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now believed that the activity of SFK is determined by
an equilibrium between an inactive (phosphorylated)
and a primed (dephosphorylated) state regulated by a
balance of Csk and its counteracting tyrosine phospha-
tase(s). Upon cell stimulation, SFKs at a primed state
become functionally activated to relay signals into the
cells. Thus, perturbation of the equilibrium status of
SFK, potentially induced by up- or downregulation of
Csk and/or a tyrosine phosphatase(s) during develop-
ment and/or cancer progression, may greatly affect the
sensitivity of the cells to extracellular cues. In relation to
cancer progression, it has been reported that c-Src-
induced transformation of cells bearing v-Crk was sup-
pressed by Csk overexpression (Sabe et al., 1992b). In
addition, downregulation of Src kinase activity by
adenovirus-mediated csk gene transfer has been shown
to abrogate the metastatic phenotype of colon cancer
cells (Nakagawa et al., 2000). We previously reported a
reduction of Csk protein in about 60% of human colon
cancer cases in which there was an elevation of Src
activity, indicating that reduction of Csk may be one of
the causes of the elevated specific activity of c-Src
(Rengifo-Cam et al., 2001). These findings suggest that
Csk could be involved in the regulation of some cancer
progression, through controlling the activity status of
multiple SFKs. However, the precise function of Csk in
human colon cancer cells has not been yet established.
To address this issue, we examined the effects of modu-
lation of Csk function on the phenotypes of human
colon cancer cells. We here show that the equilibrium
status of SFK controlled by Csk could control the
integrin-mediated cell adhesion and migration implicated
in the metastatic potential of human colon cancer cells.

Results and discussion

Expression and activity of SFK in human epithelial colon
cancer cells

We first analysed protein expressions of Csk and SFK
and the activity status of SFK in human colon cancer
cell lines (Dan et al, 2002), HCC2998, HCT15 and
HT29 (Figure la). Consistent with previous observa-
tions (Rosen et al., 1986; Rengifo-Cam et al., 2001),
HCT15 and HT29 cells showed substantial elevation of
c-Src expression and a reduced expression of Csk
compared with HCC2998 cells, a highly differentiated
adenocarcinoma cell line (Kobayashi et al., 1999). It was
also shown that all these cells express multiple members
of SFK including Yes, Fyn, Lyn and Lck, although
there were no dramatic changes in their expressions
among them. The activity status of SFK was then
assessed with anti-Src pY418 antibody that can recog-
nize autophosphorylated tyrosines of SFKs (SFK
pY418), since SFK autophosphorylation is directly
associated with its function (Sabe er al., 1992a,b).
HCC2998 cells demonstrated only faint signals for SFK
autophosphorylation, while HCT15 and HT29 cells
showed substantial phosphorylation on SFKs poten-
tially corresponding to c-Src and c-Yes. In contrast,
phosphorylations at the negative regulatory sites, Y529,
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Figure 1 Expression and phosphorylation status of SFK in
human colon cancer cells. (a) Total cell lysates from HCC2998,
HCTI5 and HT29 cells were obtained using ODG buffer, and
equal amounts (20 ug protein) were analysed by Western blotting
using specific antibodies against the indicated proteins. Anti-Src
pY418 and pY529 detected multiple members of phosphorylated
SFKs indicated by arrows. (b) c-Src and c-Yes proteins were
immunoprecipitated using total lysate (500 ug protein) from the
cancer cells, and probed with anti-Src, anti-Yes, anti-Src pY418
and anti-Src pY529 antibodies. Asterisks indicate the bands of
immunoglobulin heavy chain

were steadily detected in -all cell types with the highest
levels in HT29 cells. To verify the phosphorylation levels
of individual SFK members, c-Src and c-Yes proteins
were immunoprecipitated and subjected to Western
blotting (Figure 1b). In HT29 cells, c-Src was substan-
tially phosphorylated at both Y418 and Y529, revealing
that some c-Src are at primed state, while others are
downregulated by Csk. In the case of c-Yes, phosphory-
lation at Y418 was the most evident in HT29 cells,
while Y529 appeared to be less phosphorylated in.the
same cell line. These observations demonstrate that not
only c-Src but also some other SFKs including c-Yes are
basally primed in advanced cancer cells such as HT29,
but only slightly activated in highly differentiated
HCC2998 cells. This raises the possibility that perturba-
tion of the balance between SFK and Csk, potentially
achieved by elevated expression of SFK, downregula-
tion of Csk or both, might influence the activity status of
SFK in cancer cells. In order to address the role of such
regulatory system of SFK in cancer progression, we here
modulated the SFK-Csk balance by introducing Csk
into HCT15 and HT?29 cells, and observed its effects on
the activity status of SFK and the phenotypic features of
cancer cells.

Modulation of SFK by Csk influences cell morphology,
cell-cell interaction, cell motility and in vitro invasiveness
in colon cancer cells

We introduced wild-type Csk (Csk K +) or kinase-
negative mutant of Csk (Csk K—) in HCT15 and HT29
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cells using an adenovirus expression system (Takayama  inducing the activation of SFK. The effect of Csk
et al., 1999). Adenovirus infection readily induced overexpression on the morphologies of HCTIS and
protein expression in almost 100% of the cells, and  HT29 cells were observed by phase contrast microscopy
did not affect the viability or growth rate of the cells (Figure 2b). Overexpression of Csk K + in either cell
(data not shown). The expression of Csk K+ types induced a dramatic change in cell morphology;
suppressed the autophosphorylation of SFK (pY418) the majority of cells formed compact cell aggregates
while that of Csk K- enhanced it (Figure 2a),  (Figure 2bB and G). On the other hand, cells expressing
demonstrating that Csk K + suppressed the activity of  Csk K- (Csk K— cells) appeared scattered and exhi-
SFK and Csk K- acted dominant negatively in bited a mesenchymal-like phenotype, although HT29
a
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Figure 2 Pffect of adenovirus-mediated overexpression of Csk on cell morphology. cell-cell interaction. cell motility and in vitro
invasiveness in colon cancer cells. (a) Expression of Csk protein induced by adenovirus-mediated gene transfer. HCTI15 cells were
infected with indicated m.o.1. of adenoviruses carrying LacZ. wild-type Csk (Csk K + ) and kinase-negative mutant Csk (Csk K ~), and
the total cell lysates were subjected to Western blotting with anti-Csk (upper panel) and anti-Sre pY418 (lower panel) antibodies.
Location of Csk and phosphorylated SFKs are indicated by arrows. (b) Phase-contrast pictures were taken from HCT!35 and HT29
cells after 48 h treatment with LacZ (A and F). Csk K+ (B and G) or Csk K~ (C and H). respectively. HCTI3 cells treated with Csk
K+ were subjected to secondary treatment with Csk K— (D). HCTI1S cells were incubated with 100 PP2 for 24 h {E). HT29 cells
treated with (1) or without (J) Csk K- were incubated with 108 PP2 for 24 h. (¢) HT29 cells infected with indicated viruses for 24 h
were replated. and their cell movements was monitored for 21 h by time-laps video microscopy. Images at 3h intervals are shown. In
each cell type. five cells were arbitrarily selected and tracked to assess the ability of cell motility using Mave-tr' 2D software (right
panels). (d) /n virro mvasiveness of HCT135 and HT29 cells without virus infection (control) or those infected with virus carrying LacZ,
Csk K + and Csk K—. Cells (1.0 x 10%) were sceded into matrigel invasion chambers. After 48 h. membranes were detached and cells
were stained and counted under light microscopy. Results are expressed as mean values of three experiments
Oncogene
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cells still exhibited round shape (C and H). When the
aggregated HCTI5 cells expressing Csk K4 were
subsequently infected with virus carrying Csk K—, the
cells became scattered again, demonstrating that the
morphological changes can be regulated reversibly (D).
As reported previously (Nam er al., 2002), treatment
with PP2, a specific inhibitor of SFK, induces cell
aggregation in both cell types (E and J). Cell aggregation
could also be induced by the PP2 treatment in HT29
cells expressing Csk K~ (1). The morphology of PP2-
treated cells is somewhat similar to that of Csk K +
cells, supporting the idea that morphological changes
induced by Csk expression are mediated by the
modulation of SFK activity.

