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 INTRODUCTION:

" The synucleins (c., B, ¥, synoretin) are a family of highly conserved small proteins that are normally
‘expressed predominantly in neurons. Little is known about the normal functions of synucleins in
‘physiological conditions. Of the synucleins, a-synuclein is the best characterized because of its potential
 significance in neurodegenerative diseases including Parkinson’s Disease. Recently we and others have
found that y-synuclein is dramatically up-regulated in the vast majority of late-stage breast (70%) and
ovarian (> 85%) cancers and that y-synuclein over-expression can enhance tumorigenicity (Bruening et

) - al,, 2000; Ji et al., 1997; Liu et al., 2000). We also observed that expression of y-synuclein induces a

-phenotype similar to that induced by activation of RhoA/Rac/CDC42, altering the appearance of focal
adhesions and stress fibers, and enhancing motility and invasion in ovarian cancer cells. Recent studies
by Ji and colleagues have also shown that when y-synuclein is overexpressed in a breast tumor derived
cell line, the cells experience a dramatic augmentation in their capacity to metastasize in vivo (Jia et al.,
1999). Based on these known data, we hypothesized that y-synuclein may be a proto-oncogene, and that
the abnormal expression of this protein (i.e., oncogenic form) in breast and ovarian tumors may contribute

- to the métastatic spread and high morbidity associated with advance stages of these diseases. To address
this hypothesis, we first ectopically over-expressed y-synuclein in several cancer cell lines and the effects
of y-synuclein on the phenotypes of these cells were charaterized. The mechanisms underlying Y-
synuclein induced cell phenotype changes were investigated by biochemical and cellular assays.. We
found that y—synuclem is associated with two major mitogen-activated kinases (MAPK), i.e., extracellular
signal-regulated protein kinases (ERK1/2) and c-Jun N-terminal kinase 1 (JNK1). Over-expression of y-
synuclein may enhance cell motility by activating Rho/Rac/Cdc42 and ERK pathways. JNK activation
induced by stress (UV, arsenate, and heat shock) and chemotherapy drugs (Taxol, vinblastine) can also be
down-regulated by y-synuclein. Finally, we found that y-synuclein can protect chemotherapy drug-

~ induced cell death by modulating the ERK cell surv1val pathway and the JNK-mitochondria-Caspase9/3

pathway

 BODY:

y-Synuclem mteracts wzth ERK and JNK MAP kinases in cancer cells - a-Synuclein has recently been
‘ reported to bind directly to the ERK2 kinase (Iwata et al., 2001b).
Therefore, we evaluated whether y-synuclein could also interact with
the ERK kinases as well as other MAPKs. By co-immunoprecipitation

Fig. 1. Interaction between Y- and a-synucleins with ERK1/2 and JNK.
Cell lysate from A2780, A2780/gam or A2780/alpha ~were
immunoprecipitated with Syn303, Nlg (normal IgG) or irrelevant
antibodies (not shown here). The proteins in the immunoprecipitates |
were identified by immunoblotting with antibodies against ERK1/2,
JNK1, p38, and ¥-2 (a polyclonal antibody specific for y-synuclein).
Molecular mass standards (in kilodaltons) are indicated on the left.
Non-specific bands around the IgG heavy (**) and hght (*) chains are
mdxcated by asterisks.

appfoaches, we were able to demonstrate a novel association of y-synucleins with ERK1/2 and JNK1
kinase, but not with the p38 kinase (Fig. 1). We also confirmed that o-synuclein is associated with
ERK1/2 as well with JNK1 (Fig. 1), which is consistent with the recently studies using neuro2a, a
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“neuronal cell line (Iwata et al., 2001a). These data indicate that y- and o-synuclein can mteract with

ERK1/2 and JNK1 in cancer cells that over-express these proteins.

‘Elevated activity of ERK in cells over-expressing y-synuclein - We next evaluated whether these protein
- interactions would affect the activity of ERK1/2 and/or INK1 (see below). In A2780 and OVCARS

cancer cells over-expressing y-synuclein, the activated ERK1/2 was increased 2-3 fold as evidenced by

'lmmunoblottmg with an antl-phospho-ERK specxﬁc antibody (Fig. 2). In contrast, o- and B-synucleins

appeared to have little or no effect on the
activity of ERK1/2 (Fig. 2A) although o-
synuclein was also found to be associated with

ERK (as described above and shown in Fig. 1)
in A2780 cells. In HEK 293 cells, the basal
level of ERK activation is undetectable and y-
synuclein over-expression does not increase its
activation level (Fig. 2B). Structural analysis
indicate that y-synuclein does not contain any
kinase domain, suggesting that the activation of
ERK is mediated by other kinase. Since
MEK1/2 is required for the activation of
! ERK1/2 in response to many mitogens, we
s' ',/ j f” & ‘f' 7 detemned whether MEK1/2 is still rqquired
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Fig. 2. Activation of ERK in cells over-expressing y-synuclein. A, ERK1/2 activation is enhanced in y-
synuclein over-expressing A2780 cells. Whole cell lysates (40 pg/lane) from A2780 cells (parent) or A27801
cells transfected with y-, -, or a-synuclein were separated by SDS-PAGE and blotted with appropriate
antibodies. The levels of activated ERK or total ERK1/2 were determined using an anti-phospho-ERK specific
antibody or ERK1/2 antibodies, respectively. The number beneath each band represents the arbitrary
densitometry units of the corresponding band (the integrated densitometry reading number of A2780 or
| OVCARS was assigned to an arbitrary unit 1.0, and the other readings weré normalized thereafter). The
" synucleins were evaluated by blotting with specific antibodies, i.e., y-2 for y-synuclein, Syn207 for B-synuclein,
and Syn204 for o-synuclein, respectively. B, activation of ERK by y-synuclein in OVCARS cells but not HEK
. 293 cells. Whole cell lysate (40 pg/lane) from parental or y-synuclein over-expressing cells were separated and

blotted as in A. Panels A and B are representative of at least three independent experiments with comparable
results. C, fold increase of ERK activation. The data shown are the average + S.E. of three independent
experiments. Phosphorylated ERK was normalized to the protein level of total ERK. The basal levels of ERK
phosphorylation in the parental A2780 or OVCARS cells were set as 1.0. (*) Represents sxgmﬁcant difference
compared to the parental cells (p < 0.05). , A .

for y-synuclein mediated activation of ERK1/2. When cells over-expressing y-synuclein were treated w1th

the MEK 1/2 inhibitor U0126, the activation of ERK1/2 was suppressed (Fig. 3A). We further studied the
relation of y-synuclein-ERK interaction and the activation status of ERK1/2. In cells treated with U0126
or serum-starved, the association of y-synuclein and ERK1/2 was still present (Fig. 3B). These data
indicate that y-synuclein may be constitutively associated with ERK1/2, which could facilitate the
activation of ERK by MEK1/2 and lead to the constitutive activation of ERK1/2 in cells over-expressing

y-synuclein.

Ui
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Fig. 3. Requirement of MEK1/2 for y-synuclein enhanced o
: ‘ ERK1/2 activation. A, A2780 and A2780/gam cells ;
A L umze_e:zls%m.noigam ‘ untreated or treated with the MEK1/2 inhibitor, U0126 (10 | L

e uM), were lysed and 30 pg of proteins were loaded into each :

::Sépho-snx lan¢. As in Fig. 2, anti- phospho-ERK1/2 specific antibody
. 3 was used to detect activated ERK1/2; and the antibody !
Blot: ERK1/2 4§ against ERK1/2 was used to detect the protein level of total »
ERK1/2. B, the interaction between ERK and y-synuclein is |
: independent of the activation status of ERK1/2. A2780/gam
B 10% FBS cells in normal 10% FBS medium, 10% FBS medium with

10% FBS & U0126 0% FBS

IP[ Nig: - + = + « + -«
Syn303: - - + - + - +

Blot: ERK1/2 ({2

U0126 (10 uM), or serum-free medium were lysed and
immunoprecipitated with Syn303 or control IgG. - The
proteins in the immunoprecipitates were detected with the
antibodies against ERK1/2 or against human y-synuclein (y-
2). The autoradiogram shown is the representative of three
independent experiments with comparable results.

