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pared with platinum-sensitive tumors, prognosis is poorer for
tumors that are (or become) platinum-resistant; for these
tumors, other chemotherapeutic drugs also tend to be less
effective. For example, an efficacy of 81% has been demon-
strated for chemotherapy regimens that include platinum
drugs for treatment of ovarian serous adenocarcinoma
(SAC), the most common subtype of ovarian carcinoma;
however, the efficacy of these regimens is only 18% for ovar-
ian clear cell carcinomas (CCC), which are frequently resist-
ant to multiple drugs.” Compared with advanced SAC, the
clinical prognosis of patients with similarly advanced CCC is
markedly worse largely because of the considerably higher
rate of recurrence after CCC treatment.”™"! Therefore, deter-
mining the mechanism underlying platinum resistance may
aid in identification of therapeutic targets for platinum-
resistant tumors such as CCC. Studies using proteomic
screening approaches have previously demonstrated overex-
pression of Annexin A4 (Anx A4) protein in ovarian CCC,
which is frequently a highly platinum-resistant tumor com-
pared with SAC."? Similar findings have been reported in a
study comparing SAC and CCC using a genomic screening
approach.”> Anx A4, a previously understudied member of
the Annexin protein family, binds to phospholipids in a
Ca®*-dependent manner, self-associates on phospholipid
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membrane surfaces and causes membrane aggregation.
Enhanced expression of Anx A4 has recently shown to
increase tumor chemoresistance to carboplatin (a key drug
for treating gynecological cancers) via increased extracellular
efflux of the drug.'> Another study showed that Anx A4 sup-
presses NF-xB transcriptional activity, which is significantly
upregulated early after etoposide treatment. Anx A4 translo-
cates to the nucleus together with p50 and imparts greater
resistance to apoptotic stimulation by etoposide treatment.'®
Anx A4 may also be associated with drug resistance in other
types of tumors; enhanced expression of Anx A4 has been
reported in colon, renal, lung and pancreatic cancers.'®™*
However, the details of Anx A4-mediated extracellular efflux
of platinum drugs remain unclear.

HECI is an endometrial carcinoma cell line with low Anx
A4 expression levels. In our study, Anx A4-overexpressing
derivative HEC1 cell lines were established and their chemo-
sensitivity toward platinum drugs was analyzed both in vitro
and in vivo. Anx A4-conferred platinum chemoresistance was
shown to be mediated by the copper transporter ATP7A >~

Material and Methods

Cell lines

The human endometrial carcinoma cell lines HEC1, HECI1A,
HEC6, HEC88nu, HEC108, HEC116 and HEC251; SNGII
and SNGM cells, the human ovarian SAC cell line OVSAHO
and the ovarian CCC cell lines OVISE and OVTOKO were
obtained from the Japanese Collection of Research Bioresour-
ces {Osaka, Japan); A2780 cells from the human ovarian SAC
cell line were obtained from the European Collection of Ani-
mal Cell Culture (Salisbury, Scotland). The identity of each
cell line was confirmed by DNA fingerprinting via short tan-
dem repeat profiling, as described previously.” HECI,
HEC1A, HEC6, HEC88nu, HEC108, HEC116 and HEC251
cells were maintained in Dulbecco’s modified Eagle’s medium
(D-MEM) (Wako Pure Chemical Industries, Osaka, Japan)
supplemented with 10% fetal bovine serum (FBS) (HyClone
Laboratories, Logan, UT) and 1% penicillin-streptomycin
(Nacalai Tesque, Kyoto, Japan) at 37°C under a humidified
atmosphere of 5% CO,. SNGII and SNGM cells were main-
tained in Ham’s F12 medium (Invitrogen, Carlsbad, CA) sup-
plemented with 10% FBS and 1% penicillin-streptomycin.
OVSAHO, A2780, OVISE and OVTOKO cells were main-
tained in Roswell Park Memorial Institute 1640 medium
(Wako Pure Chemical Industries) supplemented with 10%
FBS and 1% penicillin-streptomycin.
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Generation of Anx A4 stably transfected cell lines

To generate cell lines that stably expressed Anx A4, HEC1
cells were transfected with the pcDNA3.1-Anx A4 expression
plasmid, as described previously.'”” Transfected cells were
selected with 600 pg/ml of Geneticin (Invitrogen). Clones
were maintained in 250 pg/ml of Geneticin for stability of
expression. Four stable Anx A4-expressing cell lines were
established and designated HEC1-A25, HEC1-A43, HECI-
A63 and HEC1-A77. A control cell line of HEC1 was also
established and stably transfected with an empty vector. This
cell line was designated as HEC1-CV.

Western blotting

Cells were lysed in radioimmunoprecipitation assay buffer
[10 mM Tris-HC, pH 7.5, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1%
protease-inhibitor cocktail (Nacalai Tesque) and 1%
phosphatase-inhibitor cocktail (Nacalai Tesque)]. After cen-
trifugation (13,200 rpm, 4°C, 15 min), soluble proteins in the
supernatant were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, as described previously.'?
Additional information can be found in Supporting Informa-
tion Material and Methods.

Measurement of I1Csq values after treatment with cisplatin

or carboplatin

Cells were suspended in D-MEM medium supplemented
with 10% FBS and were seeded in 96-well plates (2,000 cells
per well) (Costar; Corning, Corning, NY) for 24 hr. They
were then exposed to various concentrations of carboplatin
(0-500 uM), cisplatin (0-100 pM) or 5-fluorouracil (5-FU)
(0-50 pM) for 72 hr. Cell proliferation was evaluated using
the WST-8 assay (Cell Counting Kit-SF; Nacalai Tesque) after
treatment at the time points indicated by the manufacturer.
The absorption of WST-8 was measured at a wavelength of
450 nm (reference wavelength: 630 nm) using a Model 680
microplate reader (Bio-Rad Laboratories, Hercules, CA).
Absorbance values for treated cells indicative of proliferation
rates were expressed as percentages relative to results for
untreated controls, and the drug concentrations resulting in a
50% inhibition of cell growth (ICs, values) were calculated.

Small interfering RNA transfection
Two commercial small interfering RNAs (siRNAs) against
ATP7A and a nonspecific control siRNA were obtained from
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Qiagen (Venlo, The Netherlands) and designated ATP7A
siRNA4 and ATP7A siRNAS6, respectively. For gene silencing,
a specific sense strand 5-GCAGCUUGUAGUAUUGAA
ATT-3" was used for ATP7A siRNA4, and an antisense
strand 5-UUUCAAUACUACAAGCUGCTA-3' was also
used. For ATP7A siRNAS6, a specific sense strand 5'-GCGUA
GCUCCAGAGGUUUATT-3 was used, and an antisense
strand 5-UAAACCUCUGGAGCUACGCAG-3' was also
used. Cells were transfected with siRNA using Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer’s
instructions. Selective silencing of ATP7A was confirmed by
Western blot analysis.

In vivo model of cisplatin resistance

All animal experiments were conducted in accordance with
the Institutional Ethical Guidelines for Animal Experimenta-
tion of our National Institute of Biomedical Innovation
(Osaka, Japan). Four-week-old, female Institute of Cancer
Research (ICR) nu/nu mice were obtained from Charles River
Japan (Yokohama, Japan). For subcutaneous xenograft experi-
ments, 2.5 X 10° HEC1, HECI-CV, HEC1-A63 and HECI-
A77 cells were suspended in 100 pl of 1/1 (v/v) phosphate-
buffered saline (PBS)/Matrigel (Becton Dickinson, Bedford,
MA) and injected subcutaneously into the flanks of the ICR
nu/nu mice (# =5 per group). One week after xenograft estab-
lishment, tumors measured ~100 mm’. Mice were then ran-
domly divided into two groups and administered cisplatin (3
mg/kg) or PBS ip. twice weekly for 4 weeks. Tumor volumes
were determined twice weekly by measuring length (L), width
(W) and depth (D). Tumor volume was calculated using the
formula: tumor volume (mm®)=W X L X D. At 56 days
after tumor implantation, tumors were removed and weighed.