To further characterize Csk-expressing cancer cells,
the infected HT29 cells were replated onto collagen-
coated dishes and their behaviors were observed for 21 h
under time-laps video microscopy. The images at 3h
intervals and the tracks of five cells in each cell type are
shown in Figure 2c. Overexpression of Csk K+
appeared to attenuate cell motility, and also the cells
tended to associate with each other resulting in the
formation of compact cell aggregates. In contrast, the
Csk K~ cells actively migrated without forming the cell
aggregates. We then assessed the in vitro invasive
potential of the infected HCTI15 and HT29 cells by
matrigel assay (Figure 2d). The Csk K— cells efficiently
invaded matrigel, whereas the invasiveness of Csk K +
cells was rather suppressed. This supports the previous
observation showing that adenovirus-mediated csk gene
transfer can abrogate the metastatic phenotype of colon
cancer cells /n vivo (Nakagawa er al., 2000). Taken
together, these observations suggest that the activity
status of SFK regulated by Csk might influence the
ability of cell migration implicated in the metastatic
potential of human colon cancer (Avizienyte et al.,
2002).

Modulation of SFK by Csk influences
integrin-SFK-mediated cell adhesion signaling

We then addressed the molecular mechanisms that
determine the phenotypes of the infected HT29 cells.
When cells were plated onto culture dishes coated with
collagen I, evident changes in morphology were
observed again; overexpression of Csk K+ induced
formation of large cell aggregates, while that of Csk K—
facilitated the cell scattering and destabilized cell-cell
contacts (Figure 3aA-C). However, when cells were
plated onto laminin-coated dishes, the morphological
change became more moderate and large cell aggregates
were stably formed even in Csk K~ cells (Figure 3aD--
F). These findings suggest that the effects of Csk are
on cell adhesion mediated by specific
integrins that can respond to collagen I. To confirm
this, cell adhesion assay on collagen [ was performed. As
shown in Figure 3b, cell adhesion was apparently
suppressed by the expression of Csk K +. while it was
greatly enhanced by that of Csk K—. The changes in
tyrosine phosphorylation of cellular proteins during cell
adhesion process were then examined by Western
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blotting (Figure 3c). In suspended cells, SFK is
phosphorylated dominantly at Y529 in Csk K + cells,
while in Csk K— cells, it is phosphorylated at Y418. This
can be attributed to a change in the equilibrium of SFK
to an inactive state in Csk K 4 cells and to a primed
state in Csk K— cells. Upon cell adhesion, the primed
SFK in Csk K- cells became functionally activated
resulting in a dramatic increase in tyrosine phosphor-
ylation of several SFK targets including FAK and
paxitlin, which play crucial roles in the formation of
focal contacts. Phosphorylation of FAK Y397 was also
induced, reflecting the activation of FAK implicated in
the regulation of cell migration and invasion (Hauck
et al., 2002). In contrast, inactive state of SFK in Csk
K + cells cannot be activated through integrin signaling,
and consequently there is no significant increase in the
phosphorylation of cell adhesion-related proteins. The
importance of cell adhesion mediated by specific integrin
was further supported by the observation that tyrosine
phosphorylation of cell adhesion proteins was not
induced even in Csk K — cells when plated onto laminin
or poly- D-lysine-coated dishes (data not shown). These
results show that Csk is critical to define the sensitivity
of the cells to the integrin-SFK-mediated cell adhesion
signaling.

Modulation of SFK by Csk influences focal contact

. Jormation and actin cytoskeletal organization

We next investigated the cellular localizations of
tyrosine phosphorylated proteins (pY), vinculin, as
markers of focal contact, and actin fiber (F-actin) by
confocal microscopy (Figure 4a). Csk K + cells showed
reduced numbers of staining patches of pY and vinculin
that were localized only at the edge of large cell
aggregates, suggesting that focal contacts are formed
at places that can directly interact with the substrate
(Figure 4a and c, B). Consistent with this, staining of
F-actin was evident only at the edge of cell aggregates
as well (Figure 4a and c, E). In contrast, in Csk K—
cells, the number of focal contacts was greatly increased,
and they appeared surrounding the individual cells
{Figure 4a and c, C). F-aciin was also enriched around
the focal contacts of each cell (Figure 4a and ¢, F). At
the middle surface of Csk K-+ cells, F-actin appeared
highly concentrated at cell-cell contacts probably for the
support of E-cadherin/f-catenin complex (Figure b, E),
whereas in Csk K- cells, such actin support was
substantially reduced (Figure b, F). These observations
indicate that expression of Csk K-+ suppresses the
formation of focal contacts while that of Csk K-
enhances it through the increased phosphorylation of
cell adhesion machinery, and that there 1s a drastic
rearrangement of actin cytoskeletal organization accom-
panied by the formation of focal contacts.

Modulation of SFK by Csk does not affect the
L-cadherinlB-catenin complex

We here addressed the mechanism by which cell—cell
contact is stabilized in Csk K+ cells, while it is
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Figure 3 Effect of Csk overexpression on cell adhesion signaling in HT29 cells. (a) Phase-contrast pictures of HT29 cells infected with
adenovirus carrying LacZ (A and D), Csk K+ (B and E) or Csk K- (C and F). Cells were seeded onto plastic slides coated with
collagen 1 (A, B and C) or plastic slides coated with laminin (D, E and F). (b) Cell adhesion assay on collagen 1. HT29 cells infected
with adenovirus carrying LacZ, Csk K ++ or Csk K- were once detached and replated onto collagen I-coated dishes. After indicated
periods. adherent and nonadherent cells were separately collected and the amounts of cellular proteins were determined. Here ‘0 min’
means the minimum period taken between replating and cell harvesting. Protein amounts of nonadherent and adherent cells are
indicated by black and gray bars. respectively. (¢) Changes in tyrosine phosphorylation in response to cell adhesion. After replating the
infected HT2Y cells onto collagen l-coated dishes for indicated periods, total cell lysates were obtained, and total tyrosine
phosphorylation level (upper panel) and expression of Csk and tyrosine phosphorylation of Src Y418, Src Y529, FAK Y397 (lower
panels) were analysed by Western blotting. Z; cells expressing LacZ, K +; Csk K+ cells, K—; Csk K~ cells

destabilized in Csk K— cells. It is known that E-cadherin
plays a major role in cell-cell contact of epithelial cells
- (Hyafl er al., 1980). Indeed, an anti-E-cadherin anti-
body could completely inhibit the formation of compact
cell aggregates in Csk K + cells (Figure 5a), suggesting
that SFK activity under the control of Csk is involved in
the regulation of E-cadherin-mediated cell-cell contacts.
Previous reports have suggested a role for activated

form of Src in dissociating the E-cadherin/f-catenin
complex (Irby and Yeatman, 2002). Thus, we investi-
gated the localization of E-cadherin and its partner
f-catenin in HT29 cells expressing Csk K + or Csk K—.
However, there was no apparent difference in the
staining patterns of either E-cadherin or f-catenin in
any type of cells (Figure 5b). Both E-cadherin and
f-catenin were predominantly localized at the membrane
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even in the scattered cells. Tyrosine phosphorylation of
E-cadherin and f-catenin by the activated form of Src
has previously been proposed to trigger ubiquitin-
mediated degradation (Aberle et al.. 1997) or endo-
cytosis of the E-cadherin/f-catenin complex (Fujita
et al., 2002). To test the possible effect of up- or down-
regulation of Csk on this mechanism, we determined the
protein amounts of the E-cadherim/f-catenin complex
and other potential Src targets. z-catenin and p120°™,
and the tyrosine phosphorylation of E-cadherin/
p-catenin complex. As shown in Figure 3c, there was no
significant change in the amounts of any protein tested
i either Csk K+ or Csk K~ cells. In addition, only a
subtle increase in tyrosine phosphorylation of either E-
cadherin or ff-catenin was detected even in Csk K- cells.
These findings demounstrate that there is no apparent
change in E-cadherin/f-catenin related cell-cell contact
machinery and that the activity of endogenous SFK
is not sufficient for the phosphorylation-mediated
endocytosis of the E-cadherin/f-catenin complex. This
raises the possibility that cell-cell contact mediated by
E-cadherin/f-catenin is deregulated by SFK through
an indirect pathway. Supporting this possibility, we
observed .that there was a dramatic mobilization of
F-actin from cell-cell contacts to focal contacts by
modulating SFK function (Figure 4a). Thus, it seems
likely that rearrangement of actin cytoskeleton induced
by SFK activation causes a loss of actin-support for
the E-cadherin/f-catenin complex, thereby destabilizing
clustering of the complex that allows high-affinity
interaction.