Total lysate

Over-exprssion of y-synuclein leads to increased cell motzltty- Recent stuidies by Jia and colleagues
‘ : indicated that y-
synuclein  may
increase cell migration
and metastasis (Jia et
., 1999). We also
established several
stable cancer cell lines
that over-express Y-
synuclein  (Fig. 4A,
and data not shown)
and found that y-
synuclein can enhance
cell motility as
analysed by Boyden
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MDA435/gam#2
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- chamber assay (Fig.
B . 4B, 4C, 4D, and data
e 3299 not shown).
ja- £ 1500 Consistent with their
Tam : | role in cell migration,
1 § 1000 more ' stress  fibers
e g were found in cells
- x 3% over-expressing Y-
a ° synuclein (Fig. 5)

OVCARS OVEARS/gam

Fig.4. y-Synuclein enhance cell migration. A, y-synuclein expression in parental MDA-MB-435 cells, and
those stably transfected with pcDNA3 vector alone, or with CMV-y-synuclein (two clones were shown here).
B throuhg D, Boyden chamber assay for cell mlgratlon Cells migrated to the lower chamber were stalncd
(B) and counted (C, D).
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o MOAME Over-exprssion of y-syhuclein lead& to activation of
A2780 OVCARS MEA3S ¢ least one member of the Rho family GTPase-

’ Cell migration and invasion involves a seties of
v Parental |

adhesion formation in the front and release of
adhesion in the back, polarized stress fiber formation
and disassembly and contraction (Ridley, 2000).
Several protein kinases are known to regulate these
processes, including Rho/Rac/Cdc42 small GTPase
proteins, ERK, Crk, and Akt (Krueger et al., 2001;
Ridley, 2001; Ridley et al., 1999; Wicki and Niggli,
2001). Among these effector kinases, Rho family
members play a pivotal role in regulatmg stress fiber and focal adhesion formation. In cells over-
expressmg y-synuclein, we found at least one major Rho/Rac/Cdc42 member is actwated although the

protein levels of these proteins were not affected (Fig. 6)

coordinated complex processes, including focal
*Syn
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OVCAR5 4

‘Active Cdca2
-(IP: PAK-1 PBD,
I1B: Cdc42)

Total Cdc42
(Total lysate,
IB: Cdc4?)

A2780

Fig. 6. Enhanced activation of Rho (A) and Rac/Cdc42 (B) in cancer cells over-expressing y-synuclein. A,

whol3 cell lysate (2 mg protein) were immunoprecipitated with Rhotekin Rho binding domain and analyzed

| by Western blot with anti-Rho antibody. B, who cell lysate (2 mg protein) were immunoprecipitated with
PAKI1 PBD and analyzed by Western blot with anti-Rac and anti-Cdc42 antibodies, respectively. C

' Requtrements of Rho/Rac/Cdc42 and ERK for y-synuclein-enhanced cell motility-
As described above, over-expression of y-synuclein also leads to enhanced activation of ERK. To
determine whether and to what extent Rho/Rac/Cdc42 or ERK kinase contribute to cell motility and
invasiveness, parental cancer cells and their corresponding y-synuclein over-expressing cells were treated
‘with specific inhibitors. When treated with C. difficile toxin B which can inactivate most, if not all,
members of the Rho family, and U0126, an inhibitor of ERK activation, the cell migration in both
- parental and y-synuclein over-expressing cells were almost completely blocked (Fig. 7). These data
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mdlcate that both Rho and ERK pathways are involved in the parental basal level cell xmgranon and the
enthanced cell migration mduced by y-synuclein.

6000
‘ MDD A-MB43S
5000
MDA-MB43ZS
Jgam#*1

Fig. 7. Blockage of cell migration by Rho and
ERK inhibitors. Parental cells or y-synuclein
over-expressing cells were allowed to attah
for 8hr before treated with C. difficile Toxin
B (0.5 ng/ml) or U0126 (10 pM) before
analysis of migrated cells at 52hr.

Migration Cell Number
g ‘
e

| C. Ditficile
.Untreated Yoxin B yot 2§

Down-regulation of JNK activation by y-synuclein in response to UV - INK is activated by stress signals

mcludmg UV which leads to mitochondria mediated apopt051s (Dav1s, 2000). The basal level of INK
activity in A2780 and OVCARS ovarian cancer cells is very low in untreated cells whether y-synuclein

was oy‘er—expre_sse‘d‘ or not (Fig. 8). JNK | Fig. 8. Inhibition of INK activation by y-synuclein in response
was highly activated in the parental cells | o UV treatment. A2780, A2780/gam, A2780/beta, OVCARS,
‘ ‘ OVCARS/gam cells were un-treated or treated with UV (20
J/M?) and cells were lysed at 30 min. JNK activities were
analyzed by an immunocomplex kinase assay using GST-c-
JUN as substrate. The phosphorylated GST-c-JUN by activated
JNK was evaluated by immunoblotting with anti-phospho-c-
JUN specific antibody. The protein levels of INK and -
synuclein were determined by immunoblotting with anti-JNK
and y-2 antibody, respectively. The number beneath each band
represents the arbitrary densitometry units of the corresponding
band. The blots shown here are representative of three
- . independent experiments with comparable results. JNK
: o0 19 3 1 2w e3es | activities were measured by levels of phosphorylated ¢c-JUN
Blot: INK e owtt ame som — som met ww b+ | anid normalized to levels of total INK proteins. The graph
total fysate) :::::::?: above the blots is the average + S.E. of three independent
e experiments. (*) Represents significant inhibition of JNK

activation compared to that in the parental cells (p < 0.05).

Fold of JNX Activation
re3B82883a8

UV (200M3): -

Blof:phospho-c-dun
(SAPK/INK activity)

Blot: 2
(total lysate)

when treated with UV (Fig. 8). In cells over-expressing y-synuclein, the activation of INK was almost

‘ " completely blocked in A2780/gam cells (p < 0.05) and was down-regulated by approximately 50% in

OVCARS5/gam cells when treated with UV (Fig. 8) or heat-shock (data not shown) ‘The blockage of INK
activation by UV appears to be y-synuclein specific since over-expression of a- and B-synucleins
- appeared to have little or no effect on the activation of JNK by UV (Fig. 8, and data not shown). The
_ inhibition of INK activation in OVCARS5/gam cells is much less than that in A2780/gam cells. The cause
of this difference could either be cell-type specific, or it could be the high endogenous y-synuclein
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expression in OVCARS cells. Collectlvely, these data indicate that stress-mduced activation of JNK can
be blocked by y—synuclem ovér-expression in a variety of cell lines.

y-Synuclem may protect paclttaxel (Taxol) mduced cell death by regulating JNK and ERK activities.
Based on the data presented above, we hypothe51zed that y-synuclein may contribute to cancer cell
survival by up-regulating the ERK cell survival pathway and by suppressing the JNK apoptosis pathway
under adverse conditions. However, when we treated y-synuclein over-expressing cells with UV,
significant differences in cell survival between A2780 and A2780/gam cells were not observed (data not
shown). The reason for this lack of difference is not readily apparent. However, cell survival and cell

~ death are regulated by the counter-balance between the survival factors and the apoptotic signaling

pathways. Since UV treatment also activates the cell survival pathways ERK [(Rosette and Karin, 1996),

_and data not shown)] and PI3K-AKT (Krasilnikov et al., 1999; Nomura et al., 2001), the initiation of the

mitochondria associated caspase pathway may be blocked by the activation of ERK or AKT in A2780
cells. ‘In support of these findings we did not observe the cleavage of the caspase-3 substrate PARP in
A2780 cells when treated with UV (data not shown). :

' 'We next evaluated the survival of y-synuclein over-expressing cells in response to Taxol, a
commonly used chemotherapeutic drug. In addition to its role in affecting microtubule assembly, Taxol is
known to lead to apoptosis via the mitochondria by activating the JNK signaling pathway and Taxol-
induced apoptosis can be enhanced by MEK inhibition (Lee et al., 1998; Mandlekar et al., 2000; Wang et

- al., 1999; Wang et al., 2000). In A2780 cells, Taxol did not affect the basal level activity of ERK or the

activation of ERK by y~synuclein (Fig. 9A). To test the effect of y-synuclein on cell survival, cells were
treated with Taxol for varying lengths of time. At 48hr after treatment, 45-60% of A2780 cells had died,
while only 7-15% of A2780/gam
cells were dead indicating that Taxol

Fig. 9. y-Synuclein protects cells from paclitaxel (Taxol) induced
‘ cell death and is partially mediated by ERK activation. A, Taxol
A ) does not affect ERK activity or y-synuclein mediated ERK
' A2780  A2780/gam activation. A2780 or A2780/gam cells pre-treated with or without
&afg g’gumf A U0126 (10 nM) were treated with Taxol (30 uM) in the absence or
e = | presence of U0126 for 30 min. Whole cell lysate were separated by
SDS-PAGE and blotted with phospho-ERK to determine the level
of active ERK, or with ERK1/2 antibodies for the level of total
ERK1/2. The number beneath each band represents the arbitrary
densitometry units of the corresponding band. The blots shown here
| are representative of three independent experiments with
comparable results. B, cell death induced by Taxol was
significantly reduced in cells over-expressing y-synuclein. A2780
and A2780/gam cells treated with Taxol for 48hr in the presence or
absence of the MEK1/2 inhibitor, U0126. Cell death ‘was
determined by trypan blue staining (shown) and WST-1 assays (not
shown).”” The graph represents the average + S.E. of three
independent experiments. ' (*) Represents significant difference in
cell death between A2780 and A2780/gam cells (p < 0.05).

