKHep!, SKHep !/
KIF20A, relatively expressed a large amount of the protein. (C) RT—PCR analyses of the KIF20A expression in pancreatic cancer tissues (T), and their normal
counterparts (N). The expression of the KIF20A mRNA was detected in five of eight pancreatic tumour tissues, but little expression was detected in their
normal counterparts. It must be noted that KIF20A mRNA expression was also detected in the peritoneum (patient 9 (Pt9)) and metastatic foci of the skin
(patient 10 (Pt10)).
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(Sigma-Aldrich, St Louis, MO, USA) for 2h at 37°C in AIM-V
medium (Invitrogen, Carlsbad, CA, USA) containing 2% auto-
logous plasma. The DCs were then irradiated (40Gy) and
incubated with CD8™ cells isolated from the same PBMCs using
CD8 microbeads (Miltenyi Biotec). These cultures were set up in
24-well plates; each well contained 1 x 10° peptide-pulsed DCs,
2x10° CD8* T cells, and 5ngml™" human IL-7 (Wako, Osaka,
Japan), in 2ml AIM-V with 2% autologous plasma. After 2 days,
these cultures were supplemented with human IL-2 (PeproTec,
Rocky Hill, NJ, USA) to a final concentration of 20 IUmI™. Two
additional stimulations with peptide-loaded autologous DCs were
carried out on days 7 and 14. Six days after the last stimulation,
antigen-specific CTL responses were investigated by the ELISPOT
assay and the *'Cr release assay as described previously (Komori
et al, 2006).

CTL responses against cancer cell lines

Human CTLs were co-cultured with cancer cells or peptide-pulsed
T2 cells as a target (5 x 10° per well) at the indicated effector/target
ratio, and a standard >'Cr release assay was performed (Komori
et al, 2006). An HLA-A2 (A*02:01)-binding HIV-derived peptide,
SLYNTVATL, was used as an irrelevant control peptide (Parker
et al, 1992). Blocking of HLA-class I or HLA-DR in the ELISPOT
assay was performed as follows: the target cancer cells were
incubated with 10 ug ml™! anti-HLA-class 1 mAb, W6/32, or
10 ugml™" anti-HLA-DR mAb, H-DR-1 (kindly provided by
Dr Kyogo Itoh (Nakao et al, 1995)) for 1h before co-culture with
CTLs, and the inhibitory effects of mAbs on the production of
IFN-y by CTLs were monitored (Gomi et al, 1999).

A Patient 3 Patient 5
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RESULTS

Identification of the KIF20A gene upregulated in
pancreatic cancer and various malignancies based
on cDNA microarray analyses

Using genome-wide cDNA microarray analyses, it turned out that
six genes, namely CDH3, KIF20A, MICAL2, TRIM29, ABHD, and
EPHAA4, were overexpressed in the six pancreatic cancer tissues in
comparison with their adjacent normal counterparts, and we
reported that CDH3/P-cadherin is a new TAA for immunotherapy
of pancreatic, gastric, and colorectal cancers (Imai et al, 2008). In
this study, we focused on KIF20A as another pancreatic cancer-
specific TAA for immunotherapeutic target. The cDNA microarray
analyses revealed that expression of the KIF20A gene in pancreatic
cancer tissues was markedly enhanced in all six patients
investigated (the average of the relative expression ratio: 31900,
ranging 15-72000), whereas the KIF20A gene was faintly
expressed only in the testis and thymus among normal tissues
(Figure 1). In addition, overexpression of the KIF20A gene was also
observed in other malignancies, such as lung and bladder cancers
(Table 2) (Kitahara et al, 2001; Hasegawa et al, 2002; Kikuchi et al,
2003; Nakamura et al, 2004; Obama et al, 2005) .