Csk could control metastatic potential of cancer cells
through regulating integrin-SFK-mediated cell udhesion
signaling

In summary, we here showed that upregulation of Csk
in human epithelial cancer cells suppresses the activation
of SFK upon cell adhesion, thereby allowing cell-cell
contacts mediated by E-cadherin leading to epithelial-
like phenotype, and conversely that downregulation of
Csk greatly enhances integrin-mediated activation of
SFK, which accompanies increased phosphorylation of
cell adhesion proteins, cell scattering with mesenchymal-
like phenotype. increased number of focal contacts,
reorganization of cytoskeletal support, enhanced cell
adhesion and migration and in vitre invasiveness. Thesc
observations suggest that Csk plays a key role in the
regulation of the activity status of SFK that influences
epithelial-mesenchymal transition (EMT) and the meta-
static potential of epithelial cancer cells. Sr¢ has been
implicated in the regulation of EMT (Frame. 2002). and
4 o e i
Figure 4 Effect of Csk overexpression on the formation of foeal
contacts and arrangements of actin cytoskeleton. HT 29 cells were
infected with adenovirus as described above, and stained with 4G10
(a and b) or ant-vinculin antibody (c¢) followed by detection with
FITC-conjugated anti-mouse 1gG, F-actin was stained by rhodamine-
phalloidine. Immunofiuorescence confocal microscopy pictures were
taken at the cell basement in conmtact with the substratum (basal
surface) or 2 ym above the basal surface (middle surface)
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Figure 5. Effect of Csk overexpression on localization, expression
and phosphorylation of E-cadherin/f-catenin complex. (a) Inhibi-
tion of cell-cell contacts by anti-E-cadherin antibody. HT29 cells
were infected with adenovirus carrying Csk K + in the presence of
indicated concentrations of anti-E-cadherin antibody (SHE78-7).
After 48 h, cells were observed under phase-contrast microscopy.
(b) HT29 cells infected with indicated adenoviruses were stained
with anti-f-catenin and anti-E-cadherin antibodies followed by
Cy3-conjugated and FITC-conjugated secondary antibodies, re-
spectively. Pictures were taken at the middle surface (2 um above
the basal surface). (c) Total cell lysates from HT29 cells, treated as
described above, were subjected to Western blotling using
antibodies against E-cadherin, f-catenin, g-catenin and pl20¢+™
(left panels). For analysis of tyrosine phosphorylation of E-
cadherin/f-catenin complex. the complex was immunoprecipitated
with anti-E-cadherin antibody and then probed with ant-E-
cadherin. anti-f-catenin or 4G10 (right panels)

requirement of integrin signaling in such process has
also been reported (Avizienyte er al., 2002). However,
most
performed using v-Src or active form of Src having a
mutation at the C-terminal regulatory site. A natural Src
mutant, SrcS31 (Irby e al., 1999), has also been used.
but this mutation does not scem to occur frequently
(Daigo et al., 1999; Nilbert and Fernebro, 2000; Wang
et al.. 2000: Laghi ef al.. 2001). These molecules cannot
be regulated by Csk and show constitutively high
activity, Using these activated forms of Src, it has
been proposed that deregulation of cell-cell contacts

of the studies on the function of Src were -
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mediated by E-cadherin is due to SFK-induced phos-
phorylation of E-cadherin/f-catenin complex leading to
endocytosis and degradation of the complex (Aberle
et al., 1997; Fujita er al., 2002). In the present study,
however, significant phosphorylation and degradation
of E-cadherin/f#-catenin complex were not observed,
suggesting that endogenous SFK activity is not suffi-
cient or too weak to be responsible for such degradation
pathway of E-cadherin/f-catenin complex in some
cancer cells. Nonetheless, the E-cadherin-mediated
cell—cell contacts were destabilized by the activation of
SFK. In this study, we proposed the possibility that
endogenous SFK dominantly regulates integrin-
mediated cell adhesion in any cell type. Thus, it would
be possible that deregulation of cell-cell contacts may
result from secondary events such as reorganization of
actin cytoskeleton, although more detailed analysis for
the molecular mechanism underlying these events
should be necessary. As already mentioned, other
members of SFK, Yes and Lck. are upregulated in
some colon cancers (Velillette ef al., 1987; Boardman and
Karnes, 1995). In HCT15 and HT29 cells used in this
study, a variety of SFK members, that is, Src, Yes, Fyn,
Lyn and Lck, are expressed and some are indeed
activated. In addition, multiple members of SFK,
including Src, Fyn, Hck and Fgr, have been shown to
be involved in integrin signaling that is critical for the
regulation of metastasis (Suen er al., 1999; Cary et al.,
2002), Taking these observations together with the fact
that SFK has redundant function, it is likely that
deregulation of the balance between multiple SFKs and
Csk achieved by elevated expression of SFKs, down-
regulation of Csk or both could influence the metastatic
potential of some cancer cells through primarily
regulating integrin-mediated cell adhesion signaling.

We showed here that upregulation of Csk function
could attenuate the metastatic potential of human colon
cancer cells. Owr results may provide an insight for
therapy in cancer mctastasis. Inhibitors of SFK, such as
PP2, are known to have harmful side effects. Instead,
Csk might be a more selective target for cancer therapy.
Gene transfer of Csk has already been undertaken and it
successfully suppressed the metastatic activity of colon
cancer cells (Nakagawa er al., 2000). Since the structure
of Csk is now available (Ogawa et al., 2002), a specific
compound that binds to the SH2 domain to activate Csk
may be designed; alternatively, a drug that can activate
the expression of Csk may be useful.

Materials and methods

Cell culture and reagents

Colon adenocarcinoma cell lines HCC2998, HCTIS and
HT29, and a gastric cancer cell line MKN22 were obtained
{from the Cancer Chemotherapy Center, Japanese Foundation
for Cancer Research (Tokyo. Japan). Cells were cultured in
RPMI 1640 medium (Life Technologies, Inc., Grand Island,
NY, USA) supplemented with 10% heat-inactivated fetal
bovine serum. 2mmol/l glutamine. 50 pg/ml penicillin and
50 pg/mi streptomycin. Cells were maintained at 37 C and 5%
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CO, in a humidified atmosphere. Cells were cultured in
collagen I. laminin or poly- D-lysine-coated dishes (BD
Biocoat, CA, USA) and used for experiments after reaching
80% of confluence. PP2 was purchased from Calbiochem (La
Jolla, CA, USA). Stock solutions of this compound were
prepared in 100% DMSO (Sigma, St Louis, MO, USA) and
stored at —70°C. Coating was performed with 50 ug/ml
collagen [ on Lab-Tech plastic chamber (Nalge Nunc
International, Rochester, NY, USA) (strong coat). AxICAT-
lacZ, AxICATesk K + and Ax1CATesk K— adenovirus were
obtained as described elsewhere (Takayama er al., 1999).