Blot: PERK Huide

" Blot: ERK1/2

.. Percentage of Cell Death

o £ 1
UD126 (10uM): = = + +
Taxol (30uM): + + + +

* induced cell death can be suppressed by y-synuclein over-expression (Fig. 9B). When ERK activation

was inhibited using the MEK1/2 inhibitor U0126, the cell death was reduced by ~25% in A2780 cells but -
was nearly doubled in A2780/gam cells (Fig. 9B). These data suggest that enhanced cell surv1va1 ny-
synuclein over-expressmg cells is partlally mediated by activation of ERK.
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g To determine whether the protective role of y-synuclein on cell survival is also mediated through
down-regulating JNK associated apoptotic pathway(s), caspase-3 activity was monitored at different time
points after Taxol treatment. Consistent with the data in other ovarian and breast cancer cell lines (Lee et

al., 1998; Wang et al., 1999), JNK was activated in A2780 cells when treated with 30 uM Taxol. The
caspase-3 substrate PARP was found cleaved in cells treated with Taxol (data not shown). In A2780/gam

cells, the activity of JNK was significantly inhibited following treatment with Taxol (p < 0.05) (Fig.
'10A). In the parental A2780 cells, caspase-3 was highly activated following drug treatment. By contrast,
the activation of caspase-3 by Taxol treatment was significantly reduced in y-synuclein over-expressing
ovarian cancer cells (p < 0.05) (Fig. 10B). These data indicate that Taxol activated INK mediated caspase

apoptotic pathway was significantly attenuated

v o
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< 2
3 2
Q
] E .
e i
Q.
E £ -
4 g o i
e 38 o S ; 4 1thr  t8hr  26hr
@ W [ «©
5 5 N N Taxol (30 pM)
< < «
- Taxol (30uM): - - + + in cells over-expressing y-synuclein. Taken together,
Blot: Phospho-c-Jun our results indicate that the cell death in ovarian cancer

(SAPKAINK activity) cells induced by Taxol may be protected by y-synuclein

and that this may be mediated by regulating the JNK

‘Blbt-‘JNK and ERK signaling pathways.
(total 'Iysate)

Fig. 10. Taxol activated JNK and caspase-3 apoptotic pathway is blocked by y-synuclein. A, down-
regulation of JNK activation by Taxol in cells over-expressing y-synuclein, Cell lysates from A2780 and
A2780/gam cells treated with or without Taxol (30 uM) for 60 min were assayed for JNK activity (see the legend
for Fig. 8 for experimental details). The number beneath each band represents the arbitrary densitometry units of
the corresponding band. The blots shown here are representative of three independent experiments with
comparable results. JNK activities were measured by levels of phosphorylated ¢-JUN and normalized to levels of
total JNK proteins. The graph above the blots is the average + S.E. of three independent experiments. B, down-
regulation of caspase-3 activity activated by Taxol in A2780/gam cells. A2780 and A2780/gam cells treated
with Taxol (30 pM) for different time lengths were lysed, and approximately 20 pg protein were incubated with
the caspase-3 substrate Ac-DEVD-pNA for 4hr at 37°C. Cleavage of the substrate to release pNA was monitored
at 405 nm using a microplate reader. The graph represents the average * S.E. of three independent experiments.
| In'panels A and B, (*) represents significant difference compared to that in the parental cells (p < 0.05).
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y-Synuclezn over-expression leads to protectton Sfrom vmblastme but not etoposxde mduced cell death

-

Fig. 11. Vinblastine induced cell death and

00
£ 2 : : activation of the MAPK pathways in y-synuclein
S mfi mAz780 over-expressing cells. A, the cell death induced by
6w wA2780/gam | ‘vinblastine was significantly reduced in cells over-
i - | expressing y-synuclein. A2780 and A2780/gam cells
£ wf treated with vinblastine (0.1, 1, or 10 pM) for 30 hr in
5 ';’g * : ~ | the presence or absence of the MEKI1/2 inhibitor,
b N W e e W U0126. Cell death was determined by trypan blue
m;f:bgggr: — M‘; Loz me* - ;MT 2 staining.  The graph represents the average + S.E. of
g : .| three independent experlments (*) Represents
r, : C ameo Azrsigam | Significant difference in cell death between A2780 and
B , , M 10uM WM 1oum_ | A2780/gam cells (p < 0.05). B, inhibition of JNK
. Vinblastine: 0 30" 60' 30' 60' 0 30' 60' 30' 60' | activation by y-synuclein in response to vinblastine

treatment. A2780 and A2780/gam cells were un-
treated or treated with vinblastine (1uM, and 10uM) for
L 30 min and 60 min before lysis for INK activity assay.
BIOLINK s s s it i i - JNK activities were analyzed as described in the legend
(total lysate) Qﬁg =15 ﬂ'w w" - | for Fig. 5. The number beneath each band represents
10 10 14 10 11 12 08 11 12 10 | the arbitrary densitometry units of the corresponding

: , - band. The blots shown here are representative of three
C : ‘ , ~ independent experiments with comparable results. C,

‘ ‘ A2780 A2780/gam the effect of vinblastine on ERK phosphorylation.

7 V"l';::g'('%um;f e ™10 T | A2780 or A2780/gam cells pre-treated with or without
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To demonstrate whether the effects of y-synuclein on cell survival were specific to Taxol or were a
general mechanism of drug resistance, we evaluated two additional chemotherapeutic agents, i.e.,
vinblastine and etoposide. Both Taxol and vinblastine are microtubule-interfering agents; Taxol binds to
microtubule polymers while vinblastine binds to monomers and dimers. When treated with vinblastine
(either 0.1, 1.0, or 10 uM for 30 hr), cell death in A2780/gam cells was significantly lower (p < 0.05 for
all the three concentrations tested) as compared to the parental cells (Fig. 11A). Consistent with other
stndies using a variety of tumor cell lines (Fan et al., 2000; Osborn and Chambers, 1996; Stone and
Chambers, 2000; Wang et al., 1999), vinblastine strongly activate JNK in A2780 cells. However, this
activation of JNK by vinblastine was significantly inhibited by y-synuclein over-expression (Fig.-11B).

- Furthermore, we observe that treatment with vinblastine results in a two-fold increase in phosphorylated

ERK1/2 in A2780 cells. This enhancement in activated ERK levels was not observed in the A2780/gam
cells (Fig. 11B). Unlike our results for Taxol, inhibition of ERK phosphorylation by U0126 did not
significantly affect the cell death in the parental cells or A2780/gam cells (Fig. 11A & C). These data
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indicate that suppression of vmblastme-mduced cell death by y—synuclem may be mediated by 1nh1b1t10n
of INK activation. \

We also evaluated etopos1de a DNA damage agent that has also been shown to induce INK

- activation in some cell lines (Anderson et al., 1999; Gibson et al., 1999; Jarvis et al., 1999; Osborn and

Chambers, 1996). When treated with 1, 10, or 100 uM of etoposxde for 56 hrs, there was no significant
difference in cell survival between A2780 and A2780/gam cells (Fig. 12A). As might be predicted, INK
was not activated in response to etoposide treatment (Fig. 12B). Furthermore, etoposide treatment did not
result in ERK activation in A2780 cells. However, surprisingly the constitutive phosphorylated ERK
levels observed in A2780/gam cells were significantly down-regulated within 30 min of treatment with 10
or 100 uM of etoposide (Fig. 12C). In the presence of the MEK inhibitor U0126, cell death induced by

. ~ etoposide was reduced in both the parental and y-synuclein over-expression cells, but statistical analyS1s
 indicated these - differences were not Fig. 12. Effects of y-synuclein over-expression on

statistically significant. o etoposide induced cell death and activation of the MAPK

o - ‘ pathways. A, cell death induced by etoposide was not
significantly altered in cells that over-express y-synuclein.
A2780 and A2780/gam cells treated with etoposide (1 pM,
10 uM, 100 pM) for 56 hr in the presence or absence of the
MEK1/2 inhibitor, U0126. Cell death was determined by
trypan blue staining. The graph represents the average
S.E. of three independent experiments. B, vinblastine
treatment does not induce JNK activation. -A2780 and
A2780/gam cells treated with or without etoposide (10 pM,

BT e e

Etoposide: 14 05M 100 M and 100 uM) for 30 min and/or 60 min before lysis for JINK
SR - Az780/gam activity assay. JNK activities were analyzed as described in
B : 104M 1005M  fouM ..‘Lﬂﬂ_ | Fig. 5. The number beneath each band represents the
Etoposide: 0 °°' 30760 0 60 30" & arbitrary densitometry units of the corresponding band. The

blots shown here are representative of three independent
experiments with comparable results. C, effect of etoposide
on ERK phosphorylation. A2780 or A2780/gam cells pre-
treated with or without U0126 were treated with etoposide
(10 uM and 100 pM) in the absence or presence of U0126
(10 uM) for 30 min. Whole cell lysate were separated by
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Summary. Based on the data we presented above, we proposed the following model (F1g 13) that y-
synuclein may enhance cell migration and metastasis, promote cell surv1va1 and mh1b1t apoptosis in tumor
- progression by modulating Rho and MAPK pathways.