Quantification of intracellular platinum accumulation
Cisplatin accumulation in cells was analyzed according to a
previously established method, with certain minor modifica-
tions. In brief, 6 X 10% cells (HEC1, HEC1-CV, HEC1-A25,
HECI1-A43, HEC1-A63 and HEC1-A77 cells) were seeded
into two 150-mm tissue culture dishes and incubated for 24
hr. The cells were then exposed to 1 mM cisplatin for 60
min at 37°C and then washed twice with PBS. After 3 hr of
incubation in cisplatin-free D-MEM medium (supplemented
with 10% FBS), whole extracts were prepared and the con-
centration of intracellular platinum was determined using an
Agilent 7500ce inductively coupled plasma mass spectrometer
(ICP-MS; Agilent, Santa Clara, CA). The absolute concentra-
tion of platinum in each sample was determined from a cali-
bration curve prepared with a platinum standard solution.

Preparation of crude membrane fractions

To investigate the localization of Anx A4, crude membrane
fractions (CMFs) of cells treated in various ways were pre-
pared. Cells were divided into three groups: those that
received no treatment, those pretreated with 10 pM cisplatin
for 4 hr and those pretreated with 50 uM carboplatin for 4
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hr. CMF were prepared as described elsewhere,*® with modi-
fications. Prepared proteins were investigated using Western
blot analysis. Additional information can be found in Sup-
porting Information Material and Methods.

Biotinylation of HEC1 cell membrane surface proteins after
cisplatin or carboplatin exposure

To investigate the localization of ATP7A after exposure to
platinum drugs, treated or mock-treated HEC1 cells were
surface-biotinylated and the presence of ATP7A was investi-
gated by Western blot analysis. Additional information can
be found in Supporting Information Material and Methods.

Immunofluorescence for ATP7A and Anx A4
Immunofluorescence staining was performed 2 days after cells
had been seeded on cover slips. Before staining, cells in the
treatment groups were pretreated with 10 uM cisplatin or 50
UM carboplatin for 4 hr. Cells were then analyzed for localiza-
tion of Anx A4 and ATP7A. Additional information can be
found in Supporting Information Material and Methods.

Statistical analysis

Statistical analyses were performed using one-way analysis of
variance (ANOVA) followed by Dunnett’s analysis to evalu-
ate the significance of differences. In all analyses, p < 0.05
was considered to be statistically significant.

Resulis

Expression of Anx A4 in endometrial carcinoma cell lines

To investigate Anx A4 expression in nine common endome-
trial carcinoma cell lines, Western blot analyses were per-
formed. Expression of Anx A4 was strongest in SNGM cells
compared with the other eight cell lines (Fig. 1a). Thus,
enhanced expression of Anx A4 was confirmed in this endo-
metrial carcinoma cell line.

Anx A4 and platinum resistance in HEC1 cell lines

From control HEC1 cells (low Anx A4 expression levels),
four stable lines of Anx A4-overexpressing cells (HECI1-A25,
HEC1-A43, HEC1-A63 and HEC1-A77 cells) and one line of
empty vector transfected cells (HEC1-CV cells) were estab-
lished. Overexpression of Anx A4 was confirmed using West-
ern blot analysis and was compared with CCC cell lines
(OVTOKO and OVISE) used as positive controls (Fig. 1b).
Significantly higher 1Cs, values for cisplatin were observed in
HEC1-A25 (32.1 uM, p < 0.01), HEC1-A43 (23.8 uM, p <
0.01), HEC1-A63 (34.9 pM, p < 0.01) and HEC1-A77 cells
(17.3 pM, p < 0.01) compared with HECI (9.8 puM) and
HECI-CV cells (8.4 uM) (Fig. 1c). Similarly, ICs, values for
carboplatin were significantly increased in HEC1-A25 (194.6
pM, p < 0.01), HEC1-A43 (153.3 pM, p < 0.01), HEC1-A63
(371.5 pM, p < 0.01) and HEC1-A77 cells (158.1 uM, p <
0.01) compared with HEC1 (59.1 uM) and HEC1-CV cells
(60.9 uM) (Fig. 1c). Thus, Anx A4 overexpression conferred
platinum resistance in HEC1 cell lines.
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Figure 1. Enforced expression of Anx A4 in HEC1 cells confers platinum resistance in vitro. (@) Western blot analysis of nine endometrial
carcinoma cell lines. Anx A4 was expressed in one cell line. (b) Establishment of an Anx A4-stably-expressing HEC1 cell line by transfection
with the pcDNA3.1-Anx A4 expression plasmid into a HEC1 cell line with low Anx A4 expression levels. Enforced expression of Anx A4 was
confirmed by Western blot analysis. (¢) The ICso sensitivity to cisplatin or carboplatin was investigated in HEC1, HEC1-CV, HEC1-A25, HEC1-
A43, HEC1-A63 and HEC1-A77 cells. (d) Intracellular platinum accumulation was investigated after treatment with 1 mM cisplatin for 60
min and further incubation with cisplatin-free medium for 180 min and was determined by ICP-MS analysis.
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Intracellular platinum accumulation in Anx A4-
overexpressing cells

To elucidate the mechanism underlying platinum resistance
induced by Anx A4, intracellular platinum accumulation of
HEC1, HECI-CV, HEC1-A25, HEC1-A43, HEC1-A63 and
HECI1-A77 cells after cisplatin exposure was analyzed. Signifi-
cantly less platinum had accumulated in HEC1-A25, HEC1-
A43, HEC1-A63 and HEC1-A77 cells compared with HEC1
and HECI-CV cells (0.036 pgfcell, p<0.01; 0.04 pg/cell,
p<0.01; 0.03 pg/cell, p<0.01; 0.065 pg/cell, p<0.05 and
0.154 and 0.150 pg/cell, respectively) (Fig. 1d). Thus, intracel-
lular platinum accumulation was decreased in Anx A4-
overexpressing cells.

