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Aberrant Elevation of Tyrosine-specific Phosphorylation in Human Gastric

Cancer Cells
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Phosphotyrosine-containing proteins in various human cancer cell lines were studied by immunoblot-
ting with anti-phosphotyrosine antibody. Of 29 cell lines derived from oral epidermoid cancer,
esophageal cancer, gastric cancer, colon cancer, pancreatic cancer, hepatocellular carcinoma and
malignant melanoma, 3 of the 6 gastric cancer cells showed aberrant elevation of tyrosine-specific
phosphorylation. On the other hand, both esophageal cancer cells and colon cancer cells, which were
reported to have amplified epidermal growth factor receptor and activated p60™™ kinase, respectively,
showed no apparent elevation of tyrosine-specific phosphorylation, and their profiles of phosphoryla-
tion were similar to that of normal human fibroblasts. Two gastric cancer cells, NUGC-4 and MKN-
45, showed similar profiles of phosphorylation but their responses to growth factors differed from each
other. Tyrosine phosphorylation in NUGC-4 was strongly activated by treatment with epidermal
growth factor and quickly reduced by the acid treatment which is effective in removing growth factors
from cellular surface receptors. On the contrary, phosphorylation in MKN-45 did not respond to
either growih factor or acid treatment. These results suggest that NUGC-4 and MKN-45 have tyrosine

kinases which are activated by different mechanisms but share similar substrates.

Key words:
Human gastric cancer

Since the discovery of sre gene, more than 50 distinct
oncogenes of viral and cellular origins have been
identified. These oncogenes are grouped into several
classes on the basis of their structure and function,” and
many of them belong to the groups that encode tyrosine-
protein kinases. Extensive studies have been made to
identify oncogenes that encode tyrosine-protein kinase in
human cancer cells, and several lines of evidence
suggested that oncogenes of tyrosine kinase-type are in-
volved in the generation and immortalization of various
types of human cancer. Overexpression or aberrant ex-
pression of epidermal growth factor (EGF)* receptors
has been reported in cell lines derived from gastric cancer
and squamous cancer of various origins such as skin,
tongue, esophagus, gingiva and vulva.”™® zrk and met
oncogenes that were isolated from colon carcinoma® and
from ostecsarcoma,” respectively, were shown to be
active in transfection assay. In chronic myelogenous
leukemia cells, the c-abl gene product showed constitu-
tive activation of kinase.” Activation of p60**" protein
kinase was widely observed in human colon carcinoma
cells and tissues.” However, in these studies, the methods
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4 Abbreviations: EGF, epidermal growth factor; PTYR, phos-
photyrosine; PBS, phosphate-buffered saline; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis;
PDGF, platelet-derived growth factor
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for the identification of oncogenes were limited to in vitro
kinase assay or DNA-transfection assay, which occasion-
ally caused activation of tyrosine kinase during the trans-
fection step by rearrangement of the kinase gene.” Thus,
it is uncertain whether in vivo tyrosine phosphoryla-
tion is elevated in these human cancer cells, Moreover,
the overall picture of tyrosine-specific phosphorylation
in various human cancers is still largely unclear.

Recently, a method to detect phosphotyrosine
(PTYR)-containing proteins was developed by utilizing
specific sera recognizing PTYR residues.'®'” We have
examined the specificity of these sera in analysis of sub-
strated of p60"*" kinase, and found that these antisera
could effectively recognize most, if not all, of the PTYR-
containing proteins in RSV-transformed cells."” We used
this technique to detect PTYR-containing proteins in
human cancer cells. In this report, we show that a
number of human gastric cancer cell lines have elevated
level of tyrosine-specific. phosphorylation, and that
phosphorylation in one of these cell line, MKN-45 does
not respond to growth factor stimulation.