¥

Metastasis

Figure 13. Diagram illustrating the effects of y-
| synuclein on relevant signaling transduction

| pathways and their effects on metastasis, cell
‘'survival and apoptosis. '
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'C-KEY RESEARCH ACCOMPLISHMENTS:
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C.1. “Gamma synuclein promotes a metastatic phenotype in breast and ovarian tumor cells by modulating
the Rho signal transduction pathway”.

la, Overexpression of y—synﬁclein leads to constitutive activatiorll of ERK and Rho/Rac/Cdc42 and

- down-regulation of JNK activation in response to stress signals or chemotherapy drugs.

~ Lb. Overexpression of y-synuclein induces stress fiber formation and enhances cell migration. Both the

basal level and the enhanced cell migration require the activities of both the ERK and Rho/Rac/Cdc42
kinases. - | ‘

le. Ovefexpression of y-synuclein may render cancer cells resistant to Taxol and vinblastine by
modulating ERK cell survival pathway and JNK-mitochondria-Caspase 9/3 apoptotic pathway.

13
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E-CFONCLUSIONS:

E.l. “Gamma synuclein promotes a metastatic phenotype in breast and ovarian tumor cells by

‘modulating the Rho signal transduction pathway”.

~In these studies, we found that y-synuclein can interact with two major MAPKSs, ie., ERK and
JNK1. Over-expression of y-synuclein may lead to enhanced activity of ERK and down-regulation of INK
activation in response to stress and chemotherapy drugs. Rho/Rac/Cdc42 pathway is also activated in cells
over-expressing y-synuclein. Activation of both the Rho/Rac/Cdc42 and ERK pathways are required for
the enhanced cell migration in y-synuclein over-expressing cells. Over-expression of y-synuclein may
render cancer cells resistant to Taxol and vinblastine by modulating ERK cell survival pathway and JNK-
mitochondria-Caspase 9/3 apoptotic pathway. Taken together, these data indicate that y-synuclein may
promote tumorigenesis by enhancing cell motility through modulating Rho/Rac/Cdc42 and ERK
pathways, and promoting cell survival and inhibiting apoptosis through modulatmg ERX cell survival and
JNK-mitochondria-caspase9/3 apoptotic pathways. Since y-synuclein is aberrantly expressed in the

majority of late-stage breast and ovarian cancers but is not expressed in normal breast and ovarian
epithelial cells, y-synuclein may represent a very promising therapy target for these diseases.
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y¥-Synuclein promotes cancer cell survival by affecting MAPK pathways

SUMMARY

Synucleins are a family of highly conseryed small proteins predominantly expressed in

7 neurons.  Of the synucleins, o-synuclein is the best characterized becanse of its potential .
significance in neurodegenerative diseases. Recently we and others have found that y-synuclein
is dramatically up-regﬁlated in the vast majority of late-stage breast and ovarian“cancers and
‘that‘ y-synuclein ovef-expression can enhance tumorigenicity. In the current study, we have
found. that y-synuclein is associated with two major mitogen-activated kinases (MAPK), i.e.,
;xt‘racellular ‘signal-;[e‘gulated‘protein kinases (ERKIIZ)'and ¢-Jun N-terminal kinase 1 (JNK1)
and‘ have shown that‘over—eicpression of y-synuclein leads to f:onstituti've activation of ERK1/2
and down-regulation of JNK1 in response to a host‘ of environmental stress signals including
UV, arsenate, and heaf shock. We also tested the effects of y-synuclein on apoptésis and
activation ;)f JNK and ERK in response to several chemotherapy drugs. We have found that y-
synuclein expressiﬁg cells are significantly more resistant to the chemotherapeutic drugs
paclitaxel and vinblastine as compared to ‘the parental cells. The resistance to paclitaxel can be
partially obliterated when ERK activity is inhibited using a MEK1/2 inhibitor. Activaﬁbn of
INK and its downstream caépase—B by paclitaxel‘ or vinblastine is significantly down‘-regulated‘
in y—synucléin expressing cells, indicating thai paclitaxel or vinblastine activated apoptosis
pathway is bloqked by y-synuclein. In contrast to paclitaxel and vinblastine, etoposide does not
. activate JNK ‘and ‘y-synuclgiﬁ “over-expression has no apparent effect on this drug-induced
apoptosis. Taken together, our data indicate that oncogenic activation of y-synuclein contributes
to thé development of breast and ovarian cancer by promoting tumor cell survival under ad\}erse

conditions and by providing resistance to certain chemotherapeutic drugs.
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INTRODUCTION
Breast carcinoma is the second leading cause of éanCer related deaths in women of the

western world. In the United States alone over 180,000 new cases are diagnosed annually and

inOre than 40,000‘women die from this disease each year (1). Epithelial ovarian cancer continues
io be the leadingkcause of death from gynecologié malignancies in the United States (1,2).- One -
woman in 70 in the U.S. will develop ovarian cancer in her lifetime, and one wéman in 100 will
aie of this disease. Breast and ovarian cancer etiology are multifécforial; involving
environmental factors, hormones, genetic susceptibility, and genefic chaﬁges during progression.
Both cancers are a heterogeneéus group of tumors with no pnifyirig molecular aIterétion yét
identified. A certain number of breast and ovarian cancer cases (~5to 10%5 are attributed to
inherited mutations in h’ighly‘penetrant breast cancer susce‘ptibilityv genes, vs‘uch as BRCAI and
BRCA2 [reviewed in (3)]. HoweVer, the rﬁajority of the turixors occur in Qomen with little or no

family history and the molecular basis of these sporadic cancers is still poorly defined.

In an effort to identify other genes involved in the deveiopment and/or progression of
breast and ovarian canéer, we and others used aifferenﬁal gene expression’apprbaches‘ and ﬁave
found that y—synuclein; inifialiy termed breast cancer-specific gene 1 (BCSG1), is up-regﬁlated
in the ‘majority of late-stage breast (4,5) énd ovarian cancer'[Brugningv, 2000 #16; Pan and
Godwin, unpublished data]. In iaddition, we showed that there was‘a cdrrelation Betwéen y-‘
synuclein expression in breast ductal carcinomas and the staging of the cancer Sﬁggesting that y- -
synuclein may be a- potential marker for both late stage breasf and ovarian éanéer. Additional
studies have revealed that y—synuclein over-expression léads td increased invasiveness of breast

tumor cells (6) and stimulated cell prolifefation .
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Synucleins are a family of small, highly soluble proteins that are predominantly expressed
in neurons. The functions of the synucleins are not entirely understood. There are four known
‘méxjnbers: o-synuclein [also referred to as synelfin or pon-Af gomponeﬁt of Alzheimer's
- disease (AD) amyloid | precursor ‘protein (NACP)], and B-synuclein [also referred fo as
phosphoneuroprotein 14 (PNP-14)] are neuronal proteins primarily expreésed in brain and are}
predominantly found at axongl terminalg. y-Synuclein [also knov;'n as persyn] is predomiﬁant]y
| expressed in certain regions of the peripheral nervous system, such as dorsal root ganglia and
trigeminal ganglia. Synoretin, the newest member of the synuclein family is expressed at high
levels in the retina and at lower ievels in the brain (8,9). The §ynuc]ein' proteins contain sevéral‘
fepeatéd domains that display Qariations of a KTKEGV consensus sequence. The B-synuclein
: prote_in contains five of these aomaim, whereas the o- and y-synucleins have six. Interestixigly,
the third domain of each protein is completely conserved and this same type of domain is present
in pfoteins of the Rﬁo ‘family‘ (10). Another type of organization of the synuclein proteins that

has been noted is an 11-residue repeat. This motif, repeated six to seven times in the amino-

terminal portion of the protein, is reminiscent of the amphipathic o-helical domains of the

apolipoproteins and suggests possible lipid binding properties (11).

The y-synuclein gene maps to 10q23, is composed of five coding exons, and is transcribed
© into an ~1 kb mRNA (8). The human y-synuclein is 127 amino acids long, and is 87.7% and

83.3% identical to the mouse and rat proteins, respéctively. In addition, comparison of the amino

acid sequences indicates that y-synuclein is highly homologous to o-synuclein and B-synuclein

except for the last 27 amino acids of y-synuclein. Overall, y-synuclein shares 54%, 56%, and

84% amino acid sequence identity with o-synuclein, B-synuclein, and synoretin, respectively

4-
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89).