Anx A4-overexpressing cells and cisplatin in xenograft
models
To determine the involvement of Anx A4 in platinum resist-
ance in vivo, HEC1, HEC1-CV, HEC1-A63 and HECI1-A77
cells were subcutaneously injected into nude mice. After the
tumor xenograft had been established, cisplatin or PBS was
given twice a week for 1 month. On Day 56, average tumor
volumes were 11,496 =950 mm’ in PBS-treated HECI-CV
control mice and 3,554 + 872 mm® in cisplatin-treated HEC1-
CV controls. A significant antitumor effect of cisplatin was
therefore observed in HEC1-CV-xenografted mice compared
with the PBS-treated group. The parent HEC1 and HEC1-CV
xenografts responded similarly to cisplatin (Fig. 2a; p < 0.01).
In HEC1-A63-xenografted mice, the average tumor volume
on Day 56 was 8,245 * 160 mm” in the PBS-treated group and
only slightly less (7,078 =257 mm?®) in the cisplatin-treated
group (Fig. 2a; p=042). A similar response to cisplatin was
observed in the HEC1-A63 and HECI1-A77 xenografts. On Day
56, no significant differences in tumor weight were found in
HEC1-A63-xenografted mice between the PBS treatment
(4.66 = 0.42 g) and the cisplatin treatment groups (4.43 = 0.16
g) (Fig. 2b). Similar results were observed in HEC1-A77 xeno-
graft models. In contrast, a significant decrease in tumor weight
was observed in HEC1-CV-xenografted mice between the PBS
mock treatment (5.95%* 1.16 g) and the cisplatin treatment
groups (3.20 £ 0.76 g p < 0.05) (Fig. 2b). Similar results were
observed for the HEC1 and HEC1-CV xenografts. No signifi-
cant differences in tumor weight in the PBS treatment group
were observed among HECI-CV-xenografted (5.95* 1.16 g),
HEC1-xenografted (748+0.34 g), HECI-A63-xenografted
(4.66 = 0.42 g) and HEC1-A77-xenografted mice (4.82 * 1.08
g) (Fig. 2b). These results indicated that overexpression of Anx
A4 in HEC1 endometrial carcinoma cell lines conferred signifi-
cant platinum resistance to the cells as tumors growing in vivo.

Translocation of Anx A4 and ATP7A after platinum

exposure

In our study, platinum transporters were the focus of an
investigation of the molecular mechanisms of chemoresist-
ance induced by Anx A4. In previous research, intracellular
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platinum levels were decreased after enhanced expression of
Anx A4, and ATP7A and ATP7B are well known as efflux
transporters of platinum drugs.””***' However, the relation-
ship of Anx A4 with ATP7A and ATP7B has not been previ-
ously examined. The results of our study demonstrated no
change in expression of ATP7A at the protein levels owing
to enforced overexpression of Anx A4 (Fig. 3a) and no
ATP7B expression in HEC1 cells (data not shown). There-
fore, the effects of Anx A4 expression on ATP7B in these
cells were not investigated.

Because Anx A4 is normally localized to the cytoplasm,
we theorized that exposure to platinum drugs may induce
translocation of Anx A4 to the cellular membrane, resulting
in an increase in chemoresistance owing to the influence of
ATP7A. To investigate the possibility of induced transloca-
tion of Anx A4 and ATP7A by platinum drugs, CMFs were
prepared. By Western blot analysis, Anx A4 expression in
CMF of HEC1 and HEC1-CV cells before and after treat-
ment with cisplatin or carboplatin was barely detectable
because of its low endogenous expression in these cells (Fig.
3b). In contrast, Anx A4 expression was increased in CMF of
HEC1-A63 cells and HEC1-A77 cells treated with cisplatin
and carboplatin compared with untreated cells (Fig. 3b).
Biotinylation-based cell surface membrane protein enrich-
ment revealed a marked increase in biotinylation of ATP7A
after exposure to cisplatin or carboplatin in HECI, HEC1-
CV, HEC1-A63 and HEC1-A77 cells (Fig. 3¢). In the biotin-
ylated samples, no Anx A4 expression was detected on the
cell surface, although it had been previously detected in the
cell CMF (data not shown). These results suggested that
exposure to cisplatin or carboplatin induced massive translo-
cation of Anx A4 to CMF, including the inner surface of the
cell membrane (inaccessible to biotinylation). Before exposure
of the cell to cisplatin or carboplatin, ATP7A was not
expressed in biotinylated samples but after exposure, strong
ATP7A expression was detected. These results suggested that
exposure to cisplatin or carboplatin induced massive translo-
cation of ATP7A to the outer surface of the cell (accessible
to biotinylation).

Anx A4 and ATP7A localization

By immunofluorescence analysis, Anx A4 was localized in
the perinuclear and cytoplasmic regions of untreated cells,
whereas ATP7A was localized mainly in the perinuclear and
cytoplasmic regions and slightly less in the cellular mem-
brane in HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells
(Figs. 4a-4d). After 4-hr exposure to cisplatin or carboplatin,
Anx A4 and ATP7A were found to be colocalized to the cel-
lular membrane in HEC1-A63 cells (Fig. 4c). Similar findings
were observed in HEC1-A77 cells (Fig. 4d). Because of the
low expression of Anx A4 in HEC1 and HECI1-CV cells, no
Anx A4 was detected in the cellular membranes in these cells
(Figs. 4a and 4b). Thus, the results of the immunofluores-
cence analysis were in accordance with those of both West-
ern blot analysis of CMF preparations and biotinylation
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Figure 2. Enforced expression of Anx A4 in HEC1 cells confers platinum resistance in vivo. Analysis of Anx A4 as a platinum-resistant pro-
tein in vivo. (@) To determine the resistance of Anx A4-stably-expressing HEC1 cells to platinum in vivo, parent HEC1, HEC1-CV, HEC1-Aé63
and HEC1-A77 cells were subcutaneously injected into nude mice (n =5 per group). After tumor xenografts were established, cisplatin (3
mg/kg) or PBS was administered i.p. twice weekly for 1 month. Figure shows the average (points) for five animals = SD (bars). (b) Fifty-six
days after implantation, tumors were removed and weighed. Values shown are the means (=SD) of five mice. NS: not significant (*p <
0.05; **p < 0.01; one-way ANOVA, followed by Dunnett’s analysis).
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Figure 3. Localization of Anx A4 and ATP7A was investigated using Western blot analysis. The localization of Anx A4 and ATP7A was investigated
using two techniques: orthogonal crude membrane fractions and biotinylation of cell surface proteins. (a) No significant change in expression lev-
els of ATP7A was observed in HEC1, HEC1-CV, HEC1-A63 or HEC1-A77 cells. (b) In both HEC1-A63 and HEC1-A77 cells (but not in HEC1 and
HEC1-CV cells), the drug-induced translocation of Anx A4 into the crude membrane fraction was shown by Western blot analysis after exposure
to 10 uM cisplatin or 50 uM carboplatin for 4 hr. TCL: total cell lysate. Epidermal growth factor receptor was used as the control for cell surface
protein labeling. (c) In HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells, translocation of ATP7A to the cell surface was shown by Western blot
analysis. Cells were treated with 25 puM cisplatin or 150 uM carboplatin for 4 hr, and cell surface proteins were biotinylated with 500 uM sulfo-
NHS-SS-biotin. Biotinylated surface proteins were enriched with Ultralink Immobilized Neutroavidin (Thermo Fisher Scientific, Waltham, MA) and
analyzed by Western blot analysis using anti-ATP7A. Levels of epidermal growth factor receptor, a surface protein, are shown as loading controls.

assays (Figs. 3b and 3c). Anx A4 and ATP7A were localized
in the cytoplasm before cisplatin or carboplatin exposure;
Anx A4 and ATP7A were then translocated to the cellular
membrane after cisplatin or carboplatin exposure. Thus, Anx
A4 and ATP7A are colocalized to the cellular membrane in
platinum-treated HEC1-A63 and HEC1-A77 cells but not in
HEC1 and HEC1-CV cells.