MATERIALS AND METHODS

Cells Cell lines derived from human gastric cancer,
NUGC-2, NUGC-3 and NUGC-4, were established in
our laboratory as described previously.'® Cell lines



derived from esophageal cancer, TE-1, TE-2 and TE-3,
were kindly supplied by Dr. T. Nishihira of Tohoku
University.'® Cell lines derived from lung cancer, QG-56,
QG-90 and Darby, were kindly supplied by R. Ueda of
Aichi Cancer Center. Cell lines derived from colon
cancer, SW-480, SW-1083, SW-1116, SW-1222, SW-1417
HT-29, cell lines derived from lung cancer, Luci-7, Luci-
10 and Luci-13, cell lines derived from malignant mela-
noma, SK-MEL-36, SK-MEL-37 and SK-MEL-40 and a
cell line derived from pancreatic cancer, Panc-1, were
donated by Memorial Sloan Kettering Cancer Center.
Cell lines derived from gastric cancer, MKN-45 and
Kato-III, cell lines derived from hepatoma, HLE and
HLF, a cell line derived from pancreatic cancer, Paca-2,
and a cell line derived from vulvar cancer, A431, were
supplied by the Japanese Cancer Research Resources
Bank. Human fibroblasts were supplied by Dr. S. Saga of
Nagoya University. A rat cell line, 3Y1, and SR-RSV-
transformed 3Y1 (SR3Y1) were described elsewhere.'”
Preparation of anti-PTYR antibody An affinity-purified
antibody that specifically recognized PTYR residues was
prepared as described previously.'” Briefly, v-abl
encoded protein expressed in bacteria, which can auto-
phosphorylate on tyrosine residues,’” was partially
purified and used to immunize rabbiis. Antibody spe-
cifically recognizing PTYR residue was purified from the
sera by affinity chromatography, using PTYR-coupled
Sepharose as previously described.'®

Immunoblotting Subconfluent cell cultures were washed
with ice-cold phosphate-buffered saline (PBS) containing
0.5 mM sodium orthovanadate, and quickly solubilized
with a buffer for gel electrophoresis which contains 2%
sodium dodecyl sulfate (SDS) and 5% mercaptoethanol.
The protein concentration was determined with a protein
assay kit (Bio-Rad Laboratories), and 100 ug of proteins
was subjected to SDS-7.5% polyacrylamide gel electro-
phoresis (PAGE). After electrophoresis, proteins were
transferred electrophoretically to polyvinylidene difluo-
ride (PVDF) membranes (Millipore), and probed with
anti-PTYR antibody or anti-EGF receptor antibody
(ICN) followed by 'I-protein A (ICN). Transfer,
blocking, antibody incubation, and '**I-protein A incuba-
tion were performed as described.' Autoradiography
was performed on X-ray film with an intensifying screen
at —80°C for 24 h, unless otherwise indicated.
Inhibition of anti-PTYR antibody staining by PTYR To
examine the specificity of antibody, PVDF filters to
which protein bands were transferred were probed with
anti-PTYR antibody in the presence of 5 mM phospho-
tyrosine (Sigma) and reacted with '*I-protein A. Phos-
phoserine and phosphothreonine were used as controls.
Treatment of cells with growth factors Cells were starved
for 2 h with serum-depleted medium, and subsequently
stimulated with 5 nM epidermal growth factor
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(Wakunaga) or 1 half-maximal unit/ml of platelet-
derived growth factor (Collaborative Research Inc.).
Treatment of cells with acidic medium Subconfluent cells
were washed with PBS and subsequently incubated at
37°C for the indicated times in minimum essential
medium containing 0.25% bovine serum albumin; the pH
was adjusted to 3.7 with HCL"™?" After the treatment,
cells were washed with ice-cold PBS, lyzed, subjected, to
PAGE, and analyzed by immunoblotting with anti-
PTYR antibody. Viability of the cells after acid treat-
ment was examined by means of the trypan blue exclu-
sion test and we found that more than 90¢% of cancer
cells used in this experiment survived.