- Among the synucleins, a-synuclein is the best characterized because of its significant role

iinplicated in néurodegenerativé diseases (12). Mutations in the o-synuclein gene have been

‘jdentified in rare kindreds with Parkinson’s disease (12-14) and intracytdplasmic aggregates

comprised of o-synuclein fibrils are characteristic of several neurodegenerative diseases as
exemplified by the intraneuronal Lewy bodies (LBs), neuroaxonal spheroids and dystrophic

neurites (i.e. Lewy neurites) that are prominent in PD, LB variant of Alzheimer’s disease (AD),

.and dementia with LBs (DLB) (14-19).

The normal physioiogical functions of ksynuclf’:ins are ﬁot well characterized. The N-
terminal poftion of o-synuclein .(;esidﬁes 1-61) shares‘40% amino - acid homology with
members of the 14w3-3 protein family (20). The 14-3-3 family of proteins helps regulate many
different sigﬂal_transdﬁction pathways, and is thought to actv by directly biﬂding to variqus

protein kinases and bringing them into close proximity with substrate and regulatory proteins.

- 14-3-3 proteins bind to phospho-Ser residues critical for the functions of many kinases and
phosphatases that are involved in diverse cell functions (21-24). Like thevsynucleins, 14-3-3

' proteins are ubiquitously expressed in the brain and have been shoown to associate in a

chaperone-like manner with PKC, BAD, ERK, and RAF-1 (16,21). @-Synuclein binds 14-3-3

as well as to PKC, BAD, ERK and the microtubule associate,d prbtein tau (25). In additiqrf to

shared regions of homology to 14-3-3, a-synuclein, as well as B- and y-synuclein also appears

to act as a protein chaperone, at least in vitro, by disrupting protein aggregation (26).




y-Synuclein promdtes cancer cell survival by affecting MAPK pathways

| To help further unravel the function of y-synuclein and establish its role in the oncogenesis
(5f breast énd ovarian cancer, we searched for proteins that could interact with y-synuclein and
identified the MAP kinases ERK1/2 and JNK1. In this‘ study we provide evidencé that Y- “
synuclein contributes to tumor developnient by protecting cancer cells under advgrse conditions

through modulating the ERK and JNK pathways. In addition, we observed that baclitaxel— or

vinblastine-induced cell death is protected by y-synuclein indicating that chemotherapeutic
drugs that take effect through activating the JNK apoptosis pathway may not be effective for

|
cancer with high y-synuclein expression.
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EXPERIMENTAL PROCEDURESv
Réagénts and Antibodies - Paclitaxei, vinblastine, and etoposide were purchased ﬁoni
Sigma (St. Louis, MO). The_MEKl/Z inhibitor U0126 was purchased froiﬂ Proﬁega (Madisoﬁ, . |
WD). Anti-ERK1, anti—ERKZ, anti-JNK1 antibodies and normal IgG were obtained from’Sanvta
Cruz Biotechnology (Santa Cruz, CA). Anti-phospho-ERKl/Z and aﬁti\-PARP/anﬁbodies were

obtained from Cell Signaling (Beverly, MA). The mouse antibody Syn303 was raised to

recombinant human o-synuclein, but recognizes o, B-, and y-synuclein. y-2 is a rabbit

pblyclonal antibody raised to recombinaht human y-synuclein that specifically recognizes human
y-synuclein (27). Mouse monoclonal antibodies Syn204 and Syn207 were raised against human

a- and f-synucleins, respectively.

Cell ‘culture énd transfection - Ovz;rian cancer cell lines A2780 and OVCARS5 wére
maintained in 10% FBS DMEM and 10% FBS RPMI 1640, re§pecﬁvely. HEK 293, human -
embryonic kidney cells, were maintained in 10% FBS DMEM supplemenfed with Na—p&mVate
and non-essential amino acids. To create fhe CMV plasmid for estabiishing stable cel} Hnes

over-expressing human o-, B- or y-synuclein, humian cDNAs wefe ampliﬁed by PCR and

subcloned into pcDNA3 (Invitrogen). GenePorter Transfection Reagent (GTS Inc, San Diego,

CA) was used for transfection and stable cell ﬁne§ wefe selected by G418 (Gibco BRL).
Expression of human -, B- or y-synuclein was confirmed by immuno-blotting with Syn204,

Syn207, or y—2 antibody, respectively.

- Cell treatment with UV and other stress signals or chemotherapéutic drugs - For UV

treatment, cells at 70-80% confluence were washed once with PBS before UV irradiation (254

-
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nm, 20 J/m2). Complete medium was added to the plates after treatment. The intensity of the
UV light source was measured with a BLAK-RAY meter (UVP, Inc., San Gabriel, CA) priorto
each experitﬁent. Heat-shock was carried at 42°C for 15 min.‘ 50 pM Na-arsenite was used to
treat the cells for 6 hr." Paclitaxel, vinblastine, etoposide, and U0126 were dissolved in DMSO

and cells were treated with various concentrations of the drugs as indicated in each experiment.

Co-Immunoprecipitation - Cells at 70-80% confluence were washed twice with ice-cold

D-PBS before scraping on ice with Lysis Buffer [20 mM Tris-HCI, pH 7.5; 150 mM NaCl; 2.5
'mM Na-pyrophosphate; 1 mM Na-B-glycerophosphate; 5 mM NaF, 1 mM 'Na3VO4, 1 mM

PMSF, 1% Triton X-100, and 1 tablet of protease inhibitor cocktail (Roche, Indianapolis, IN)

per 40 ml lysis buffer]. Cellular debris was removed by centrifugation (14,000 x g for 15 min at
4°C) and precleared with protein G-agarose (Gibco BRL, kockville, MD). f‘ Protein
cbnéentrations were determined with Bio-Rad DC protein assay reagents. Syn303 (3 pl ascites)
or qéntrol IgG (3 ug) were pre-incubated in 500 ul of PBS with 50 W of protein-G agarose
overnight at 4°C, and washed twice with PBS before incubation with 300 pg of total cellular
- lyéate for 4 hr at 4°C. The beads were washed 4 x with the lysis buffer, }esuspended in50 p12x
SDS sample buffer bef;)re boiling for 5 min. 10 pl immunoprecipitates were separated by SDS-

" PAGE electrophoresis on 4-20% linear gradient Tris-HCl ready gels (Bio-Rad).

| Immurio-blotting and data quantification - Proteins separated on SDS-PAGE gels were

transferred onto Immobilon-P PVDF membrane (Millipore, Bedford, MA). The primary

~antibodies were diluted 1:1000, and the HRP-conjugated second antibodies were diluted

—
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1:10,000 (Amersham, Piscataway, NJ). NEN Renaissance Enhanced Luminol Reagents (Boston,
MA) were used as substrates for detection. For re-use of the same membrane with another

primary antibody, Restore Western Blot Stripping buffer (Pierce, Rocklord, IL) was used to strip

the membrane. The results of immuno-blotting were quantitated using the NIH Image for the

integrated density of each band.

JNK-kinase aciivity assay - The kinase activity of JNK was meashred using the

SAPK/INK assay kit (Céll Signaling Technologies). Briefly, 250 i cell IYSéte (1 p.g/p.l protein) |

was incubated with 2 pg c-IUN fusion protein beads (in 20 u]) ovefnight Qt 4°C, After wéshing, I
the protéins on the beads wére incubated in the kinase reaction buffer supplemented with 100

M ATP for 30 min at 30°C. To measure the INK activity, the phosphoryl‘ated c-JUN was ﬂete'cted

by SDS-PAGE and immunoblotting with the specific antibody (Cell Signaling Technologies).

Cell viability a&say - Cell viability was determined by Trypan blué exclusion éssay énd/or
WST-1 assay. For Trypan blue assay, cells weré stained with 0.2% Trypan blué for 2—5 min.
- The number of viable cells (non-stained) and dead cellsr (stained) were counted ‘imder
fnicroscope using' a cell hemocytometer.' For‘WST-l assay, cells under differeqt culture
conditions were incubated with WST-1 (Roche) for 4 hr. Cleayage of WST—I to formazan was

! monitored at 450 nm using a microplate reader.