Int. J. Cancer: 00, 00—00 (2013) © 2013 UICC

Effect of ATP7A expression on resistance to platinum

drugs

The mechanism of platinum resistance conferred by Anx A4
overexpression was explored further by suppression of
ATP7A expression using siRNA. The suppression of ATP7A
was confirmed using Western blot analysis (Fig. 5a). Anx A4
expression was unchanged by silencing ATP7A (Fig. 5a). The
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Figure 4. Immunofluorescence staining for ATP7A and Anx A4. HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells were divided into three groups: the
no treatment, cisplatin exposure and carboplatin exposure groups. (@) HEC1 cells, (b)) HEC1-CV cells, (c) HEC1-A63 cells and (d) HEC1-A77 cells.
Cells were incubated with anti-Anx A4 antibody (red) or anti-ATP7A antibody (green). Nuclei were stained with DAPI (blue). In the no treatment
group for each cell, Anx A4 was localized in perinuclear and cytoplasmic regions and ATP7A was strongly localized in perinuclear regions. In HEC1
and HEC1-CV cells, after exposure to cisplatin or carboplatin, ATP7A was relocalized in the cellular membrane, although some ATP7A remained in
the cytoplasm; however, no change in location of Anx A4 was observed. In HEC1-A63 and HEC1-A77 cells, Anx A4 and ATP7A were newly colocal-
ized in the cellular membrane as well as remaining in the cytoplasm. In a comparison of HEC1 and HEC1-CV cells with HEC1-A63 and HEC1-A77
cells, expression of Anx A4 in HEC1-A63 and HEC1-A77 cells was stronger in the cytoplasm and cellular membrane. Scale bar= 30 pum.
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Figure 4. (Continued)

control and commercial siRNAs against ATP7A were trans-  significantly lower for the two kinds of ATP7A-silenced
fected and the ICsy values of cisplatin and carboplatin were HECI1-A63 cells (ATP7A siRNA4, IC5,=11.0 pM, p < 0.01;
determined for each cell line. The ICs, value for cisplatin was  ATP7A siRNA6, ICso=11.2 pM, p < 0.01) compared with
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Figure 5. Knockdown of ATP7A expression improves platinum chemosensitivity in Anx A4-overexpressing cells. (@) Knockdown expression of
ATP7A by siRNA in HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells by Western blot analysis. (b) ICso values are shown for cisplatin in HEC1,
HEC1-CV, HEC1-A63 and HEC1-A77 cells transfected with negative control siRNA and two types of siRNA targeting ATP7A. A significant
decrease in 1Csq value for cisplatin was observed for the two types of ATP7A-silenced HEC1-A63 and HEC1-A77 cells but not for the HEC1
and HEC1-CV cells. (¢) 1Cso values are shown for carboplatin in HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells transfected with negative
control siRNA and two kinds of siRNA targeting ATP7A. A significant decrease in 1Cso value for carboplatin was observed for the two types
of ATP7A-silenced HEC1-A63 and HEC1-A77 cells but not for the HEC1 and HEC1-CV celis. (d) Intracellular platinum content after treatment
with 1 mM cisplatin for 60 min and further incubation with cisplatin-free medium for 180 min in D-MEM medium in HEC1-A63 cells and
HEC1-A77 cells transfected with negative control siRNA and ATP7A-targeting siRNA, as determined by ICP-MS analysis. Significantly higher
intracellular platinum accumulation was observed in HEC1-A63 cells and HEC1-A77 ATP7A-silencing cells than in control siRNA-transfected
HEC1-A63 cells and HEC1-A77 cells. (e) No significant differences in 1Cso values for 5-FU were noted between HEC1, HEC1-CV, HEC1-A63
and HEC1-A77 cells. Similar results were observed in ATP7A-silenced cell lines for HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells (*p <
0.05; **p < 0.01; one-way ANOVA followed by Dunnett’s analysis).
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the HEC1-A63 control siRNA-transfected cells (ICs5o = 32.2
uM) (Fig. 5b).

In addition to cisplatin, improved chemosensitivity associ-
ated with ATP7A silencing was observed with carboplatin.
Significantly lower ICs, values for carboplatin were observed
in both types of ATP7A-silenced HEC1-A63 cells (siRNA4,
IC50 =859 pM, p < 0.01; siRNA6, IC50=92.8 uM, p <
0.01) compared with the HECI-A63 control siRNA-
transfected cells (ICsq = 300.7 uM) (Fig. 5¢). Similar results
were found for HEC1-A77 ATP7A-silenced cells, where a sig-
nificantly lower ICs, value for cisplatin was observed
(siRNA4, ICso=8.9 UM, p < 0.05; siRNA6, ICso= 6.2 M,
p < 0.01) compared with that for HEC1-A77 control siRNA-
transfected cells (ICs0 = 23.3 pM). ICsq values for carboplatin
were also significantly lower for the two kinds of ATP7A-
silenced HEC1-A77 cells (siRNA4, ICsq = 49.8 uM, p < 0.05;
siRNA6, IC50=31.9 pM, p < 0.05) compared with the
HECI1-A77 control siRNA-transfected cells (IC5o = 152.1 uM,
p < 0.01) (Fig. 5c). In contrast, siRNA treatments targeting
ATP7A were ineffective in HEC1 and HEC1-CV cells treated
with cisplatin or carboplatin (Figs. 56 and 5c¢). Intracellular
platinum accumulation after cisplatin exposure was signifi-
cantly increased in HECI-A63 cells treated with ATP7A
siRNA (0.060 pg/cell, p < 0.01 to 0.113 pg/cell, p < 0.01)
compared with control siRNA-transfected cells (0.030 pg/cell)
(Fig. 5d). Similarly, a significant increase in intracellular plati-
num accumulation was observed in HEC1-A77 cells treated
with ATP7A siRNA (0.133 pg/cell, p < 0.01 to 0.146 pg/cell,
p < 0.01) compared with control siRNA-transfected cells
(0.065 pg/cell) (Fig. 5d).

To investigate the relationship between resistance to
drugs other than platinum drugs and Anx A4 or ATP7A
expression, ICsy values for 5-FU were determined for each
cell line. No significant change in ICso values for 5-FU was
observed in HEC1 (ICs¢ = 0.96 uM), HEC1-CV (IC5¢ = 1.00
uM), HEC1-A63 (ICs50=0.83 uM) or HECI-A77 cells
(IC50 = 1.01 uM) (Fig. 5e). Similar results were observed in
the ATP7A-silenced cell lines for HEC1, HEC1-CV, HECI-
A63 and HEC1-A77 cells as well as in ATP7A-silenced cell
lines (Fig. 5e). These results suggested that platinum resist-
ance induced by enforced expression of Anx A4 was mainly
dependent on the platinum transporter ATP7A and that
expression of Anx A4 and ATP7A was unrelated to resist-
ance to 5-FU.

Discussion

In our study, overexpression of Anx A4 in HECI cells
decreased cell sensitivity to platinum drugs in vitro. Increased
drug efflux was the mechanism underlying this change. In
addition, an association between Anx A4 and platinum resist-
ance was demonstrated for the first time in vivo. The mecha-
nism of Anx A4-induced drug efflux may prove to be a
promising therapeutic target because blockage of that mecha-
nism may improve the prognosis of patients with Anx A4-
associated platinum-resistant tumors.