Wesiern blatting and inmnunoprecipitation

Cells were washed, and lysed in ODG buffer (50 mm Tris-Hel,
pH 8.0, Imm EDTA, 0.25 M NaCl, 20mm NaF, | mm Na;VO,,
1% Nonidet P-40, 2% octyl-D-glucoside, 5mm f-mercapto-
ethanol, 10 ug/ml aprotinin, 10 ug/ml leupeptin, 1 mm PMSF,
5% glycerol). Proteins separated by SDS-PAGE were then
transferred onto a nitrocellulose membrane (Schleicher &
Schuell, NH, USA). Subsequently, the membrane was treated
with blocking buffer (Tris-buffered suline containing 0.1%
Tween 20 (Tween-TBS)) for 2h at room temperature. The
blocked membrane was probed with primary antibodies and
further incubated with a secondary antibody conjugated with
horseradish peroxidase. The immunoreactivity was visualized
with an enhanced chemiluminescence system (Perkin-Elmer
Life Sciences, MA, USA). Primary antibodies used were
antiphosphotyrosine (clone 4G10), anti-Yes, anti-FAK (clone
77), anti-E-cadherin (clone 36), anti-p120“™ (clone 98) and
anti-z catenin (clone 5) from Transduction Laboratories (KY,
USA); anti-v-Sre (clone Mab 327) from Calbiochem (San
Diego, CA, USA); anti-Csk (clone c-20), anti-Fyn (clone
FYNB3), anti-Lyn (clone 44), anti-L¢k (clone 2102) and anti-
fi-catenin (clone H-102) from Santa Cruz Laboratories (CA,
USA); anti-Src pY418 and pY3529, and FAK pY397 from
Biosource Laboratories (CA, USA). Horseradish peroxidase-
conjugated anti-mouse IgG (Zymed Laboratories Inc., CA,
USA) and horseradish peroxidase-conjugated anti-rabbit 1gG
(Zymed Laborateries Inc., CA, USA) were used as secondary
antibodies. For immunoprecipitation, precleared lysate (500 ug
protein) was incubated with indicated antibodies and Protein
G-Sepharose (Amersham Pharmacia, Buckinghamshire, UK)
for 2h at 4°C. The immunoprecipitate was washed with ODG
buffer and analysed by Western blotting.
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Cell motility and invasion assay

- HT29 cells infected with adenovirus for 24 h were replated on

35mm glass-bottom microwell dishes (IWAKI) coated with
50 pg/ml collagen 1. Cell movements were monitored using
Olympus IX71 microscope for 24 h. Images were collected with
Cool SNAP HQ CCD camera (Roper) at 6 min intervals,
digitized and stored as image stacks using MetaMorph 3.0
software (Universal Imaging). Movements of individual cells
were analysed using Move-tr/2D software (Library, Tokyo).
For in vitro invasion assay, cells (1.0 x 10%) were seeded into
matrigel invasion chambers (BD Biocoat, CA, USA) in serum-
free RPMI media (500 ), with full RPMI media (700 ) in the
well below. Cells were allowed to grow for 48 h, after which the
layer of cells in the chamber was carefully scraped off and cells
adhering to the membrane beneath the chambers were stained
with crystal violet and counted.

Immunofluorescence staining and confocal microscopy

HT29 cells were infected with adenovirus carrying lacZ
(control), Csk K+ or Csk K— on collagen-coated glass
coverslips for 2 days: After fixation with 3.7% formaldchyde in
PBS for 0min, cells were incubated with anti-E cadherin,
anti-f-catenin, anti-vinculin or antiphosphotyrosine (4G10)
antibody in Tris-buffered saline containing 0.1% Tween 20;
and further incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse IgG antibody (Amersham Pharmacia
Biotech, Buckinghamshire. UK) or Cy3-conjugated anti-rabbit
IgG antibody (Chemichon, CA, USA). Rhodamine-phalloidin
(Eugene, OR, USA) was used to stain F-actin. The stained
cells were observed by immunotluorescence microscopy and/or
confocal microscopy using an LSM510 (Zeiss, Germany). For
inhibition assay of cell-cell contacts, HT29 cells were infected
with adenovirus carrying Csk K + in the presence of indicated
concentrations of anti-human E-cadherin antibody (SHE78-7,
TAKARA, Japan) for 48 h.
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Abstract

Resistance to cisplatin is a major problem in the treatment of solid
tumors. To investigate the determinants of cisplatin resistance, we have
identified cisplatin-inducible genes by differential display of mRNA. One
of the cisplatin-inducible genes was identified as activating transcription
factor 4 (ATF4). Northern blot analysis demsnstrated that expression of
ATF4 is inducible at the transcriptional level. ¥ts expression is also up-
regulated in tweo cisplatin-resistant cell lines. We tested whether cellular
fevels of ATF4 are responsible for cisplatin sensitivity by examining 11
human lung cancer cell lines. Expression of ATF4 was found to correlate
with cisplatin sensitivity (P = 0.01). We also evaluated the cisplatin
sensitivity of two stable transfectants overexpressing ATF4. Both were less
sensitive to cisplatin than the parental cells but equally seusitive to vin-
cristine. Our findings suggest that levels of ATF4 expression could help to
predict cisplatin sensitivity.

Introduction

Cisplatin is a potent antitumor agent that has been used successfully
to treat various solid tumors (1, 2). However, development of cisplatin
resistance is a major obstacle in clinical treatment (1). Resistance is
thought to involve several mechanisms, including decreased drug
accumulation (3), increased levels of ceflular thiols (4), and increased
DNA repair activity (5, 6). We have identified previously Y-box
binding protein-1 (YB-1), a transcription factor that binds to DNA
intrastrand cisplatin cross-links (7). We showed that human cancer
cells that overexpressed YB-1 were resistant to cisplatin and that
transfection of such cells with a YB-1 antisense expression plasmid
increased their drug sensitivity (8). Using differential display, we
showed that cisplatin induced one proton pump subunit gene and that
several pump subunit genes were up-regulated in cisplatin-resistant
cell lines (9). Cellular pH is also one of the critical parameters
affecting cisplatin sensitivity (10).

Cisplatin induces a complex response in cancer cells. Activation of
the tumor suppressor gene products p53/p73 by DNA damage signal-
ing can result in cell cycle arrest and apoptosis. Loss of p533 function
confers resistance in some human cancer cell lines (11), whereas
overexpression of p73 is associated with resistance to cisplatin (12).
The relationship between cisplatin sensitivity and damage-induced
expression of p53/p73 remains unclear. Several signaling pathways
are thought to contribute to resistance to cisplatin. In addition to
p53/p73, transcription factors activated in response to cisplatin might
be involved in drug sensitivity (11). However, little is known about
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the expression or activation of such factors. Therefore, the identifica~
tion of cellular determinants of cisplatin sensitivity could be important
for clinical practice. In the current study, we have isolated cisplatin-
inducible genes using differential display and report here that activat-
ing transcription factor 4 (ATF4) is one of these genes and that it is
up-regulated in cisplatin-resistant cell lines. We show also that the
expression of ATF4 correlates with cisplatin resistance.

Materials and Methods

Cell Cultare. The cisplatin-resistant cell line KB/CP4 derived from human
KB epidermoid cancer cells and the cisplatin-resistant cell line P/CDP6 de-
rived from PC3 prostate cancer cells have been described previousty (9). They
were cultured in Bagle’s MEM (Nissui Seiyaku, Tokyo, Japan) containing {0%
fetal bovine serum. KB/CP4 and P/CDP6 were found to be 63- and 23-fold,
respectively, more resistant to cisplatin than their parental cells (3, 13). Eleven
fung cancer cell lines were cultured as deseribed (14).

Drugs and Antibodies. Cisplatin, vincristine, and etoposide were from
Sigma (St. Louis, MO). An anticyclic adenosine monophosphate-responsive
element binding-2 antibody to ATF4 was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA), and anti-high mobility group 1 (HMG1), anti-
thioredoxin (TRX) -I, and anti-YB-1 antibodies were made as described
previously (8, {3, 16).

Differential Display. Total RNA was isolated by the method described
previously (17). For differential display, we used a differential display kit from
Takara Shuzo (Kyoto, Japan). In brief, reverse transcription was carried out
using 9 anchored primers, and 24 [0-mer primers were used with the appro-
priate anchored primers. Untreated and cisplatin-treated KB cells were ana-
lyzed simultaneously. Gels were dried and autoradiographed for 1-2 days, and
DNA fragments were eluted from the gels by boiling and were reamplified by
PCR. ¢DNA fragments were then cloned into pGEM-Teasy (Promega, Mad-
ison, W1) and sequenced.