RESULTS

Tyrosine-specific phosphorylation of cellular proteins in
cells derived from human cancers Cell lines derived from
various human cancers were analyzed for PTYR-
containing proteins by immunoblotting with anti-PTYR
antibody. The cell lines used and their relative levels of
tyrosine phosphorylation with respect to SR3Y1 cells are
shown in Table I. Human fibroblasts, rat 3Y1 cells and
SR3Y1 (RSV transformant of 3Y1) were used as nega-
tive and positive controls, respectively. As shown in Fig,
I, we found that three of six gastric cancer cells (NUGC-
4, MKN-45 and Kato-III} had dramatically elevated
levels of tyrosine phosphorylation. Although their origins
and morphology are different (Fig. 3), the profiles of
phosphorylation of these gastric cancer cells were re-
markably similar to each other. To estimate the relative
content of PT'YR in these gastric cancer cells, each lane
of immunoblotied filters was excised and its radioactivity
was measured with a liquid scintillation counter. As
shown in Table I, these gastric cancer cells had approxi-
mately 45-65% of PTYR compared with that of RSV-
transformed 3Y1, strongly suggesting that tyrosine
kinase(s) is aberrantly activated in these cells. Compared
with these gastric cancer cells, most of the cell lines de-
rived from esophageal cancer, colon cancer, hepatoma
and lung cancer showed a moderate elevation of tyrosine-
specific phosphorylation. We found that several proteins
were phosphorylated in these cells but the phosphory-
lation profiles were essentially the same as that of
fibroblasts (Fig. 1), suggesting that these PTYR-contain-
ing proteins are components involved in the normal
cellular pathway of growth regulation. Yamamoto et al.”
reported that cell lines derived from esophageal cancer
(TE-1, TE-2 and TE-3) show amplified expression of
EGF receptor. However, we found this overexpression
did not lead to the aberrant phosphorylation of ceilular
proteins, although phosphorylation of a protein band
(185 kDa) corresponding to EGF receptor was observed
(Figs. 1 and 4). Bolen et al. reported that colon cancer
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Table I. Classification of Human Cancer Cell Lines according to the Degree of Phosphorylation
ph o?gl%:-;lgfi on Origin Cell line Histology
Strong 65% stomach MKN-45 poorly differentiated adenocarcinoma
(45-65%) 45% Kato-IIT signet ring cell cancer
52% NUGC-4 poorly differentiated adenocarcinoma
Moderate esophagus TE-1 well differentiated squamous cell carcinoma
(10-25%) TE-2 poorly differentiated squamous cell carcinoma
TE-3 well differentiated squamous cell carcinoma
stomach NUGC-2 poorly differentiated adenocarcinoma
NUGC-3 poorly differentiated adenocarcinoma
MKN-1 adenosquamous cell carcinoma
colon SW-430 adenocarcinoma
SW-1083 adenocarcinoma
Sw-1116 adenocarcinoma
SW-1222 adenocarcinoma
SW-1417 adenocarcinoma
HT-29 adenocarcinoma
liver HILE nondifferentiated hepatoma
HLF differentiated hepatoma
lung Luci-7 large cell carcinoma
Luci-13 ND
QG-56 squamous cell carcinoma
QG-90 small cell carcinoma
Darby ND
melanocyte SK-MEL-37 malignant melanoma
SK-MEL-40 malignant melanoma
Weak mouth KB oral epidermoid carcinoma
(<9%) pancreas Panc-1 ND
Paca-2 ND
lung Luci-10 adenosquamous cell carcinoma
melanocyte SK-MEL-36 malignant melanoma
Control 100% fibroblast SR3Y1 sre-transformed 3Y1
9% fibroblast human, embryonic
ND: no data.

cells had activated p60~* kinase.® We used the same cell
lines (SW-480, SW-1116, SW-1417, and HT-29), and
confirmed activation of p60™™" (Xiao and Hamaguchi,
unpublished results). However, we found that the levels
and profiles of tyrosine phosphorylation in these cell lines
were similar to those of normal human fibroblasts. Thus,
the activation of p60~™ observed in vifro in these colon
cancer cells is not accompanied with apparent elevation
or qualitative change of in vive phosphorylation.