Int. J. Cancer: 00, 00-00 (2013) © 2013 UICC
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Anx A4 itself is not a drug transporter, but it does bind
to phospholipids in a Ca’*-dependent manner and self-
associates onto phospholipid membrane surfaces, causing
membrane aggregation.'”"*""” Thus, we assumed an indirect
mediating effect of Anx A4 on drug efflux through an associ-
ation between an unidentified drug transporter and Anx A4.
Recently, MRP2 (an ABC ATPase-like multidrug-resistant
protein) and ATP7A and ATP7B (two P-type Cu-transport-
ing ATPases) were identified as platinum efflux transporters
strongly associated with platinum resistance.’*** In an analy-
sis of clinical gynecological samples, expression of MRP2
failed to predict tumor response to chemotherapy and did
not correlate with overall survival.>*® In contrast, poor sur-
vival rates were associated with overexpression of ATP7A in
patients with ovarian cancer.”” Similarly, a correlation was
found between ATP7B overexpression in endometrial carci-
nomas and an unfavorable clinical outcome in patients
treated with cisplatin-based chemotherapy.”” Therefore, we
focused on the platinum transporters ATP7A and ATP7B
and investigated their relationships with expression of Anx
A4. In normal, unchallenged cells, ATP7A and ATP7B are
localized in the Golgi apparatus and are involved in copper
homeostasis, using ATP hydrolysis to transport copper ions
across cellular membranes. They function in both the export
of excess copper and its delivery to copper-dependent
enzymes. ATP7A and ATP7B are also known to be efflux
transporters of platinum drugs.>”?***** In one study,
only a slight increase in expression of transfected ATP7A
was seen in a human ovarian cancer cell line; however, that
small increase was sufficient to confer significant resistance
to cisplatin or carboplatin.*® In a similar study in another
human cisplatin-resistant ovarian cancer cell line, silencing of
ATP7B by siRNA transfection resulted in a 2.5-fold decrease
in cisplatin ICs, levels and a significant increase in DNA-
platinum adduct formation.*' Preparing CMF of treated cells
facilitated the localization of Anx A4 expression in cells
before and after exposure to platinum drugs. The abundance
of AnxA4 in the membrane fraction along with the transloca-
tion to the membrane was increased. Using the orthogonal
method of cell surface protein labeling to monitor proteins
appearing on the cell surface, biotinylated ATP7A was
increased after cisplatin or carboplatin exposure both in
HEC1 and HECI-CV cells (cells expressing low levels of Anx
A4) and HECI1-A63 and HEC1-A77 cells (cells overexpress-
ing Anx A4). Taken together, these results suggest that plati-
num drug exposure causes relocalization of Anx A4
expression to the membrane fraction and relocalization of
ATP7A transporters (to a minimum) to the external surface
of the cellular membrane. Unfortunately, no similar analysis
of ATP7B was possible because it is not expressed in HEC1
cells (data not shown). However, in cells that express both
ATP7A and ATP7B proteins, other immunofluorescence
studies have shown similar changes in localization of
both proteins after cisplatin exposure.*” After cisplatin or
carboplatin exposure in HECI-A63 and HEC1-A77 Anx
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Ad-overexpressing cells, immunofluorescence showed that
Anx A4 expression was relocated from the perinuclear and
cytoplasmic Golgi regions to the cellular membrane. This
relocalization was not observed in HEC1 and HEC1-CV cells,
in which overexpression of Anx A4 does not occur.

ATP7A also relocates from the perinuclear and cytoplas-
mic regions to the cellular membrane after cisplatin or carbo-
platin exposure. However, this occurs both in HEC1 and
HEC1-CV cells (cells expressing low levels of Anx A4) and
HEC1-A63 and HECI1-A77 cells (cells overexpressing Anx
A4). Although no direct interaction between ATP7A and
Anx A4 was detected by coimmunoprecipitation analysis
(data not shown), immunofluorescence analysis showed
colocalization of ATP7A and Anx A4 at least within the cel-
lular membrane in Anx A4-overexpressing cells. These results
suggested that Anx A4 is not required for ATP7A transloca-
tion and that ATP7A translocation is unrelated to expression
of Anx A4.

Translocation of Anx A4 to plasma membranes is report-
edly mediated by an increase in intracellular free Ca®*, which
is increased by exposure to platinum drugs.*>** In addition
to the translocation of ATP7A and Anx A4 to the plasma
membrane, our results also showed translocation of ATP7A
to the nucleus in HEC1 and HEC1-CV cells. Translocation
to the nucleus and colocalization of both ATP7A and Anx
A4 were also observed in HEC1-A63 and HEC1-A77 cells
after exposure to cisplatin or carboplatin in the immunofluo-
rescence staining analysis in our study (Fig. 4). Anx A4
translocates to the nucleus after etoposide treatment and sup-
presses NF-xB transcriptional activity, which induces expres-
sion of Bax, a proapoptotic Bcl-2 family protein.'® In
addition, a correlation has been reported between nuclear
staining of Anx A4 and poor survival in patients with ovar-
ian cancer.*” However, the role of ATP7A in the nucleus and
its relationship with NF-xB transcriptional activity has not
been investigated. Further investigation is needed to elucidate
the role of nuclear colocalization of Anx A4 and ATP7A in
platinum resistance.

In our study, translational silencing of ATP7A in HEC1
and HECI-CV (Anx A4-nonexpressing cells) and HEC1-A63
and HECI1-A77 cells (Anx A4-overexpressing cells) was per-
formed. Western blot analysis demonstrated no detectable
changes in protein expression of Anx A4 when ATP7A was
silenced in any of these four cell lines.

In HEC1 and control HEC1-CV cells (low Anx A4
expression levels), 1Cs, values for cisplatin or carboplatin
cells after the knockdown of ATP7A expression caused no
improvement in the sensitivity of these cells to cisplatin or
carboplatin. Similar results were observed in a previous study
in which no improvement in sensitivity to cisplatin resulted
from silencing of ATP7A in platinum-resistant or -sensitive
ovarian cancer cell lines.*’ However, Mangala et al. reported
improved sensitivity to cisplatin in both platinum-resistant
ovarian cancer cells and parental cells expressing ATP7B as a
result of silencing of ATP7B expression.*’ An important

Annexin A4-conferred platinum resistance

discovery related to ATP7A was communicated in our study:
in cells overexpressing both Anx A4 and ATP7A, silencing of
ATP7A significantly improved sensitivity to cisplatin and car-
boplatin, thus restoring them to sensitivity levels comparable
to those of HEC1 and HECI-CV cells. These results were
supported by a quantitative analysis of the accumulation of
intracellular platinum, demonstrating that siRNA silencing of
ATP7A in Anx A4-overexpressing HEC1-A63 and HECI-
A77 cells resulted in greater intracellular platinum accumula-
tion than HEC1-A63 and HEC1-A77 cells transfected with a
control siRNA. On the other hand, the analysis of ICs, values
for 5-FU showed no relationship between overexpression of
Anx A4 and resistance to 5-FU. In addition, no improvement
in sensitivity to 5-FU was observed as a result of ATP7A
silencing. These results suggested a specific relationship of
Anx A4 with ATP7A and resistance to platinum drugs but
with to nonplatinum drugs such as 5-FU. Differences in effi-
cacy and improvement in drug sensitivity of ATP7A silencing
were observed between cell lines (HEC1, HEC1-CV, HEC1-
A63 and HEC1-A77 cells). These variations may be related
to the colocalization of Anx A4 and ATP7A in the cellular
membrane after cisplatin or carboplatin exposure. Colocaliza-
tion of Anx A4 and ATP7A after exposure to platinum drugs
was specific to changes in Anx A4-overexpressing cells, which
are probably related to drug efflux. These results suggest that
in conjunction with higher Anx A4 expression levels, ATP7A
had a positive effect on efflux of platinum drugs, resulting in
significantly increased platinum resistance. Because overex-
pression of Anx A4 had no effect on ATP7A expression and
because no direct interaction between ATP7A and Anx A4
was detected in the coimmunoprecipitation analysis, Anx A4
seems to promote ATP7A activity in a manner which is cur-
rently unexplained.