Northern Blot Analysis. Northern blot analysis was carried out on total
RNA extracted from the indicated cells. The ATF4 ¢DNA fragment was
labeled with random primers using the Megaprime DNA labeling kit {Amer-
sham, Aylesbury, United Kingdom) and hybridized at 42°C in Ultra-hyb
solution (Ambion, Austin, TX). Signal intensity was quantified using a bio-
imaging analyzer (BAS 2000; Fujix, Tokyo, Japan).

Western Blot Analysis. Whole cell extracts were analyzed by 10% SDS-
PAGE. Protein fractions were transferred onto polyvinylidene fluoride mem-
branes, and the membranes were incubated with antibodies against ATF4
(1:1000), YB-1 (1:5000), HMG! (1:2500), and TRX1 (1:2000) for t hat 25°C
and visualized by chemiluminescence with the enhanced chemiluminescence
protocol {Amersham Biosciences, Piscataway, NJ).

Cytotoxicity Assays. Cells were seeded in 96-well tissue culture plates at
2 X 10° cells/well, and drugs were added the following day. After 72 h,
surviving cells were assayed with TetraColar ONE (Seikagaku Corporation,
Tokyo, Japan) for 2 h at 37°C according to the protocol provided, and
absorbance was measured at 450 nin.

Statistical Analysis. Cellular levels of ATF4 were assessed numerically
with the NIH image system. The Pecarson correlation was used for statistical
analysis, and significance was set at the 5% level,

Construction of an Expression Plasmid. A plasmid containing a full-
length ¢cDNA fragment of human ATF4 was generated by reverse transcrip-
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tion-PCR using total RNA from KB cells, and the ¢cDNA was cloned into
pGEM-Teasy (Promega). To construct a mammalian expression plasmid, the
EcoRl fragment of ATF4 ¢cDNA was cloned into pcDNA3 (Invitrogen, Carls-
bad, CA). The following oligonucleotides were used to construct the ATF4
cDNA (GenBank accession no, NMO01675): §'-ATGACCGAAATGAGCT-
TCCTGAGC-3' and 5'-CTAGGGGACCCTTTTCTTCCCCC-3'.

Stable Transfection. A549 cells were seeded into 12-well tissue culture
plates at a concentration of § X 10, The following day they were transfected
with 0.3 pg of either pcDNA3 or the pcDNA3-ATF4 expression plasmid using
6 pl of effectene transfection reagent {Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. After 24 h, the cells were transferred to fresh
medium in a new plate. The following day they wete challenged with selection
medium containing 300 pg/ml of geneticin (Life Technologies, Inc., Rock-
ville, MD) and incubated for 3—4 weeks. Several transfectants that overex-
pressed the ATFY gene were selected. These transfectants, referted to ag
AS549-ATF4, were maintained in the presence of 300 ug/ml of geneticin,

Results and Discussion

ATF4 Expression Is Cisplatin-Inducible and Up-Regulated in
Cisplatin-Resistant Cell Lines. To isolate cisplatin-inducible genes,
we performed differential display on total RNA from paired untreated
and cisplatin-treated KB cells (9). Sequence analysis of the cisplatin-

A 10uM Cisplatin

188

inducible cDNA clones showed that one was identical to the ATF4/
CREB2 gene, and Northern blot analysis demonstrated that this ATF4
mRNA was induced ~5-fold by cisplatin treatment after 24 h (Fig.
14). ATF4 (M, 39,000) protein levels also increased (Fig. 15). In
addition, ATF4 mRNA was up-regulated >2-fold in two independ-
ently isolated cisplatin-resistant cell lines, and ATF4 protein was ~3-
to 5-fold higher (Fig. 1, C and D). These data suggest that ATF4 is
involved in cisplatin resistance.

ATF4 Expression and Cisplatin Sensitivity in 11 Lung Cancer
Cell Lines. We analyzed ATF4 expression and cisplatin sensitivity in
11 human lung cancer cell lines. All of the cell lines have a similar
growth rate except A529L, which is shown in Fig. 24 by the doubling
time. Western blot analysis revealed various levels of ATF4 expres-
sion (Fig. 24): A549 and B203L cells had the strongest expression,
and PC1 cells had the weakest. To determine whether ATF4 expres-
sion was correlated with cigplatin sensitivity, these cell lines were
examined for sensitivity to cisplatin, vincristine, and etoposide using
cytotoxic assays. There appeared to be a correlation between levels of
ATF4 and cisplatin resistance (coefficient of correlation = 0.711;
P = 0.0119; Fig. 2B) but not with resistance to vincristine (coefficient

B KB

Cisplatin () (+)
e e 8 NTF4
i s~ H MG

_ CBB stain

CBB stain

Fig. 1. Expression of activating transcription factor 4 (4TF4) in cancer cell lines. A, levels of ATF4 mRNA in cisplatin-treated KB cells. KB cells were incubated with cisplatin
(10 pw) for the indicated times, and ATF4 mRNA was assayed by Northern blot analysis. Twenty pg of total RNA were loaded per lane. B, expression of ATF4 (M, 39,000) and high
mobility group ! (HMGI; M, 27,000) protein in cisplatin-treated KB cclls. KB cclls were incubated with cisplatin (10 pm) for 24 h, and ATF4 was assayed by Western blot analysis.
Seventy-five pg (A7F4) and 25 pg (HMGI) of whole cell extract were loaded per lane. C, levels of ATF4 mRNA in KB and PC3 cells, and their cisplatin-resistant cells, KB/CP4
and P/CDPS. Fifteen pg of total RNA were loaded per lane. D, expression of ATF4 and HMG1 protein in KB and PC3 cells, and their cisplatin-resistant cells, KB/CP4 and PACDP6.
Seventy-five ug (ATF4) and 50 ug (HMG/) of whole cell extract were loaded per lane. Gel staining is also shown (bottom).
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Fig. 2. Association between activating transcription factor 4 (4TF4) expression and
cisplatin resistance. 4, levels of ATF4 and thioredoxin-1 {7RX/) protein in lung cancer
celis. Seventy-five pg (4TF4) and 10 ug (TRYT) of whole cell extract were loaded per
lanc and assaycd by Western blot analysis. Gel staining is also shown (botfom). The
doubling time for cach cell lines is shown in the inses. B, correlations between expression
level of ATF4 and resistance to cisplatin. Expression levels of ATF4 were determined by

NIH image. The maximum expression levels of ATF4 were sot to 100, and the ICg, of

cach cell line was caleulared from the concentration-response curves for cisplatin.

Relative

. 1.0 16 44 4.0
increase

CBB stain

Fig. 3. Western blot analysis of activating transeription factor 4 (47F4) expression in
stable transfectants carrying either empty-vector or the pcDNA3-ATF4 expression plas-
mid. Twenty-five pg of whole ccll extract were applied to cach lane. Membrancs were
blotted with antibodies against ATF4 and Y-box binding protein-1 (¥B-1), and the relative
increase of ATF4 content was normalized with YB-1. The doubling time for each cell line
is shown in the inves.

of correlation = —0.087; P = 0.8043) or etoposide (coefficient of
correlation = 0.053; P = 0.8798). As an additional control, we
established that TRX1 expression did not correlate with cisplatin
sensitivity (coefticient of correlation = ~0.140; P = 0.6907). There
was no significant correlation between growth rate and sensitivity to
cisplatin (data not shown).