Caspase activity assay - Colorimetric CaspACE assay (Promega) was used to detect the
‘ | o caspase-3 activity. Briefly, pNA released from the sﬁbsu'ate.Ac-DEVD-pNA by caspase-3 in

the cell Iysate was monitored at 405 nm using a microplate reader.

r
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- Statistical analysis — Where indicated, a two-tailed student t-test was used to test for

significance.
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RESULTS
Expression of synuclem in tumor cell lines - We have previously reported that y-synuclein

is highly expressed in the vast majority of late-stage breast and ovarian tumors (4), suggesting a

potentially important role for y-synuclein in the development of these diseases. To help‘ﬁnravel
*. the function of y-synuclein, we establishéd_ several in vitro models. The ovarian h1mor cell lines
A2780 and OVCARS, which express low levels of y-synuclein as Wellblas kidney HEK 293 cells

which do not express detectable levels of y-synuclein were transfected with CMV-y-synuclein

or with vector alone and were selected with G418. Resistant colonies were screened by Western

blotting for stable expression of y-synuclein protein and positive colonies were pooled into

A2780gam, OVCARSgam, and 293gam cell lines (Fig. 1). Cell lines stably expressing (-
synuclein and B-synuclein were also derived from A2780 cells as described for the ¥-synuclein
expressing lines (Fig. 1). Like A2780gam, OVCARS5gam, 293gam cells, there were no obvious

alterations in cell doubling time of the A2780alpha or A2780beta cell lines (data not shown).

Y—Synuclein interacts with ERK and JNK MAP kinases in cancer cells - Y—Synuclein has

're.cently been reported to bmd du'ectly to the ERK2 kinase (28). 'Iherefore we evaluated

whether y-synuclein could also interact with the ERK kinases as well as other MAPKs By co-

immunoprecipitation approache;, we were able to demonstrate a novel assomatmn of Y-

‘ synucleinsvwith‘ERKIIZ and jNKl kinése, But not with the 1538 kinase (Fig. 2). We also

- confirmed that o-synuclein is associated with ERK1/2 as well with JNK1 (Fig. 2), ‘which is
consistenf with the recently studies using néuroZa, a ﬁeurohal cell line (29). These data indicate
that v- and a—synuciein can interact with ERK1/2 and INK1 in caﬁcer cells that over-express -

these proteins.

11~
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Elevated activity of ERK in cells over-expressing y-synuclein - We next evaluated

‘whether these protein interactions would affect the activity of ERK1/2 and/or JNK1 (see below).

In A2780 and OVCARS cancer cells over-expressing y-synuclein, the activated ERK1/2 was
increased 2-3 fold as evidenced by immunoblotting with an anti-phospho-ERK specific
antibody (Fig. 3). In contrast, o and B-synucleins appeared to have litﬂé or no effect on the

activity of ERK1/2 (Fig. 3A) although a-synuclein was also found to be associated with ERK

‘(as deécriﬁed above and shown in Fig. 2) in A2780 cglls. In HEK 293 cells, the basal level of

ERK activation is undetectable and y-synuclein over-expression does not increase its activation

level (Fig. 3B). Structural analysis indicate that y-synuclein does not contain any kinase

3 ‘dor‘nain, suggesting that the activation of ERK is mediated by other kinase. Since MEK1/2 is

© required for the activation of ERK1/2 in response to many mitogens, we determined whether

MEK1/2 is still required for y-synuclein mediated activation of ERK1/2. When cells over-

‘ ‘expr‘essing y-synuclein were treated with the MEK1/2 inhibitor U0126, the activation of ERK1/2

was suppressed (Fig. 4A). We further studied the relation of Y;synuclein-ERK interaction and
the activation status ;)f ERK1/2. In cells treated with U0126 or serum-starved, the association of
“y-synuclein and ERK1/2 was still present (Fig. 4B). These data indicate that y-synuclein may be
constitutively associated with ERK1/2, which could facilitate the activation of ERK by MEK1/2

and lead to the constitutive activation of ERK1/2 in cells over-expressing y-synuclein.

Down-regulation of JNK activation by y-synuclein in response to different stress signals -

JNK is activated by stress signals including UV which leads to mitochondria mediated apoptosis

‘ (30). The basal level 6f INK activity in A2780 and OVCARS ovarian cancer cells is very low in

untreated cells whether y-synuclein was over-expressed or not (Fig. 5). JNK was highly

-12-
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- activated in the parental cells when treated with UV (Fig. 5). In cells qverFexpressing v~

- synuclein, the activation of JNK was almost completely blocked in A2780/gam cells (p < 0.05)

and was down-regulated by approximately 50% in OVCARS/gam cells when treated with UV
(Fig. 5) or heat-shock (data not shown). The blockage of JNK activation by UV appears to be y-
symiclein specific since over-expression of o- and B—synucleins appeared to have little or no

effect on the activation of INK by UV (Fiyg. 5, and data not shown). The inhibition of JNK

éc,tivatioh in OVCARS/gam célls is much less than that in A2780/gam cells. The cause of this

difference could either be cell-type specific, or it could be the high endogenous 'y-syhuclein 7

- expression in OVCARS cells. Similarly, the activation of JN K by sodiim arsenate was blocked

to different extents by y-synuclein in 293/gam, OVCARS/gam, and A2780/gam célls (Fig. 6).
Collectively, these data indicate that stress-induced activation of JNK can be blocked by ¥-

synuclein over-expression in a variety of cell lines.

-Y-Synuclein may protect paclitaxel (Taxol) indiiced cell death by regulatihg JNK and ERK ,‘
activities - Based on the data presented above, we hypothesizéd that y-synuclein may contribute

to cancer cell survival by up-regulating the ERK cell ‘survival pathWay and by suppressing the

- JNK apoptdsis pathway under adverse conditions. However, when we treated y-synuclein over-

expressing cells with UV, significant differences in cell survival between A2780 and A2780/gam

. cells wére not observed (data not shown). The reason for this lack of difference is not readily

apparent. However, cell survival and cell death are regulated by the counter-balance between |
the survival factors and the apoptotic signaling pathways. Since UV u'eatrhent also activates the

cell survival pathways ERK [(31), and data not shqwn] and PI3K-AKT (32,33), the initiation of

the mitochondria associated caspase vpathway may be blocked by the activation of ERK or AKT

13-
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in A2780 cells. In support of these ﬁndihgs we did not observe the cleavage of the caspase-3

substrate PARP in A2780 cells when treated with UV (data not shown).

N We next evaluated the survival of y—synucleih over-expressing cells in response to Taxol,

a commonly used chemotherapeutic drug. In addition to its role in affecting microtubule
assembly, Taxol is khown to lead to apoptosis via the mitochondria by activating the JNK
signaling pathway and Taxol-induced apoptosis can be enhanced by MEK inhibition (34-36).
In A2780 cells, Taxol did not affect the basal level activity of ERK or the activatien of ERK by
y-synuclein (Fig. 7A). To test the effect of y—synucleih on cel'l survival, cells were treated with
Taxol for Qerying lehgths of time. At 48hr after treatment, 45-60% of A2780 cells had died,
while only about 7-15% of A2’780/gam cells were dead indicating that Taxol induced cell death
can be reecued by y—synucleih over-expression (Fig. 7B). When ERK activation was ihhibited
using the 1\/[EK1/2 inhibitor U0126, the cell death was reduced by ~25% in A2780 cells but was
nearly doubled in A2780/gam cells (Fig. 7B). These data suggest that enhanced cell survival in

y-synuclein over-expressing cells is partially mediated by activation of ERK.

To determine whether the pretective role of y-synuclein on cell survival is also mediated
through down-regulating JNK associated apoptotic pathway(s), caspase-3 activity was
" monitored at different time points after Taxol treatment. Consistent with the data in other -
“ ovarian and breast cancer cell lines (34,36), JNK was activated in A2780 cells when treeted with
30 pM Taxol. The caspase-3 ‘shbslrate PARP was found cleaved in cells treated with Taxol
(data not shown). In A2780/gam cells, the activity of JNK was significantly inhibited following

treéiment with Taxol (p < 0.05) (Fig. 8A). In the parental A2780 cells, caspase-3 was highly |
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activated following drug treatment. By contrast, the‘ activation of caspase-3 by Taxol treatment
 was significantly reduced in y-synuclein over-expressing ovarian cancer cells (p < 0.05) (Fig.
8B). These data indicate that Taxol activated INK mediated caspase apoptotic pathway was

significantly attenuated in cells over-expressing y-synuclein. Taken to‘gethér, our results

indicate that the cell death in ovarian cancer cells induced by Taxol may be protected by -

synuclein and that this may be mediated by regulating the JNK and ERK signaling pathways.