In addition to the effects of Anx A4 on drug resistance in
ovarian cancer, similar findings have been reported for other
overexpressed members of the Annexin family such as
Annexin A3 (Anx A3).***” Intracellular platinum concentra-
tions of cisplatin and levels of platinum DNA binding in that
study were significantly lower in Anx A3-overexpressing cells
than in control cells, suggesting a more general involvement
of the Annexin family in platinum resistance.*® From the
results of these related reports and those of our study, we
conclude that the Annexin family may potentially enhance
the activity of numerous drug transporters. Identifying these
enhancement mechanisms may be extremely useful for devel-
oping additional therapeutic targets for drug-resistant
tumors.

In summary, our study demonstrated that enhanced
expression of Anx A4 induces chemoresistance by promoting
platinum drug efflux via ATP7A. These findings suggested
that Anx A4 is a potential therapeutic target for chemosensi-
tization, particularly in tumors with higher expression of
both Anx A4 and ATP7A. Thus, our study provides a clear
example of applied genotoxicology. However, platinum resist-
ance induced by overexpression of Anx A4 may occur as a
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result of multiple processes, including regulation of apoptosis
and efflux of platinum drugs. Thus, other unknown chemore-

sistant mechanisms may be induced by overexpression of

Anx A4. Because overexpression of Anx A4 has been
reported in several other types of clinically important cancers,
such as rectal, renal, lung and pancreatic cancer,
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Lung cancer (LC) is the major cause of death by cancer and the
number of LC patients is increasing worldwide. This study inves-
tigated the therapeutic potential of gene delivery using suppres-
sor of cytokine signaling 1 (SOCS-1), an endogenous inhibitor of
intracellular signaling pathways, for the treatment of LC. To
examine the antitumor effect of SOCS-1 overexpression on non-
small-cell lung cancer (NSCLC) cells, NSCLC cells (A549, LU65, and
PC9) were infected with adenovirus-expressing SOCS-1 vector.
The cell proliferation assay showed that A549 and LU65, but not
PC9, were sensitive to SOCS-1 gene-mediated suppression of cell
growth. Although JAK inhibitor I could also inhibit proliferation
of A549 and LU65 cells, SOCS-1T gene delivery appeared to bhe
more potent as SOCS-1 could suppress focal adhesion kinase and
epidermal growth factor receptor, as well as the JAK/STAT3 sig-
naling pathway. Enhanced phosphorylation of the p53 protein
was detected by means of phospho-kinase array in SOCS-1 over-
expressed A549 cells compared with control cells, whereas no
phosphorylation of p53 was observed when JAK inhibitor | was
used. Furthermore, treatment with adenoviral vector AdSOCS-1
in vivo significantly suppressed NSCLC proliferation in a xeno-
graft model. These results suggest that the overexpression of
SOCS-1 gene is effective for antitumor therapy by suppressing
the JAK/STAT, focal adhesion kinase, and epidermal growth fac-
tor receptor signaling pathways and enhancing p53-mediated
antitumor activity in NSCLC. (Cancer Sci 2013; 104: 1483-1491)

Lung cancer is the leading cause of cancer death in Japan
and is a growing health epidemic worldwide. !’ Moreover,
therapies that can cure metastatic LC have not been yet estab-
lished,®® so there is an urgent need for the development of
novel interventions to cure LC.

One of the potential therapeutic targets of NSCLC is
STAT3. Constitutively activated STAT3 has been shown to
promote tumor cell growth, survival, and tumor angiogenesis,
and persistently activated STAT3 has been found in 50% of
lung adenocarcinomas.™ It is thought that STAT3 is activated
by JAK, EGFR, or Src family kinases.®> Among these TYKs,
JAK family kinases play an important role in the phosphoryla-
tion of STAT3 in NSCLC.®” Dysregulated activation of the
JAK/STATS3 signaling pathway, the major downstream path-
way of cytokines such as interleukin-6, has been detected in
various cancers including NSCLC.®> Moreover, it has been
recently reported that ruxolitinib, which is a potent and selec-
tive JAK1 and JAK2 inhibitor, is associated with marked and
durable clinical benefits for patients with myelofibrosis,
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suggesting that JAK kinases are promising therapeutic targets
for cancer.

Cytokine signaling pathways are tightly controlled by nega-
tive regulatory mechanisms under homeostatic conditions. Sup-
pressors of cytokine signaling family proteins play a role in
the negative regulation of cytokine responses by terminating
the activation of the JAK/STAT and other signaling path-
ways.

The SOCS family, characterized by a central src homology
2 domain and a conserved C-terminus SOCS box, is composed
of eight structurally related proteins."® Of these, SOCS-1 is
known as the most potent negative regulator of pro-inflamma-
tory cytokine signaling."? Tt interacts with phosphotyrosine
residues on proteins such as JAK kinases to interfere with the
activation of STAT proteins or other signaling intermedi-
ates.">19 Also, SOCS-1 recruits the Elongin BC-containing
E3 ubiquitin-ligase complex through the conserved SOCS box
to promote the degradation of target proteins.(m Studies of
SOCS-1 deficient mice have indicated that SOCS-1 is essential
for the inhibition of excessive immune responses and is also
involved in the suppression of tumor development.%1%)

Although it is still not clear whether SOCS shows therapeu-
tic benefit for NSCLC, preclinical analyses of SOCS in thera-
pies of several types of cancers have been carried out
worldwide.®® Previously reported studies by us showed that
SOCS-1 or SOCS-3 were effective when used for therapies of
malignant pleural mesothelioma or gastric cancer.?'' % In
addition, it has been reported that overexpression of the SOCS-
3 gene showed antitumor effects in NSCLC.%* 2

In the study presented here, we used the NSCLC cell lines
A549, LU65, and PC9 to investigate the possibility of the
application of SOCS-1 gene transduction to NSCLC therapies
and the mechanisms of antitumor effects by SOCS-1.

Material and Methods

Cell lines. Both A549 and LU65 cell lines were obtained
from the Japanese Collection of Research Bioresources (Osaka,
Japan). The PC9 cell line was kindly provided by Prof. Nishio
of Kinki University of Medicine, Department of Genome Biol-
ogy (Osaka, Japan). Details are described in Data S1.

Reagents. PD153035 and JAK inhibitor I were purchased
from EMD Millipore (Billerica, MA, USA) and Calbiochem
(La Jolla, CA, USA), respectively.

$To whom correspondence should be addressed.
E-mail: tnaka@nibio.go.jp
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Preparation of adenoviruses. The replication-defective recom-
binant adenoviral vector expressing the mouse SOCS-I gene
was provided by Dr. Hiroyuki Mizuguchi (Osaka University,
Osaka, Japan), which was constructed with an improved
in vitro ligation method, as described previously.?" ® An
adenoviral vector expressing the LacZ gene was constructed
using a similar method and expression of these genes was reg-
ulated by means of a CMV promoter/enhancer and intron A.
Details are described in Data S1.

Phospho-kinase array. Expression of phosphorylated proteins
was detected with the Proteome Profiler Human Phospho-
Kinase Array kit (R&D Systems, Minneapolis, MN, USA).
Details are described in Data S1.

Cell viability assay. The NSCLC cell lines were plated in
96-well plates at a density of 1 x 10® cells per well and incu-
bated in RPMI-1640 medium containing 10% FCS. Details are
described in Data S1.

SDS-PAGE and Western blot analysis. Whole cell protein
extracts were prepared from NSCLC cells and tumor tissue in
RIPA buffer containing phosphatase inhibitor cocktail and a pro-
tease inhibitor cocktail (both from Nacalai Tesque, Kyoto, Japan
and both at a concentration of 1x) followed by centrifugation
(16 100g, 4°C, 15 min). Details are described in Data S1.