Overexpression of ATF4 Increases Resistance to Cisplatin, To
determine whether ATF4 is directly involved in cisplatin sensitivity,
we established two stable transfectant derivatives of A549 cells.
Unfortunately, because of low DNA transfection efficiency, we were
unable to establish the stable transfectants from the cell lines with low
expression of endogenous ATF4. The expression of endogenous
ATF4 is high in A549 cells among 11 lung cancer cell lines. There-
fore, it is possible that stable transfectants provide a minor effect
against drug sensitivity. The growth rate of these derivatives, A549/
ATF4-3 and AS49/ATF4—4, was slightly higher than controls trans-
fected with empty vector, and ATF4 expression was increased by
2.5-4.5-fold (Fig. 3). Both derivatives showed increased resistance to
cisplatin, with a 3- to 5-fold higher IC,, (Fig. 4, fop). Their sensitivity
to vincristine was unaffected (Fig. 4, botfom). To our knowledge, this
is the first report that ATF4 is DNA-damage inducible and that itis a
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Fig. 4. Concentration-response curve of A549 transfectants to cisplatin and vincristine.
Cells were incubated in the absence of drugs for 24 h, and exposed to various concen-
trations of cisplatin and vineristine for 3 days. Cell number in the absence of drugs
corresponds to 100%. Values reported are the mean of at least three independent exper-
iment; bars, * SD. Survival curves of A549 transfectants: A549/pcDNA3-1 {[]). A549/
pcDNA3-2 (O3, AS49/ATF4--3 (B), and ATF4-4 (@).
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determinant of the cisplatin resistance of human cancer cells. We did
not detect any preferential binding of a purified ATF4-GST-fusion
protein to cisplatin-modified DNA (data not shown).

ATF4 is a member of the ATF/cyclic adenosine monophosphate-
responsive clement binding family of transcription factors, and is
widely expressed in a variety of tissues and tumor cell lines. It has
been shown to form a homodimer in vitro that binds to the cyclic
adenosine monophosphate response element (18). It has also been
shown to interact with nuclear factor-erythroid 1- and 2-related fac-
tors, suggesting that it modulates their expression. Nuclear factor-
erythroid 1- and 2-related factors are recruited to the antioxidant
response element, which plays an important role in the regulation of
antioxidant genes (19). We propose that either ATF4 itself or its target
genes, Nrfl and Nrf2, are involved in cisplatin sensitivity. Many
genes, including DNA repair genes, contain cyclic adenosine mono-
phosphate response element and/or antioxidant response element in
their promoter regions (20). Activating transcription factor 2, another
member of the ATF/cyclic adenosine monophosphate-responsive el-
ement binding family, is activated by DNA damage and plays a
substantial role in drug resistance by promoting DNA repair (21).
ATF4-null cells have been shown recently to be impaired in express-
ing genes involved in glutathione biosynthesis and resistance to oxi-
dative stress (22, 23). Transcription profiling by cDNA arrays has
shown that ATF4 is up-regulated in drug-resistant cells that are
inducible by genetic suppressor elements- (24). Additionally, these
data imply that ATF4 expression is involved in drug resistance.
Protein kinases that phosphorylate eukaryotic initiation factor 2 are
activated by endoplasmic reticulum stress signals and repress trans-
lation. These protein kinases selectively increase transiation of ATF4,
resulting in the induction of target genes (25). Because ATF4 mRNA
is increased by cisplatin treatment, it ig possible that anticancer agents
induce endoplasmic reticulum stress and activate these kinases, in-
creasing ATF4 levels. Further study of the expression of ATF4 target
genes may provide insight into the relation between ATF4 expression
and cisplatin resistance.
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Abstract

Useful biomarkers are needed for early detection of cancers. To demonstrate the potential diagnostic usefulness of a new
proteomic technology, we performed Expression Difference Mapping analysis on 39 cancer cell lines from 9 different tissues using
ProteinChip technology. A protein biomarker candidate of 12kDa was found in colon cancer cells. We then optimized the puri-
fication conditions for this biomarker by utilizing Retentate Chromatography mass spectrometry (RC-MS). The optimized puri-
fication conditions developed “on-chip” were directly transferred to conventional chromatography to purify the biomarker, which
was identified as prothymosin-a by ProteinChip time-of-flight mass spectrometry (TOF MS) and ProteinChip-Tandem MS systems.
The relative expression level of prothymosin-o between colon cancer cells and normal colon mucosal cells was evaluated on the same
ProteinChip platform. Prothymosin-o expression in colon cancer cells was clearly higher than in normal colon cells. These results
indicate that prothymosin-o could be a potential biomarker for colon cancer, and that the ProteinChip platform could perform the
whole process of biomarker discovery from screening to evaluation of the identified marker.
© 2003 Elsevier Inc. All rights reserved.

Keywords: ProteinChip; SELDI; Biomarker; Expression Difference Mapping; RC-MS; Colon cancer

New biomarkers associated with a particular disease
are in demand to enhance early detection, diagnosis, and
prognosis. Several cancer biomarkers have been identi-
fied, such as a-fetoprotein (AFP), carcinoembryonic
antigen (CEA), and prostate-specific antigen (PSA) [1-
4]; however, very few biomarkers are clinically effective.
Therefore, the identification of new tumor biomarkers
with high positive predictive value or the possibility of
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being used in conjunction with other biomarkers is
needed to expand current clinical capabilities. The
ProteinChip platform, based on surface enhanced laser
desorption/ionization (SELDI) time-of-flight mass
spectrometry [5], has recently been shown to be useful in
discovering biomarkers for the diagnosis of bladder [6],
prostate [7-10], ovarian [11-13], breast [14-16], liver
[171, and other cancers [18-22]. The ProteinChip plat-
form has enabled the approach of Retentate Chroma-
tography mass spectrometry (RC-MS) in which proteins
from biological samples are selectivity retained on
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chromatographic surfaces and analyzed directly by mass
spectrometry for the purpose of performing differential
protein display. This innovative technology has numer-
ous advantages over other methods such as 2D-gel
electrophoresis: it has a much higher throughput capa-
bility, requires significantly lower amounts of the sam-
ple, has subfemtomole range sensitivity, offers higher
resolution at low mass ranges, and is easy to use. These
advantages could be important for the processing of
large sample numbers both to find biomarker candidates
and then validate them. In addition to these advantages
for biomarker screening, the ProteinChip platform en-
ables rapid purification and identification based on the
RC-MS approach {23].

Body fluids, such as serum and urine, are mostly used
to investigate and analyze biomarkers. The advantages
of body fluid analysis are less pain for patients when
obtaining samples and greater accessibility for clinical
tests. However, the detection of tissue-specific biomar-
kers in body fluids requires first that the target protein
be secreted, and second, that the biomarker be identified
as disease tissue-specific from the multitude of secreted
proteins from various cell types and organs. On the
other hand, a tissue or cell lysate, when available, can be
used to find tumor-specific protein biomarkers more
directly from the source.

The object of the present study was identification of a
tissue-specific tumor biomarker using cell lysate sample,
and demonstration of the capability of ProteinChip
technology for biomarker discovery. We performed
Expression Difference Mapping analysis on 39 well-
characterized human cancer cell lines such as lung, co-
lorectal, gastric, and so on. A specific colon cancer
marker protein of 12kDa was found and identified as
prothymosin-a. The study also showed the great po-
tential of ProteinChip technology for the rapid discov-
ery of tumor markers.

Materials and methods

Cell lines and cell culture. A total of 39 human cancer cell lines as
a cancer cell panel [24,25] were used for Expression Difference
Mapping analysis. The following cell lines were used: lung cancer,
NCI-H23, HCI-H226, NCI-H552, NCI-H460, A549, DMS273, and
DMS114; colorectal cancer, HCC-2998, KM-12, HT-29, HCT-15,
and HCT-116; gastric cancer, St-4, MKN-1, MKN-7, MKN-28,
MKN-45, and MKN-74; breast cancer, HBC-4, BSY-1, HBC-35,
MCEF-7, and MDA-MB-23]; ovarian cancer, OVCAR-3, OVCAR-4,
OVCAR-5, OVCAR-8, and SK-OV-3; glioma, U251, SF-268, SF-295,
SF-539, SNB-75, and SNB-78; renal cancer, RXF-631L and ACHN;
melanoma, LOX-IMVI; and prostate cancer, DU-145 and PC-3. All
cell lines were cultured in RPMI 1640 supplemented with 5% FBS,
penicillin, and streptomycin.