Expression of KIF20A mRNA and protein in normal
organs, cancer cell lines, and pancreatic cancer tissues

The expression of the KIF20A gene in normal tissues was analysed
by RT-PCR analyses, which revealed its exclusive expression in
the testis and thymus (Figure 2A). On the other hand, the
expression of the KIF20A gene was detected in almost all

Patient 9
(intraperitoneal dissemination)

Patient 6

Figure 3 Immunohistochemical analyses of the KIF20A protein in (A) pancreatic cancer and in (B) various normal tissues. (Panel A) A strong staining of
KIF20A was mainly observed at the cytoplasm and nuclei of cancer cells in six of nine cases (representative patients 5, 6, and 9 are shown), whereas a very
weak staining was observed in acinar cells and in the normal ductal epithelium of their normal adjacent pancreatic tissues. A pancreatic cancer tissue without
KIF20A expression is also shown (Patient 3). A similar strong staining was observed in the metastatic foci of the peritoneum (Patient 9). (Panel B) KIF20A
was not detected in the normal brain, lung, liver, kidney, stomach, small intestine, colon, spleen, skeletal muscle, skin, thymus, and testis. Little staining was
detected in tumour-forming pancreatitis. Positive staining signals are seen as brown. The scale bars represent |00 um.
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pancreatic and other HLA-A2-positive cancer cell lines tested
(Figure 2B, left). Those observations essentially coincided with
data obtained by cDNA microarray analyses.

We then checked the expression of the KIF20A gene in surgically
resected pancreatic cancer tissues and their adjacent normal
counterparts by RT-PCR analyses. The KIF204 gene was detected
in five of eight pancreatic cancer tissues, whereas virtually no
expression was observed in their normal counterparts (Figure 2C).
It is noteworthy that KIF20A was also detected in the metastatic
foci of the skin and peritoneum.

Western blot analysis revealed expression of the KIF20A
protein in various HLA-A2™ cancer cell lines tested, except for
SKHepl (Figure 2B, right). To confirm the tumour-associated
overexpression of the KIF20A protein, various paraffin-embedded
normal tissue specimens and pancreatic cancer specimens were
examined by immunohistochemical analyses. We investigated nine
samples of pancreatic cancer (Table 1), and a strong staining of
KIF20A was mainly observed in the cytoplasm and nuclei of cancer
cells in six cases, whereas a very weak staining was observed in
acinar cells and the normal ductal epithelium of their normal
adjacent pancreatic tissues (Figure 3A). Little staining was detected
in tumour-forming pancreatitis. KIF20A was not detected in the
normal brain, lung, liver, kidney, stomach, small intestine, colon,
spleen, skeletal muscle, skin, thymus, and skin (Figure 3B).

Therefore, the pattern of KIF20A protein expression essentially
paralleled with its gene expression profile.

Identification of KIF20A-derived and HLA-A2-restricted
mouse CTL epitopes using HLA-A2 Tgm