Small interfering RNA transfection. Commercial FAK siRNA
was obtained from Qiagen (Hilden, Germany). Details are
described in Data S1.

Mouse xenograft model. All animal experiments were carried
out according to the institutional ethical guidelines for animal
experimentation of the National Institute of Biomedical Inno-
vation (Osaka, Japan). Details are described in Data S1.

Immunohistochemistry. Subcutaneously implanted tumors
were harvested and paraffin embedded for immunohistochemi-
cal analysis using anti-SOCS-1 antibody (Abcam, Cambridge,
MA, USA) and anti-Ki-67 antibody (Novocastra Laboratories,
Newcastle, UK). A TUNEL assay (with DAPI nuclear counter-
staining) for apoptosis was carried out using the ApopTag
Fluorescein In Situ Apoptosis Detection Kit (Chemicon Inter-
national, Temecula, CA, USA) according to the manufacturer’s
instructions.

Statistical analysis. Data are shown the mean £ SD (unless
stated otherwise) for the number of experiments indicated.
Details are described in Data S1.

Results

SOCS-1 gene delivery shows marked antiproliferative effects in
A549 and LU65 cells. We used A549, LU65, and PC9 cell lines,
which have been used as NSCLC cell lines in many other
experiments. Because the JAK/STAT3 pathway has recently
received attention as a novel target for treatment of NSCLC,
we investigated the expression levels of JAK family kinases
and of STATS3, as well as tyrosine phosphorylation of STAT3
in NSCLC cells. The four known mammalian members of the
JAK family are TYK2, JAK1, JAK2, and JAK3. These kinases
are widely expressed in a variety of different cell types, with
the exception of JAK3, which is selectively expressed in cells
of hematopoietic origin.?® The expression of each JAK was at
a similar level in the three cell lines (Fig. la). Although phos-
phorylated STAT3 was detectable in all cell lines, it was mark-
edly more elevated in A549 and LU65 (Fig. 1b).

We next investigated whether SOCS-1 could suppress prolif-
eration of A549, LUG6S, and PC9. Following SOCS-1 gene
delivery, overexpression of SOCS-1 was detected in all cell
lines by Western blot analysis (Fig. lc), but overexpression of
SOCS-1 had antiproliferative effects on A549 and LU65 but
not on PC9 (Fig. 1d).

Overexpression of SOCS-1 shows stronger antiproliferative
effect than JAK inhibitor in NSCLC cells. Immunoblotting
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analysis showed that the expression levels of some of the JAK
family kinases in all cell lines were reduced by overexpression
of SOCS-1 (Fig. 2a). Next, phosphorylation levels of STAT3
(Tyr705), a downstream molecule of the JAK kinase family,
were analyzed by Western blot analysis. Phosphorylation
levels of STAT3 (Tyr705) were decreased in response to over-
expression of the SOCS-1 gene in all cell lines (Fig. 2b).
These results agree with previously reported findings that
SOCS-1 can act directly on JAK family kinases to suppress
their kinase activity as well as to accelerate their degradation
by the recruitment of an E3 ubiquitin ligase.

Although the JAK/STAT3 pathway was downregulated by
SOCS-1 in all cell lines, overexpression of the SOCS-I gene
showed an antiproliferative effect only on A549 and LU65
cells. Accordingly, we next used JAK inhibitor I, a blocker of
JAK1, JAK2, and JAK3, instead of AdSOCS-1 to examine the
effects of JAK inhibition on all cell lines. Proliferation of A549
and LUG635 cells was significantly suppressed by treatment with
JAK inhibitor I, however, proliferation of PC9 was not signifi-
cantly suppressed (Fig. 2¢). Immunoblotting analysis showed
that tyrosine phosphorylation of STAT3 was downregulated in
all cell lines after introduction of JAK inhibitor I (Fig. 2d).
These findings suggest that JAK-mediated signals are critical
for the proliferation of A549 and LU65 cells, but are not needed
for that of PC9 cells. In addition, because JAK1 and JAK2 are
overlapping target molecules between SOCS-1 and JAK inhibi-
tor I, the primary target molecules of SOCS-1 in NSCLC cells
are likely to be JAK1 and/or JAK2. Therefore, we assumed that
the antiproliferative effect of SOCS-1 was essentially deter-
mined by the JAK-dependence of NSCLC cells.

Immunoblotting analysis showed that introduction of both
the SOCS-1 gene (at 40 MOI) and of JAK inhibitor I (5 pM)
could effectively suppress STAT3 phosphorylation (Fig. 2b,d).
However, SOCS-1 was more effective than JAK inhibitor I for
inhibiting proliferation of A549 and LU65 cells (Fig. 2e).
Because SOCS-1 is known as an adaptor of several molecules
other than JAK family kinases,"® it was expected that
AdSOCS-1 could also exert JAK-independent action in A549
and LUG65. To investigate in detail the mechanisms of antitu-
mor effects induced by overexpression of SOCS-1, we used
AS549 cells for further analyses.

Focal adhesion kinase is downregulated by overexpression of
SOCS-1 in A549. Focal adhesion kinase is known as an adhesion
molecule and previous investigations have indicated that FAK
contributes to tumor cell proliferation, survival, and metasta-
sis.®? SOCS-1 was found to inhibit FAK-dependent signaling
events by suppressing FAK-associated kinase activity and
tyrosine phosphorylation of FAK,®Y and also by promoting
polyubiquitination and degradation of FAK in a SOCS box-
dependent manner.!'” For this reason, we next focused on the
FAK pathway and examined the levels of FAK expression and
of FAK tyrosine phosphorylation after overexpression of the
SOCS-1 gene.

Focal adhesion kinase expression was upregulated by intro-
duction of the LacZ gene in A549 cells (Fig. 3a), probably
reflecting the previously reported non-specific stimulation by
adenovirus vectors.”~ Compared to the cells introduced by
LacZ, FAK phosphorylation (Tyr397) was downregulated after
the introduction of the SOCS-I gene in A549 (Fig. 3a). We
also investigated whether JAK inhibitor I, instead of SOCS-1,
can suppress activation of FAK in A549 cells, and found that
JAK inhibitor could not (Fig. 3b).

We assumed that downregulation of FAK by SOCS-1 could
contribute to the inhibition of AS549 cell proliferation. There-
fore, examined whether FAK siRNA indeed had an antiprolif-
erative effect on A549, and found that proliferation of A549
cells was suppressed by FAK knockdown, indicating that these
cells are dependent on FAK (Fig. 3c,d). We also investigated
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Fig. 1. Delivery of SOCS-7 gene shows marked antiproliferative effects in A549 and LU65 lung cancer cell lines. (a) Expression of JAK family kin-
ases in all cell lines determined by Western blotting. Cell lysates were immunoblotted with JAK1, JAK2, or tyrosine kinase 2 (TYK2) antibodies.
(b) Comparative analysis of phosphorylation and expression of signal transducer and activator of transcription 3 (STAT3) determined by Western
blotting. (¢) Cell lysates were prepared 48 h after treatment with AdSOCS-1or AdLacZ adenoviral vectors at an MOI of 10-160, and immunoblot-
ted with anti-SOCS-1 antibody. (d) Cells were infected with AdSOCS-1 or AdLacZ at an MOI of 10-160. Cell proliferation was determined by MTS
assay 72 h after transfection. Growth ratio of AdLacZ or AdSOCS-1-infected cells was calculated by a percentage of that for non-treated cells.
Each value represents the average + SD of hexaplicate wells.