Sample preparation. Cells were harvested after PBS washing from a
100-mm dish and resuspended in 400 pl of lysis buffer (§ M urea, 2%
CHAPS, and 1 mM DTT). Whole cell lysates were obtained by soni-
cation on ice followed by centrifugation at 15,000 rpm to remove in-
soluble debris. Protein concentration was estimated using a Protein

Assay Kit (Bio-Rad) and adjusted to 3 mg/ml by adding lysis buffer.
All samples were stored at —80°C. Extracts of normal mucosal cells
from colon tissue were used as normal controls and prepared using the
same procedure,

Expression Difference Mapping analysis on ProteinChip Arrays.
Expression Diflerence Mapping analysis profiles of the samples were
obtained by using strong anion-exchange (SAX2), weak cation-ex-
change (WCX2), reversed phase (H4), normal phase (NP1), and im-
mobilized affinity capture (IMAC3) ProteinChip Arrays (Ciphergen
Biosystems, Fremont, CA, USA). The ProteinChip Arrays were as-
sembled into a deep-well type Bioprocessor assembly (Ciphergen
Biosystems). Prior to sample loading, SAX2 and WCX2 arrays were
equilibrated with 150l of binding buffer (50mM Tris-HCI, pH 8.5,
for SAX2 and 50mM sodium acetate, pH 4.5, for WCX2), and H4
arrays were pre-washed by 50 ul of binding buffer (10% acetonitrile in
PBS). Prior to sample loading, IMAC3 arrays were charged with Ni**
or Cu?* by adding 50 pl of 100 mM NiSOy or 50 pf of 100mM CuSO,,
respectively. After Smin incubation, the arrays were quickly rinsed
with water to remove unbound metal. For only Cu®* conjugation, the
surface was washed with 50t of 100 mM sodium acetate, pH 4. The
arrays were then equilibrated with 150 pl of binding buffer (PBS). All
arrays were then incubated with 50 pul of diluted sample (1 mg/ml) for
20min on a shaker and washed three times with 1501l of binding
buffer. After rinsing with water, the arrays were removed from the
Bioprocessor assembly and air-dried. Each spot of the arrays was
circled with a PAP pen (Zymed Laboratories, CA, USA), and two
0.5 ! of saturated sinapinic acid solution (Ciphergen Biosystems) were
added in 50% acetonitrile:water containing 0.5% trifluoroacetic acid.
The ProteinChip Arrays were analyzed in the ProteinChip Biology
System Reader (Model PBS 1I, Ciphergen Biosystems) and the data
were analyzed by ProteinChip Software version 3.0 (Ciphergen Bio-
systems). All data were normalized by total ion current normalization
function following the software instructions. For confirmation of dose-
responsibility, various concentrations of trypsin inhibitor (Sigma T-
9003) were spiked into whole cell lysate and examined on SAX2 arrays
with 20 mM sodium acetate, pH 5.

Purification of biomarker candidate. The purification strategy was
determined by ProteinChip Arrays. Whole cell lysates of KM-12
(colon cancer) and NCI-H226 (lung cancer) were diluted 5-fold into
50mM Tris-HCI, pH 7.5, and loaded onto Q-Sepharose column
(Amersham Biosciences). After fractionation by increasing NaCl
concentrations, purification progress was monitored using NP1 arrays.
The elution of 300 mM NaCl was dialyzed against 20mM phosphate
buffer, pH 7, and then loaded on to Phenyl-Sepharose column
(Amersham). After fractionation by decreasing amounts of ammonium
sulfate concentration, the purification progress was monitored using
H4 arrays. Flow-through fraction of Phenyl-Sepharose column was
run on SDS-PAGE for further separation.

Identification of biomarker candidate. Gel pieces containing the
target 12kDa protein were excised. The pieces were incubated se-
quentially in 50% methanol/{0% acetic acid on a shaker at room
temperature for 1h, incubated in 0.1 M ammonium bicarbonate, pH
8.0, on a shaker at room temperature for 1 h, and incubated in 50%
acetonitrile, 0.1 M ammonium bicarbonate, pH 8.0, and then 100%
acetonitrile (50 ut) for 15min. After the final acetonitrile incubation,
the gel pieces were dried by SpeedVac for 15min. Bovine pancreatic
trypsin (Sequence grade, Roche Diagnostics) in 25mM ammonium
bicarbonate, pH 8.0, or V8 protease (Roche Diagnostics) was added
and reacted for 16 h at 37°C. Reaction solution was applied to the H4
arrays and allow to air-dry. After drying, a-cyano-4-hydroxycinnamic
acid solution (0.5 pl; Ciphergen Biosystems) in 50% acetonitrile:water
containing 0.1% trifluoroacetic acid was added. To identify the pro-
tein, the peptide digests were analyzed both by the ProteinChip Biol-
ogy System for peptide fingerprint analysis and QSTAR Pulsar i (ABI)
equipped with a PCI 1000 ProteinChip Array interface (Ciphergen
Biosystems) for sequence tag analysis. Database searches with Mascot
and MS-tag were performed.
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Results
Dose-responsibility on ProteinChip System

To confirm the quantitative capability of the Pro-
teinChip Biology System, various concentrations of
trypsin inhibitor were spiked into cell lysate and ana-
lyzed on SAX2 arrays. Fig. 1 shows a representative
spectra demonstrating the increase of peak intensity
with increasing concentrations of trypsin inhibitor. The
dose-response characteristic of the peak intensity with
small volume of sample makes the technology particu-
larly valuable for differential display of protein expres-
sion in cell lysate samples.

Expression Difference Mapping analysis

Protein profiles of 39 cancer cell lysates were obtained
on WCX2, SAX2, IMAC3-Ni**, IMAC3-Cu?**, NPI,
and H4 ProteinChip Arrays. Fig. 2 shows protein pro-
files of a cell lysate on different types of ProteinChip
Array surfaces. Each type of ProteinChip Array surface
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Fig. 1. Dose-response characteristic of the spiked trypsin inhibitor
peak into cell lysate. Various concentrations of spiked trypsin inhibitor
into cell lysate were analyzed on SAX2 arrays with 20mM sodium
acetate, pH 5. Arrow indicates the trypsin inhibitor peak.
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Fig. 2. Protein profiles of a cell lysate on different types of ProteinChip
Array surfaces. A cell lysate was analyzed on WCX2, SAX2, IMAC3-
NiZ*, IMAC3-Cu®*, H4, and NP1 arrays under the conditions de-
scribed in the Materials and methods. Profile pattern from 3000 to
20,000 m/z is shown.

retained different groups of proteins depending on the
array’s surface properties. Processing the lysate on each
surface resolved between 150 and 200 separate protein
peaks in the mass range of 3-100kDa. Representative
spectra of all cell lysates on SAX2 arrays are shown in
Fig. 3A. Expression profiles among the samples revealed
several protein pattern differences and a 12kDa protein
was found as a highly expressed peak in only colon
cancer cell lines. Fig. 3B shows the average peak inten-
sity of this protein in each cancer cell line. The peak
intensity of the 12kDa protein in colon cancer cell lines
was remarkably higher than that in other cancer cell
lines. The protein peak of 12kDa was only detected in
nuclear extracts fractionated using RIPR buffer (data
not shown).

Purification of the 12 kDa marker candidate

Because of the matching chemical properties as
chromatographic sorbents, ProteinChip Arrays can be
used to develop the purification process. In order to
establish a purification procedure for the target 12kDa
protein, we attempted to optimize the adsorption and
desorption conditions on arrays. The target protein was
only captured on SAX2 arrays, which indicates that
strong anion-exchange sorbents were suitable for this
purification (data not shown). The optimal pH for re-
tention of the 12kDa protein was determined to be
around 7.5 (Fig. 4A) and buffer pH was fixed for further
subsequent experiments. A p/ value of 3.5-4 was esti-
mated by the data generated on SAX2 arrays (data not
shown). Elution of the target protein was accomplished
by increasing the concentration of sodium chloride up to
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Fig. 3. Marker candidate of colon cancer on expression difference mapping analysis of cancer cell line panel. (A) Protein profiles of cancer cell line
panel on SAX2 array. Cell lysates of 39 cancer cell lines were applied to SAX2 array with 50mM Tris—HCI, pH 8.5. Profile pattern from 5000 to
18,000 m/z is shown. Asterisk indicates 12kDa protein of colon cancer marker candidate. (B) Comparison of the average peak intensity for 12 kDa

protein among various tissue cancers.