Cell lines derived from pancreatic cancer {Panc-1 and
Paca-2), oral epidermoid cancer (KB), lung cancer
(Luci- 10) and malignant melanoma (SK-MEL- 36)
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showed weak, though definite, levels of phosphorylation
(Fig. 1). It is likely that tyrosine kinases are not con-
stitutively activated in these cancer cells. We found that
two PTYR-containing proteins of 110 kDa and 130 kDa
were most prominent and widely detected among differ-
ent types of cancer as well as 3Y1 and normal fibroblasts.
It is possible that these proteins are the major tyrosine-
phosphorylated compoenents in the cellular pathway re-
gardless of growth factor stimulation.

To assess the specificity of anti-PTYR antibody, we
examined the inhibitory effect of phosphoamino acids
upon antibody-antigen recognition with two gastric
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Detection of PTYR-containing proteins in human cancer cell lines. Each cell lysate (100 gg) was analyzed for its

PTYR-containing proteins by immunoblotting with anti-PTYR antibody. (A) Cell lines derived from esophageal cancer, gastric
cancer, and oral epidermal cancer. (B) Cell lines derived from colon cancer, hepatocellular carcinoma, and pancreatic cancer. (C)
Cell lines derived from lung cancer, and malignant melanoma. Human fibroblasts, rat 3Y1 cells and sre-transformed 3Y1 (SR3Y1)

were used as controls.

cancer cell lines (MKN-45 and NUGC-4) which showed
prominent elevation of tyrosine-specific phosphorylation
(Fig. 2). While addition of phosphoserine and phos-
phothreonine to anti-PTYR antibody solution had no
effect on the results, phosphotyrosine completely blocked
the reactivity of our antibody, indicating that the recog-
nition is highly specific for phosphotyrosine residues of
these cellular proteins.

Immunofluorescent staining of PTYR-containing pro-
teins in human cancer cell lines To examine the sub-
cellular localization of major PTYR-containing proteins
of cells which showed elevated level of phosphorylation,
cells were fixed and reacted with anti-PTYR antibody
and an FITC-labeled secondary antibody. As shown in
Fig. 3, all cell lines tested showed strong fluorescence
mainly in the submembranous area, but not in the nu-
clear area. The submembranous fluorescence was strongly
granular for the gastric cancer cells that showed dramatic
elevations of phosphorylation. These results suggest
that some of the PTYR-containing proteins in the human
cancer cell lines may be components in signal transduc-
tion through the plasma membrane.

Expression of EGF receptor in cancer cell lines and
effect of growth factor treatments on the tyrosine phos-
phorylation The expression level of EGF receptor in the
cells which have elevated tyrosine phosphorylation was
examined by immunoblotting with anti-EGF receptor
antibody. As shown in Fig. 4, esophageal cancer cells
{TE-1 and TE-2)} had elevated expression of EGF recep-
tor as previously reported.” We found two hepatoma
cells examined (HLE and HLF) had extremely elevated

MKN-45'
NUGC-4 &
NUGC-4 &
‘MKN-45 o
NUGC-4 ~1

MKN-45 >
- MKN-45 ©0

L
kDa control

PSER PTHR PTYR

Fig. 2. Inhibition of detection of PTYR-containing proteins
by phosphotyrosine. Cell lysates from NUGC-4 and MKN-45
were examined by immunoblotting with anti-PTYR antibody in
the absence (control) or presence of phosphoserine (PSER),
phosphothreonine (PTHR) and phosphotyrosine (PTYR).