the combined effect of JAK inhibitor I and FAK siRNA on  gene had occurred in A549 cells (Fig. 4a). In contrast, JAK
AS549 cell proliferation. The results showed that the combined  inhibitor I did not suppress EGFR activation in AS549 cells
effect was stronger than that of JAK inhibitor I alone (Fig. 3e).  (Fig. 4b).
These findings suggest that FAK has an important role in We next examined the antiproliferative effects of the EGFR
A549 cell proliferation independent of JAK and that SOCS-1-  inhibitor PD153035 on A549 cells. Expression of EGFR in
mediated FAK inhibition might contribute to the suppression  A549 cells was much lower than that in PC9 cells (data not
of proliferation of A549 cells treated with AdSOCS-1. shown), which harbor a deletion of an EGFR mutation.®%
Epidermal growth factor receptor is downregulated by overex-  Nevertheless, our findings show that proliferation of A549
pression of SOCS-1 in A549. Expression of SOCS-1 reportedly  cells with wild-type EGFR were also somewhat dependent on
interacts with the cytoplasmic domain of EGFR and is likely EGFR (Fig. 4c,d). We also investigated the combined effect of
to induce ubiquitination and degradation of ligand-bound JAK inhibitor I and PD153035 on proliferation of A549 cells
EGFR.®® This notion was confirmed by means of and found that they have an additive effect (Fig. 4e). This
immunoblotting analysis in our study, in that EGFR expres- finding suggests that EGFR is also involved in A549 cell pro-
sion was downregulated 48 h after introduction of the SOCS- liferation independent of JAK and that its downregulation by
1 gene in A549 cells. The EGFR phosphorylation (Tyrl068) SOCS-1 may have an inhibitory effect on proliferation of
was also downregulated after overexpression of the SOCS-I  A549 cells.
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Fig. 2. Antiproliferative effect of suppressor of cytokine signaling-1 (SOCS-1) correlated with JAK dependence is stronger than JAK inhibitor.
(a) Cell lysates were prepared 48 h after treatment with AdSOCS-1 or AdLacZ adenoviral vectors at an MOl of 40 and immunoblotted with JAK1,
JAK2, or tyrosine kinase 2 (TYK2) antibodies. (b) SOCS-1 suppressed activation of signal transducer and activator of transcription 3 (STAT3). Cell
lysates were prepared as described above and immunoblotted with anti-p-STAT3 (Tyr705), anti-STAT3, and anti-SOCS-1 antibodies. (c) Cells cul-
tured in RPMI-1640 medium containing 10% FBS were exposed to 1-5 uM JAK inhibitor I. After incubation for 72 h, viable cells were counted
with the MTS assay. (d) Cells were cultured in RPMI-1640 medium containing 0.5% FBS with 5 uM JAK inhibitor I. Cell lysates were immunoblot-
ted with anti-p-STAT3 (Tyr705) and anti-STAT3 antibodies. (e) All cell lines cultured in RPMI-1640 medium containing 10% FBS were exposed to
5 uM JAK inhibitor I, or infected with AdLacZ or AdSOCS-1 at an MOI of 40. After incubation for 72 h, viable cells were counted with the MTS
assay.
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Fig. 3. Focal adhesion kinase (FAK) is downregulated by adenovirus vector containing suppressor of cytokine signaling-1 (AdSOCS-1) in A549
lung cancer cells. (a) Cell lysates were prepared 48 h after treatment with AdSOCS-1 or AdLacZ at an MOI of 40, and immunoblotted with p-FAK
(Tyr397) and FAK antibodies. (b) Cell lysates were prepared 48 h after exposure to 5 pM JAK inhibitor | and immunoblotted with p-FAK (Tyr397)
and FAK antibodies. (c) Cells were exposed to either FAK siRNA or non-specific siRNA as control. Cells were cultured in RPMI-1640 medium con-
taining 10% FBS. After a 3-day culture, viable cells were counted with the MTS assay. (d) Protein extracts prepared at 48 h after treatment with
FAK siRNA or non-specific siRNA were blotted with anti-p-FAK (Tyr397) and anti-FAK antibodies. (e) A549 cells cultured in RPMI-1640 medium
containing 10% FBS were exposed to 5 pM JAK inhibitor | or 40 pmol FAK siRNA; 40 pmol non-specific siRNA was used as control. Infections of
AdLacZ or AdSOCS-1 were carried out at an MOI of 40. Cell proliferation activity was assessed by MTS assay 72 h after treatment. n.s., no signifi-
cant change detected by Tukey’s post-hoc comparisons.
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Fig. 4. Epidermal growth factor receptor (EGFR) is downregulated by adenovirus vector containing suppressor of cytokine signaling-1 (AdSOCS-

1) in A549 lung cancer cells. (a) Cells were infected with AdLacZ or AdSOCS-1 at an MOI of 40 for 24 h. Cell lysates were immunoblotted with
anti-p-EGFR (Tyr1068) and anti-EGFR antibodies. (b) Cell lysates were prepared 48 h after exposure to 5 pM JAK inhibitor | and immunoblotted
with anti-p-EGFR (Tyr1068) and anti-EGFR antibodies. (c) Cells cultured in RPMI-1640 medium containing 10% FBS were exposed to 0.125-0.5 uM
PD153035. Cell proliferation activity was assessed by MTS assay 72 h after exposure. (d) A549 cells were cultured in RPMI-1640 medium contain-
ing 0.5% FBS with 0.5 pM PD153035. Cell lysates were prepared 48 h after treatment and immunoblotted with anti-p-EGFR (Tyr1068) and anti-
EGFR antibodies. (e) A549 cells cultured in RPMI-1640 medium containing 10% FBS were exposed to 5 pM JAK inhibitor { or 0.5 pM PD153035.
Infection of AdLacZ or AdSOCS-1 was carried out at an MOI of 40. Cell proliferation activity was assessed by MTS assay 72 h after treatment. n.s.,

no significant change detected by Tukey’s post-hoc comparisons.

Accordingly, JAK1, JAK2, FAK, and EGFR should be con-
sidered critical for the proliferation of AS549 cells, so that
simultaneous inhibition of these molecules by SOCS-1 may
have a potent antiproliferative effect on A549.

Upregulation of p53 by AdSOCS-1 in A549 cells. We also used
a phospho-kinase array to determine the expression profile of
phosphorylated proteins in AS549 in order to identify other
target molecules for SOCS-1 in addition to JAK, FAK, and
EGFR (Fig. 5a). Phosphorylation of p53 was upregulated in
A549 cells after the introduction of the SOCS-I gene. This
was confirmed by immunoblotting analysis, which showed
that p53 phosphorylation was upregulated in A549 cells by
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overexpression of the SOCS-I gene (Fig. 5b). We also inves-
tigated whether JAK inhibitor I, instead of SOCS-1, could
activate p53 in AS549 cells, but found that it did not
(Fig. 5b). Given the well-established antitumor effect of p53
phoshorylation,®>®  SOCS-1-induced p53 activation may
thus also contribute to the suppression of A549 cell prolifera-
tion.

Antitumor activity of SOCS-7 in a lung cancer xenograft model.
We also evaluated the therapeutic effect of AdSOCS-1 injec-
tion on the growth of NSCLC cells in vivo. We established a
xenograft model of ICR nu/nu mice in which A549 cells
were s.c. implanted. Injection of AdSOCS-1 vector
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