A total of 36 peptides with high binding scores to HLA-A2
(A*02:01) by BIMAS (Supplementary Table 1) were immunised
to HLA-A2 Tgm, and CD4" spleen cells were stimulated in vitro
with BM-DCs pulsed with each peptide. The CD4~ spleen cells
stimulated with KIF20A-2 (pl12-20, LLSDDDVVV), KIF20A-8
(p809-817, CIAEQYHTV), and KIF20A-28  (p284-293,
AQPDTAPLPV) peptides produced a significant amount of INF-y
in a peptide-specific manner in the ELISPOT assay (Figure 4A).
Those CD4~ spleen cells (2x10%) showed 149.0%22.2,
117.2£23.4, and 141.2£5.5 spot counts per well in response to
BM-DCs pulsed with the KIF20A-2, KIF20A-8, and KIF20A-28
peptides, respectively, whereas they showed 32.6+9.9, 51.4+7.8,
and 19.2+5.2 spot counts per well, respectively, without peptide
loading (P<0.01). No significant peptide-specific response was
observed with the other peptides. These results suggest that the
KIF20A-2, KIF20A-8, and KIF20A-28 peptides could be the
HLA-A2-restricted CTL epitope peptides in HLA-A2 Tgm and
those peptides were expected to be epitopes for human CTLs.
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Figure 4 Identification of HLA-A2-restricted mouse CTL epitopes of human KIF20A using HLA-A2 Tgm. (A) HLA-A2 Tgm were immunised with
syngeneic BM-DCs pulsed with the peptide mixtures as described in the ‘Materials and Methods’ section, and CD4™ spleen cells were stimulated with
BM-DCs pulsed with or without each peptide for 6 days. INF-y-producing CTLs were detected by an ELISPOT assay. KIF20A-2 (LLSDDDVVV), KIF20A-8
(CIAEQYHTV), and KIF20A-28 (AQPDTAPLPV) peptides indicated by the circles were shown to induce peptide-reactive CTLs. These assays were
performed twice with similar results. (B) Immunohistochemical staining with anti-CD4 or anti-CD8 mAb in tissue specimens of HLA-A2 Tgm immunised
with the KIF20A-8 peptide. After two-times vaccinations, these specimens were removed and analysed.
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Figure 5 Induction of KIF20A-specific human CTLs from PBMCs of three HLA-A2-positive healthy donors. (A) KIF20A peptide-reactive CTLs generated
from PBMCs of three HLA-A2-positive healthy donors effectively killed T2 cells (HLA-A2 ™, TAP deficient) pulsed with each peptide but not those unpulsed
or pulsed with irrelevant and HLA-A2-restricted CTL epitopes of HIV. (B) Human CTLs exhibited cytotoxicity to the KIF20A™, HLA-A2* human
pancreatic cancer cell line PANC| and to the colon cancer celf line CaCo-2, but not to KIF20A™, HLA-A2™ human pancreatic cancer cell line PK9. (C) The
cytotoxicity of human CTLs was KIF20A specific. Those CTLs killed SKHep /KIF20A, but not mock-transfected SKHep| cells. Representative data are
shown. (D) Human CTL responses were inhibited by anti-HLA-class | mAb (W6/32, 1gG,,) but not by anti-HLA-DR mAb (H-DR-1, 1gGa,). The target cells
used were PANC-Icell (KIF20A™, HLA-A2 ™) and PK9 cell (KIF20A™, HLA-A27). (Panels A—D) Representative data from one of the three donors with

similar results are shown. )
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No autoimmune phenomenon induced by immunisation
with KIF20A-8 in HLA-A2 Tgm

Whether immunisation with KIF20A peptides induces auto-
immune reactions is of great importance. The immunohistochem-
ical analyses of several vital organs with anti-CD4 and anti-CD8
mAbs were performed in HLA-A2 Tgm after two-times vaccination
with the KIF20A-8 peptide, as its amino-acid sequence was
identical between human and mouse KIF20A. As shown in
Figure 4B, no pathological change that suggests autoimmunity,
such as lymphocyte infiltration or tissue destruction, was
observed, indicating that lymphocytes stimulated with the
KIF20A-8 peptide were safe at least in HLA-A2 Tgm. -

Induction of KIF20A-reactive human CTLs from PBMCs of
HLA-A2-positive healthy donors

To investigate whether the KIF20A-2, KIF20A-8, and KIF20A-28
peptides could generate KIF20A-specific human CTLs, CD8"
T cells sorted from PBMCs of HLA-A2-positive healthy donors
were incubated with the autologous CD14% cell-derived DCs
pulsed with each peptide. After three-times stimulations, the
cytotoxic activities of CD8" T cells against peptide-pulsed
T2 cells were examined by the *'Cr release assay (Figure 5A).
Each CTL killed the T2 cells pulsed with KIF20A-2 (left), KIF20A-8
(middle), or KIF20A-28 (right) peptides, but not the T2 cells
pulsed with irrelevant HLA-A2-binding HIV peptide or those
without peptide loading. The data indicate that KIF20A peptides
successfully induced human CTLs with peptide-specific cyto-
toxicity.

Next, the capacity of these CTLs to kill human cancer cell lines
expressing both KIF20A and HLA-A2 was examined. As shown in
Figure 5B, KIF20A-reactive CTLs stimulated with KIF20A-2 (left),
KIF20A-8 (middle), or KIF20A-28 (right) peptides exhibited
effective cytotoxicity to PANCI (KIF20A*, HLA-A2") and CaCo-2
(KIF20A", HLA-A2"), but not to PK9 (KIF20A™, HLA-A27).
Furthermore, all CTLs exhibited cytotoxicity against SKHepl/
KIF20A (KIF20A™, HLA-A2"), SKHep1 cells (KIF20A™, HLA-A2")
transfected with the KIF20A gene (Figure 2B, right), but not against
SKHep1/Mock, SKHepl cells transfected with an empty vector
(Figure 5C). Those results suggested that CTL responses were
specific to KIF20A expression and that the epitope peptides were
naturally processed and expressed on the surface of cancer cells in
the context of HLA-A2 molecules. )