expression of EGF receptor. The gastric cancer cell lines
that had elevated level of PTYR (NUGC-4, MKN-45
and Kato-IIT) showed similar degrees of EGF receptor
expression, slightly higher than those of colon cancer
cells but lower than those of esophageal cancer cells.
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We next examined the effect of EGF treatment on
tyrosine-specific phosphorylation in tumor cells that
showed high expression of EGF receptor. A cell line
A431, derived from human epidermoid cancer, which
has an abnormally elevated expression of EGF receptor®
was used as a positive control. Cells were starved with
serum-free medium, subsequently stimulated with EGF
and subjected to immunoblotting with anti-PTYR anti-
body. As shown in Fig. 5A, tyrosine-specific phos-
phorylation of A431, HLF, TE3 as well as the fibroblasts
was suppressed by serum depletion and was dramatically
increased in response to EGF treatment. PTYR-contain-
ing proteins including 185 kDa protein possibly corre-
sponding to the EGF receptor in TE3 and HLF (Fig. 1)
were strongly phosphorylated by EGF treatment, sug-
gesting that phosphorylation of these proteins is growth
factor-dependent. On the other hand, two gastric cancer
cells which had elevated phosphorylation showed differ-
ent responses to EGF treatment, although their phos-
phorylation profiles were very similar to each other. In
MKN45, serum depletion from the medium did not sup-
press the phosphorylation (data not shown). Moreover,
neither the level nor the profile of phosphorylation was
changed by the addition of EGF. Therefore it is likely

I SRIY1
Fig. 3. Immunofluorescent staining of human cancer cells
with anti-PTYR antibody. Three cell lines derived from gastric
cancer (NUGC-4, MKN-45 and Kato-I1I) and three cell lines
derived from colon cancer (HT-29, Sw-1116 and SW-1417)
were fixed and stained with anti-PTYR antibody. 3Y1 and
SR3Y1 were used as controls.
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that tyrosine kinase is activated in MKN-45, regardless
of EGF stimulation. In contrast, depletion of serum re-
sulted in a strong suppression of the phosphorylation
in NUGC-4, although some PTYR-containing proteins
remained phosphorylated even after the depletion, and
EGF treatment dramatically increased the phosphoryla-
tion. Thus, most of the tyrosine-specific phosphorylation
in NUGC-4 seemed to be growth factor-dependent.

We next examined the effect of platelet-derived growth
factor (PDGF) on the phosphorylation of these cells
(Fig. 5B). We found that NUGC-4 and MKN-45 did not
respond to PDGF treatment, and tyrosine phosphoryla-
tion in these cells remained unchanged after the treat-
ment.

Effect of acid treatment on tyrosine-specific phosphoryla-
tion in MKN-45 cells Since various cancer cells are
known to produce growth factors by themselves that
stimulate autocrine growth of cells, it is possible that
unknown growth factors other than EGF and PDGF
might have activated the tyrosine phosphorylation of
these gastric cancer cells. To test this possibility, we
examined the effect on phosphorylation of a brief acid
treatment, which has been shown to remove the growth
factors such as EGF and PDGF bound to cellular recep-
tors and thereby suppress growth factor-induced tyrosine
phosphorylation, rapidly and reversibly.'” *" It was re-
ported that this treatment did not destroy the capability
of EGF receptor to autophosphorylate in response to
EGF after acid treatment,” nor did it affect the p60"""
kinase activity in v-sre-transformed mouse fibroblasts.®"
It is, therefore, likely that the decrease of phospho-
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Fig. 4. Detection of EGF receptor in human cancer cells, The
expresion levels of EGF receptor in human cancer cells derived
from esophageal cancer, gastric cancer, colon cancer, hepato-
cellular carcinoma, pancreatic cancer, oral epidermal cancer
and malignant melanoma were examined by immunoblotting
with anti-EGF receptor antibody.
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Fig. 5. PTYR-containing proteins in cells stimulated with
EGF or PDGF. Subconfluent cell cultures were starved with
serum-depleted medium and subsequently stimulated with EGF
(A) or PDGF (B). Cells were harvested at the indicated times
and PTYR-containing proteins in each lysate were examined by
anti-PTYR antibody.