Y-Synuclein over-expression leads to protection from vinblastine but not etoposide
induced cell death — To demonstrate whether the effects of y-synuclein on cell survival were
specific to Taxol or were a general mechanism of drug resistance, we evaluated two additional

chemotherapeutic agents, i.., vinblastine and etoposide. Both Taxol and vinblastine are

microtubylile-interfering agents;b Taxol binds to microtubule polymers‘ while vinblastine binds to
‘ monomers and dimers. When treated with vinblastine (either 0.1, 1.0, or 10 uM for 30 hr), cell

death in A2780/gam cells was significantly lower (p < 0.05 for all the three concentrations

tested) as compared to the parental cells (Fig. 9A). Consistént with other studies using a variety
- of tumor cell lines (36-39), vinblastine strongly activate JNK in A2780 cells. However, this
activation of JNK by vinblastine was Signiﬁcanﬂy inhibited by y-synuclein over-expression

(Fig. 9B). Furthermore, we observe that treatment with vinblastine results in a two-fold increase

in phosphotylated ERK1/2 in.A2780 cells. This enhancement iﬁ activated ERK levels was not
observed in the A2780/gam cells (Fig. 9B). Un]iké our results for Taxol, inhibition of ERK
phosphofyiation by U0126 did not significantly affect the cell death jn ‘the’parenf.al kce]ls‘ or
| A2780/gam cells (Fig. 9A & O). Theée data indicafe that supprés.sion of vinblastine-induced

cell death by y-synuclein may be mediated by inhibition of JNK activation.
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We a}so evaluated etoposide, a DNA damage agent that has also been shown to induce JNK
'[ : | acti?ation in some cell lines (37,40-42). When treated with 1, 10, or 100 uM of etoposide for 56
| ‘_ hrs, there was no Signiﬁcant difference in cell survival between A2780 and A2780/gaﬁ ceﬂs
(Fig. 10A). As might be predicted, INK was hot activated in response to etoposide treatnient (Fig.
10B). Furthermore, etoposide treatment did not result in ERK activation in A2780 cells.
_ However, surprisingly ‘the constitutive phosphorylated ERK levels observed in A2780/gam cells
were significantly down-regulated within 30 min of treatment with 10 or 100 M of etoposide
" (Fig. 10C). In the presence of the MEK inhibitor U0126, cell death induced by etoposide was
: reduced in both the parental and y-synuclein over—expressipn cells,” but statistical analysis‘

indicated these differences were not statistically significant.
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DISCUSSION

Synucleins are highly soluble proteins and their biological and biochemical fﬁnétions are

not entirely understood. Previous studies have suggested that they may be involved in neuron

development and function (43). The involvement of y-synuclein in human neoplastic diseases

‘ caine to light when y-synuclein was isolated from a human breast tumor cDNA libré.ry and was

shown to be over-expressed in infiltrating ductal carcinomas (4,5) and ovarian cancer 4).

Additional studies have ’suggested that y-synuclein may be involved in enhancing cell motility

-and metastasis, in breast {6) and ovarian (Bruening and Godwjn, unpublished data) cancer cells

“as analyzed both in vitro and in nude mouse models in vivo. We have found that oncogenic

activation of y-synuclein is independent of gene mutations or gene amplification. We have’

' recently reported that hypomethylation of the y-synuclein gene CpG island promotes its aberrant

: expression in breast and ovarian carcinomas (44,45). In the present studies, we showed that Y-

synuclein over-expression activates the survival factor ERK1/2 and blocks the activation of
INK. Activation of INK can initiate the mitochondria involved caspase apoptosis pathway (30).
Therefore, we propose that y-synuclein, in its  oncogenic form (over-expressed) contributes to

tumor development by protecting cancer cells under adverse conditions through modulating the

ERK and JNK pathways (Fig. 11). In addition, we observed that Taxol- and vinblastine-

induced cell death is protected by y-synuclein indicating that anti-cancer drugs that take effect

through activating the JNK/caspase apoptosis pathway may not be effective’, for cancers with high

y-synuclein protein levels.

The effects of y-synuclein on ERK1/2 and JNK sigﬁaling in ovarian cancer cells appéa':s to

be specific for y-synuclein since over-expression of the o.- and B—Syhucleins in A2780 cells had -
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little or no effect on these MAPKs (Figs. 3 & 5). Even though - and B-synucleins are
expfe#éed in a significant fraction of ovarian tumors (4), we did not“ observe a discernable
‘ phenétype aésociatéd with over-éxpression in cultured cells. The reason for these difference§
 are not readily apparent. However, we ha;re recently observed that the subcellular localization of
“y-synucl‘ein in tumor cells may be altered. Previous studies have shown that y-synuclein is
diffusely distributed in the cytoplasm of peripheral neurons, although it is also expressed in the
‘brain (46). We have found in tumor cells which over-express the wild-type y-synuclein that the
| protein tends to accumulate in the nuclei (Pan and Godwin, unpublished data). This may also
helﬁ explain why only a portion of ERK1/2 and INK co-immunoprecipates with Y—synuclein
(Fig. 2), since the cytoplasmic levels are low in A2780 cells. Furthermoré, the anﬁno acid
sequences of 0- and B-synucleins are more closely related to each other than y-synuclein (8,9)
and the y-synuclein protein is the least conserved of the synuclein proteins (8,9). Therefore, it is
possible that the conserved sequences of ¢, P, and y-synuclein may be involved in the
ingefacﬁon with ERK1/2 and that the non-conserved regions (predominantly the C-terminus)
may contribute to activation of ERK in a cell type specific manner. Therefore, the effects that
‘we are observing may be both cell type and isoform specific. Additional studies will be needed

to better resolve these differences.

Even though we have made some significant observations in this study; the biochemical
function of y—synuclein remains largely unknown. Many of our approaches have come from the
‘study of a#synuclein. o-Synuclein, the most extensively studied synuclein,“ is tﬁe major
corriponent of Lewy Eodies in sporadic PD, dementia with LBs‘ (DLB), and a subtype of |

Alzheimer’s disease known as the LBA‘ variant of Alzheimer’s disease (19,47,48). Mutations in
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the o-synuclein gene have also been linked to familial Parkinson’s disease (49-51). Based on

homology to 14-3-3 protein and in vit}'o assay, synucleins are hypothesized to be proteins with

chaperone properties (20,26). -Synuclein has been shown to be associated with many of the

proteins that interact with 14-3-3 proteins, including PKC, BAD, and ERK (16,21,25). o-

 Synuclein has also been shown to éssociate with ERK2 (28) and may reduce the phosphorylation

of MAPKSs in heufons (29), while synoretin can activate Elk1 pathway when transfected in HEK
293 cells (9). We have demonstrated that in ovarian cancet cells that both y- and a-synucleins

can associate with ERK1/2 (Fig. 2). " However, only y-synuclein but not a-synuclein lead to

constitutive activation of ERK indicating that the function of o-synucléin 'might be different in

_cancer cells versus neuronal cells. Studies are underway to determine whether this constitutive

activation is dependent on the C-terminal sequences which are unique to Y—synﬁclcin.

The second prominent observation we made in this study was that ectopic expression of y-- i
synuclein resulted in enhanced resistance to the chemotherapentic drugs, Taxol ahd vinblastine

(Figs. 7-9) In contrast, when these same cells were treated with etoposxde a DNA damage agent

Y-synuclein over-expresswn did not enhanced cell survival (Fig. 10). There are two main

apoptosis pathways initiated from the cell surface membrane, one is initiated by Fas and other
death receptors, wttile the other is initiated by stress signals (30). JNK activation is an essential
component of the latter apoptotlc signaling (30,52). In addition, many chemotherapy drugs also
take effect partly through activating the JNK signaling (34—36) Our data indicate. that abnormal
over-expression of y-synuclein might be one of such mechanisms in breast and ovarian cancer
that permits tumor cells to overcome the JNK activated apoptotic signaling (30). Both Taxol and '

vinblastine robustly induced INK activity in A2780 cells, while the etoposide treatment did little
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‘ (Figs. 8-10). In y-synuclein over-expressing cells, this induction by Taxol and vinblastine was
. suppressed 2- to 3-fold and cell survival was dramatically enhanced. Taken together, thesé
results indicate that the cell death in ovarian cancer cells induced by Taxol, vinblastine, or other
drugs ‘that induce JNK, may bé protedted by y-synuclein. Furthermore, it is interesting to note
that onlf ~35% of breast tumors and ~50% of all epithelial ovarian tumors poésess mutations in
the TPS3 gene (53,54). As JNK activation in UV or Taxol treated cells is indépendent of DNA
‘ déniage (31,55-57), it is interesting to speculate that over-expression of y-synuclein may
prombte tumor cell survival in the presence of p53 Qild—type cells. Since y-synuclein is not
expressed in normal breast and ovarian epithelial cells but is gxpressed in the majority of late-
. stage breast and ovarian cancers (4,55, it may be a very promising target to develop dr;lgs for the

therdpies of these diseases.