300 mM in Tris~HCI buffer (Fig. 4B). These optimized
purification conditions were directly transferred to
small-scale purification using traditional chromato-
graphic methodology incorporating Q-Sepharose beads.
Colon cancer cell lysate (KM-12) was diluted with Tris—

HCI buffer, pH 7.5, and applied to a Q-Sepharose spin
column. After equilibration with the same buffer, elution
was performed with a stepwise sodium chloride gradient
from 0 to 500 mM. Elution was monitored by profiling
on the ProteinChip Biology System. The target protein
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Fig. 4. On-chip optimization of the adsorption and desorption condition. (A) Optimization of buffer pH for retention of 12 kDa marker candidate on
SAX2 array. A cell Iysate prepared from cell line KM-12 was applied on SAX2 array at the indicated pH. Then, retained proteins on the array were
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The buffer containing the indicated concentration of NaCl eluted the absorbed proteins. Arrow indicates 12kDa protein peak. It was almost eluted

out by 300 mM NaCl

was eluted in the 300 mM sodium chloride fraction, with
the same results as observed via the on-chip optimiza-
tion analysis (Fig. 5). Then the elution of 300 mM so-
dium chloride was applied to a Phenyl-Sepharose spin
column for further separation from other contaminants,
and the target protein was purified in flow-through
fraction (data not shown). Lung cancer cell lysate (NCI-
H226) was also processed under the same purification
procedure as a negative control. The flow-through
fractions of the Phenyl-Sepharose spin column were
applied to both SDS-PAGE and SELDI analysis for
further separation. The results of both analyses were
identical, the 12 kDa protein existed in only colon cancer
cell lines. The band of 12kDa in SDS-PAGE analysis
was picked up for identification (Fig. 6).

Identification of the 12 kDa marker candidate

In order to further characterize the candidate marker,
the protein was digested with trypsin or V8 protease to

‘produce a peptide map for sequence database integration.
The proteolysis was performed in gel and the digestion
solutions were transferred to the surface of a H4 Pro-
teinChip Array. The set of fragments in the lung cancer
cell lysate (NCI-H226) negative control sample was used
for subtraction of background from the set of fragments
in the target protein in colon cancer cells. Unique peptides
in trypsin or V8 proteolysis were entered to Mascot search
engine, respectively. Both search results showed that the
top matching protein was prothymosin-a. The probabil-
ity score using the unique fragments of tryptic or V8
proteolysis was 95 (p < 0.05) and 81(p < 0.05); the se-
quence coverage was 76% and 43%, respectively (data not
shown). To confirm this search result, V8 digested
1628.7299 m/z fragment was analyzed by collision-in-
duced dissociation (CID)-tandem MS with the Protein-
Chip Interface. The masses of product ions were applied
to the MS-Tag search engine and the fragment of amino
acid was confirmed as AENGRDAPANGNAENE of
prothymosin-o {data not shown).

~572-



M. Shiwa et al. | Biochemical and Biophysical Research Communications 309 (2003) 18-25 23

1bood 12000 14000 16000
30

20 l

10

Whole lysate

30
20

10 hh
it}

%0 300 mM NaCl

20 l

10

200 miM NaCi

Relative peak intensity

30
20
10

500 i NaCl

10000 12000 14000 18000
Molecular massicharge (nf)

Fig. 5. On-chip monitoring of the elution from Q-spin column purifi-
cation. The KM-12 cell lysate was applied to Q-spin column with
50mM Tris—HCI, pH 7.5. The absorbed proteins were eluted by the
indicated concentration of NaCl. The eluent was analyzed on SAX2
array with 50mM Tris-HCI, pH 7.5. Arrow indicates 12kDa protein
peak. The elution of 300mM NaCl contained the 12kDa protein in
agreement with the desorption condition determined by on-chip opti-
mization (Fig. 4B).
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Comparison of 12kDa protein expression level between
colon cancer cells and normal colon mucosal cells

In order to confirm whether the 12kDa biomarker
candidate is a colon cancer-specific protein or a colon
tissue-specific protein, the protein expression levels of
this protein between colon cancer and normal colon
mucosal cells were compared. The cell extract profiles
were performed on SAX2 arrays at pH 8. Fig. 7 shows
that the peak intensity of identified 12kDa in colon
cancer cell lines was clearly higher than that in normal
colon mucosal cells.

Discussion

In this study, the capability of the ProteinChip
platform for rapid biomarker discovery from crude
cell extracts has been demonstrated. The ProteinChip
Biology System is ideal for protein biomarker dis-
covery and other protein based applications [23,26—
32]. In the present experiments, we compared the
profiles of 39 human cancer cell lines using 5 different
kinds of array surfaces. We identified and evaluated a
protein biomarker candidate for colon cancer. These
results indicate that the ProteinChip platform is ap-
plicable to perform the whole process of biomarker
discovery on the same platform from first marker
screening step to evaluation test of the identified
marker. Other conventional protein profiling methods,
such as 2D-gel electrophoresis, are capable of ana-
lyzing several thousand protein features on a gel;
however, it is a labor-intensive work, requires large
amount of samples, and needs an evaluation assay
system using another platform. The ProteinChip
platform’s powerful advantages save time and amount
of samples.

In the purification process, we can directly apply the
optimized purification conditions from arrays to
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conventional purification using matching chromatog-
raphy sorbents. Purification of recombinant proteins
also has been reported using this approach [23]. The
results of our study indicate that the ProteinChip RC-
MS approach can be widely adapted to crude biolog-
ical samples and could be helpful for rapid purification.

In the identification process, we could perform iden-
tification by peptide mapping and also CID sequencing
using ProteinChip technology. One advantage of using
this technology is that the same array can be used first in
the ProteinChip Biology System and then the Protein-
Chip-Tandem MS system. Using both systems makes it
possible to cover the entire process from biomarker
screening to confirmatory protein identification. Pro-
teinChip-Tandem MS has been demonstrated in the
application of on-chip digestion for identification [33]
and the on-chip application could be helpful for the
micro-scale identification.

Prothymosin-a is an acidic protein (theoretical p/ 3.5)
containing 109-111 amino acids and was first isolated
from rat thymus [34]. The estimated value and detected
mass by the ProteinChip platform are very close to these
theoretical values. Furthermore, prothymosin-o is
known as a nuclear protein and our identified peak was
also only detected in nuclear extract. These findings
strongly support the identification results on both pep-
tide mapping and MSMS analysis.

In colon cancer, CEA and CA19-9 are the two most
common clinical tumor markers [35,36]. The positive
predictive value of CEA is 40-60% and that of CA19-9
is 30-50%. These two markers are used for evaluating
therapeutic effect and monitoring for recurrence in ad-
vanced stages; however, these are not useful for
screening in earlier stages. It has been reported that
mRNA expression of the identified biomarker candidate
in this study, prothymosin-o, correlates with that of
c-myc in human colon cancer [37]. Also, mRNA ex-
pression levels are higher in colon cancer tissue than in
normal colon tissues [37]. Although there is no other
report concerning protein expression level of prothym-
osin-a in human colon cancer cells, our results indicate
that the expression level of prothymosin-a in cancer cells
is clearly higher than in normal colon tissue. Further
studies to assess the usefulness of prothymosin-a as a
tumor marker of colon cancer in early stage will also be
undertaken.

In conclusion, our current investigation demon-
strated the ability of the ProteinChip platform for the
discovery of biomarkers using crude biological sam-
ples. Comparison of cell lysate profiles from cancer cell
lines provided an effective approach to screen for po-
tential biomarker candidates. A colon cancer biomar-
ker candidate was rapidly identified and evaluated on
the same platform, further demonstrating that the
ProteinChip platform is a powerful tool for clinical
proteomics.
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