tyrosine by the treatment is due to dephosphorylation.
We found that 3Y1 responded well to the acid treatment
with a rapid reduction of tyrosine-specific phosphoryla-
tion, whereas its transformant, SR3Y 1, was resistant and
tyrosine phosphorylation remained unchanged (Fig. 6).
When gastric cancer cells NUGC-4 and MKN-45 were
treated with acid, tyrosine phosphorylation in the former
was dramatically reduced within a short time of treat-
ment. The tyrosine phosphorylation in the latter, how-
ever, was not changed by acid treatment. Thus, these
results are consistent with that of EGF treatment and
strongly suggest that most of the tyrosine phosphoryla-
tion in NUGC-4 is growth factor-dependent, whereas
some tyrosine kinase(s) is constitutively activated in
MKN-45 regardless of growth factor stimulation.
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Fig. 6. PTYR-containing proteins in cells treated with acidic
medium. Subconfluent cell cultures were treated with acidic
medium (pH 3.7) for the indicated times. Then cells were
harvested and PTYR-containing proteins in each lysate were
examined by immunoblotting with anti-PTYR antibody.

DISCUSSION

The results presented in this report demonstrate that
human tumor cell lines of different origins vary in the
level of tyrosine-specific phosphorylation, some of them
showing a dramatically elevated level. Complete blocking
of the antibody reaction by phosphotyrosine confirmed
the specificity of anti-PTYR antibody. Of the 29 cell lines
examined, we found that many gastric cancer cell lines
(3 of 6 cell lines examined) had aberrant elevation of
tyrosine-specific phosphorylation. These three cell lines
showed similar profiles of phosphorylaticn, suggesting
homologous signaling pathways were activated in these
cells. However, they differed in the growth factor de-
pendency of phosphorylation. In MKN-45 cells that
showed most prominent elevation of phosphorylation,
depletion of serum from medium or stimulation of cells
with growth factors changed neither the level nor the
profile of tyrosine phosphorylation. Thus, it is likely that
tyrosine kinase(s) is constitutively activated in MKN-45
cells, although we cannot rule out the posibility that
tyrosine-phosphatases are systematically suppressed in
these cells. On the contrary, tyrosine-specific phoshoryla-
tion in NUGC-4 was stimulated by EGF treatment and
was sensitive to acid treatment. Therefore, tyrosine
phosphorylation in NUGC-4 seems to be growth factor-
dependent. However, we found that several cell lines
derived from esophageal cancer (TE-1, TE-2 and TE-3)
and hepatoma (HLE and HLF) had higher levels of
EGF receptor expression than that of NUGC-4, yet the
levels of their tyrosine phosphorylation were far lower
than that of NUGC-4. Thus, tyrosine phosphorylation in
NUGC-4 seems to be amplified by some unidentified
mechanism such as systemic suppression of tyrosine
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phosphatase, which may contribute to autocrine growth
of this cell line,

Bolen et al.® reported activation of p60°"* kinase in
vitro in colon cancer cells. We obtained similar results
with the same cell lines (Xiao and Hamaguchi, un-
published data). However, we found that this activation
observed in vitro did not apparently cause ixn vivo eleva-
tion of tyrosine phosphorylation. On the contrary, so far
as we have examined, elevation of tyrosine phosphoryla-
tion closely correlated with the transforming activity of
various c-src mutants."*” Tt is, therefore, likely that
activation of p60”™ kinase does not directly correlate
with transformation of colon cells.

Immunofinorescence studies of human cancer cells
with anti-PTYR antibody showed that the degree of
fluorescence correlates well with the level of tyrosine-
specific phosphorylation, and that fluorescence was
specifically blocked with phosphotyrosine. These results
suggest that anti-PTYR antibody is applicable to im-
munohistochemical characterization of human cancer
tissues.

In summary, we found that cell lines derived from
human gastric cancer have high incidence of activation
of tyrosine-specific phosphorylation. No such aberrant
elevation of tyrosine phosphorylation has been seen so far
for other cancer cell lines derived from esophageal
cancer, colon cancer, lung cancer, hepatoma and oral
epidermoid cancer. Different responses to EGF treat-
ment and acid treatment between NUGC-4 and MKN-45
suggest that tyrosine kinases activated in these cells are
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