Blocking mAb specific to HLA-class I (W6/32) markedly
reduced the number of INF-y-producing CTLs generated by
stimulation with KIF20A-2 (left), KIF20A-8 (middle), or KIF20A-
28 (right) peptides by co-culture with PANCI1 cells with statistical
significance (Figure 5D, P<0.01), whereas anti-HLA-DR mAb
(H-DR-1) had no effect on CTL responses. The data verified that
CTLs recognised KIF20A-expressing target cells in an HLA-class
I-restricted manner.

DISCUSSION

In this study, whether KIF20A is applicable to a target of
anticancer immunotherapy was carefully investigated. The KIF20A
gene was overexpressed in pancreatic ‘cancer cells but barely
expressed in their normal counterparts and in many normal adult
tissues as revealed by the cDNA microarray analysis, RT~PCR
analysis, and immunohistochemical analyses. As a weak expres-
sion of KIF20A in the normal thymus in addition to the testis was
observed in the cDNA microarray and RT-PCR analyses, KIF20A
is not a perfect cancer/testis antigen but a TAA overexpressed in
pancreatic cancer, as well as in bladder cancer, non-small cell lung
cancer, and cholangiocellular carcinoma. We have reported that
CDH3/P-cadherin is another TAA that is overexpressed in
pancreatic cancer (Imai et al, 2008); however, it has been often
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observed that using a single TAA as a target of anticancer
immunotherapy does not yield satisfactory therapeutic outcomes
in animal models. Using multiple TAAs in combination as targets
drastically improved the outcome of anticancer immunotherapy
(Fukushima et al, 2009), and therefore KIF20A could be not only a
versatile tumour marker but also a TAA useful as a target of
anticancer immunotherapy for pancreatic cancer by itself or in
combination with other TAA(s). Furthermore, the involvement of
KIF204A in pancreatic carcinogenesis suggests that KIF20A would
be a promising immunotherapeutic target for pancreatic cancer as
described below.

The KIF20A protein, also known as RAB6KIFL/MKIp2, was first

identified to localise to Golgi apparatus and to have an important
role in the dynamics in this organelle by an interaction with the
GTP-bound form of Rabé6 (Echard et al, 1998). KIF20A belongs to a
large family of motor proteins that accumulate in mitotic cells, and
microinjection of anti-KIF20A antibodies resulted in the failure of
cytokinesis (Hill et al, 2000). The knockdown of KIF20A gene
expression in pancreatic cancer cell lines by small-interfering RNA
drastically inhibited the growth of those cells (Taniuchi et al,
2005). :
The potential CTL target epitopes of KIF20A were listed among
the HLA-A2 (A*02:01) binders predicted by the BIMAS software
and surveyed using HLA-A2 Tgm. All three candidate, epitope
peptides identified could stimulate the generation of human CTLs
that showed KIF20A-specific cytotoxicity in an HLA-A2-restricted
manner in all three individuals examined. Importantly, immunisa-
tion of the KIF20A-8 peptide, of which the amino-acid sequence is
conserved between human and mouse KIF204, did not induce any
signs of autoimmune phenomenon, suggesting the safety of this
peptide for using anticancer immunotherapy targeting KIF20A. In
this sense, the HLA-A2 is not only a powerful tool for rapid
identification of HLA-A2-restricted CTL epitopes but also for
evaluating the in vivo outcomes of immunotherapy using epitope
peptides.

In conclusion, our data showed that KIF20A is a novel TAA
and a potential target for anticancer immunotherapy for cancer
cells expressing KIF20A at least in an HLA-A2-restricted situation.
As KIF20A is highly expressed in a wider range of human
malignancies, KIF20A is therefore a promising target for peptide-
based immunotherapy for the treatment of malignancies, espe-
cially pancreatic cancer. Further investigation of the capability
for induction of KIF20A-specific CTLs in pancreatic cancer
patients thus remains an issue of great importance for clinical
application. ’ :
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