- Our results of y-synuclein in cancer cells seem different from those 6f a-synuclein in
| neuronal cglls. It femains t§ be determined whether these differences are caused by the diff‘erent‘
cel]ulér context between cancer and neuronal cells, by different subcellular localization of the
proteins in various normal and tumor cell types, or by innateqdifféi'ence in protein functions
between Y- and o- syhucleins. o-Synuclein over-expression in HEK 293 ceils or A2780 cells
does not induce apoptosis [Iwata, 2()01 #101; Pan and Godwin, data not shown]. In neurons,
mutant (x-.synuclein may accelerate apoptosis (58-61) while wild-type o-synuclein may induce
or block apoptosis, depending on the path of apoptosis induction (29,58-60,62). In Parkinson’s
. diseases, mitochondrial dysfuriction and oxidative stress are believed to be the two main cause#
~for neuronal death (63). The apoﬁtotic role of wild-type a-synuclein in neuronal apoptosis may

be sécondary by‘ disrupting mitochondria and causing oxidative stress (64). There is evidence
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that the roles of synuclein in neurodegenerative diseases appear to be quite different. In contrast
to the role-of o-synuclein in neuronal degeneration, y-synuclein does not cause neuronal

* apoptosis (65). ¥- and B-Synucleins are not detected in Lewy bodies or Lewy neurites (8,14),

"and they are intrinsically less fibrillogenic than o-synuclein and cannot form mixed fibrils with |

P _o-synuclein (66). Therefore, it would 'be‘of interest to deterininé whether the normal protective

role of y-synuclein is lost in the neurons of PD and other neurodegenerative diseases. Overall,

our studies provide new insight into the Biological function of y-synuclein and ifs role in the

pathogenesis of the breast and ovary and offer a new therapeutic target for future treatment.
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FIGURE LEGENDS
Fig. 1. Establishment of cell lines that ectopically over-express y-synuclein. Wﬁole cell lysates

from the parental cells or stably-transfected cells were analyzed by SDS-PAGE and immuno-

‘ blotting. Protein levels of y-synuclein were determined by Western blotting"with V-2, a

poly’élonal antibody specific for y-synuclein. Protein lééding levels Were evaluated by immuﬁo—
blotting with anﬁ-a-acﬁn antibody. The"numbers beneath each band represent the densitometry
units (A2780 was assigned the arbitrary ﬁnit 1.0 iﬁ the a;actin blot). y—Synuclein 'i)rotein levels
weré normalized to the protein levels of a-actin. The graph ‘repres‘énts the ﬁverage iSE of at
leastv three independent eXperiﬁems, anci representative blots are shéw’n here. Molecular mass

standards (in kilodaltons) are indicated to the left of each blot.

Fig. 2. Interaction between y- and o-synucleins with ERKiIZ and JNK. Ceﬂ lysate ﬁ'om
A2780, A2780/gam or A2780/alpha were immunoprecipitated with Syh303, Nig (normal IgG) or
irrelevant éntibodies (not shown) as descriﬁed in the Experimentai Procedures 4secti§n. The
btotéiﬁs ‘in the immunqprecipitateé were identified by immunoblotting with énﬁbodies"agaj‘nst
ERKI/Z, JNK1, p38, and Y—2‘(a polyclonal antibody speciﬁc.for y-synuclein). Mdlécular mass

standards (in kilodaltons) are indicated on the left. Non-specific bands around the IgG ‘heavy

-+ (**) and light (*) chains are indicated by asterisks.

Fig. 3. Activation of ERK in cells over-expressing 'y-syhuclein. A, ERK1/2 activation is

“enhanced in y-synuclein over-expressing A2780 cells. Whole cell lysates (40 ug/lane) from
‘ ’A2780‘ cells (parent) or A2780 cells transfected with y-, B-, or oc-Synuclein were separated by

 SDS-PAGE and blotted with appropriate antibodies. The levels of activated ERK or total
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ERK1/2 were determined using an anti-phospho-ERK specific antibody or ERK1/2 antibodiés,

respectively. The number beneath each band represents the arbitrary densitometry units of the

P cdnésponding band (the integrated densitometry reading number of A2780 or OVCARS was

assigned to an arbitrary unit 1.0, and the other readings were normalized thereafter). The

synucleins were evaluated by blotting with specific antibodies, i.e., ¥-2 for y-synuclein, Syn207

for B-synuclein, and Syn204 for o-synuclein, respectively. B, activation of ERK by ¥-

synuclein in OVCARS cells but not HEK 203 cells. Whole cell lysate (40 pg/lane) from parental

or 'y4syni1c1ein over—expressing cells were separated and blotted as in A. Panels A and B are

 representative of at least three independent experiments with comparable results. - C, fold |

increase of ERK activation. The data shown are the average + S.E. of three independent

_experiments. Phosphorylated ERK was normalized to the protein level of total ERK. The basal

levels of ERK phosphorylation in the parental A2780 or OVCARS cells were set as 1.0. (¥)

Represents significant difference cdmpared to the parental cells (p < 0.05).

Fig. 4. Requirement of MEK1/2 for y-synuclein enhanced ERK1/2 activation. A, A2780and

| A2780/gam cells untreated or treated with the MEK1/2 inhibitor, U0126 (10 uM), were lyééd

and 30 ug of proteins were loaded into each lane. As in Fig. 3, anti- phospho-ERK1/2 specific

antibody was used to detect activated ERK1/2; and the antibody against ERK1/2 was used to

detect the protein level of total ERK1/2. B, the interaction between ERK and y-synuclein is

‘independent of the activation status of ERK1/2. A2780/gam cells in normal 10% FBS medium,

10% FBS medium with U0I26 (10 uM), or serum-free medium were lysed and

immunoprecipitated with Syn303 or control IgG. The proteins in the immunoprecipitates were

- “detected with the antibodies against‘ ERK1/2 or against human y-synuclein (v-2). The
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autoradiogram shown is the representative of three independent experiments with comparable

o o ~ results.

G - Fig. 5. Ihhibition of JNK éctivation by y-synuclein in response to UV treatment. ‘A2780,

A2780/gam, A2780/beta, OVCARS, OVCARS/gam cells were un-treated or treated with UV

(20 J/M2) and cells were lysed at 30 min. JNK activities were anélyzéd by an immunocomplex

kinase assay using GST-c-JUN as substfate. The phosphorylated GST-c-JUN by aétivated

~INK was evaluated By immunoblotting with anti-phospho-c-JUN specific antibody (see

Experimentai Procedures for details); The protein levels. of JNK 'énd v-synuclein were
determined by immunoblotting with anti-JNK and y-2 antibody, respecﬁVely. The number

beneath each band represénts the arbitrary ‘densitomén'y ‘units of the corresponding band. The

blots shown hére are representative of three independent experiments with cbmpkarable results. -
INK acti;/ities were measured by levels of phosphorylated c-IUN, and nornialized to levels of |
total INK proteins. The graph above the blots is the average iSE of three independent
experiments. (*) Represents significant inhibition of JNK activation coﬁpmed to fhat in the

parental cells (p < 0.05).

~ Fig. 6. /J.NK activation is down-reguiated by over-expression of Y—Synuclein in response to

- sodium iirsenate. HEK?293, OVCARS, and A2780 cells and their Y-synuclein oVer—expreésing
counterparts were treated with Na-arsenite (50 pM) for 6 hrs. Cells were lysed and the kextra’crts
assayed for INK acti\}ity as described in the legends for Fig. 5. The number beneath each Band '

represents the arbitrary densitometry units of the corresponding band. The blots shown here are

-25-




¥-Synuclein promotes cancer cell survival by affecting MAPK pathways

representative of three independent experiments with comparable results.

: Fig. 7. Y-Synuclein protects cells froﬁ paclitaxel (Taxol) induced cell death and is partially
‘mediated by ERK activation. A, Taxol does not affect ERK activity or y-synuclein mediated
ERK activation. A2780 or A2780/gam cells pre-treated with or without U0126 (10 uM) were‘
treated with Taxol (30 M) in the absence or presence of U0126 for 30 min. Whole cell lysate
were separated by SDS-PAGE and blotted with phospho-ERK to determine the level of active
| ERK, or with ERK1/2 antibodies for the level of total ERK1/2. The number beneath each band
represents the arbitrary densitometry units of the corresponding band. The blots shown here are
| representative of three independent experinients with comparable results. B, cell death induced
. by Taxol was significantly reduced in‘ cells over-expressing fy-synuclein. A2780 and
‘A2780/gam cells treated with Taxol for 48hr in the presence or absence of the MEK1/2 inhibitor,
"U0126. Cell death was determined by trypan blue staining (shown) and WST-1 a‘ss‘a‘ys‘ (not

~ shown). Tl;e graph repreéents the average i‘ S.E. of three independent experiments. (*)

| Represents significant difference in cell death between A2780 and A2780/gam cells (p < 0.05).

Fig. 8. Taxol activated JNK and caépase;3 apoptotic pafhway is blocked by y-synuclein. A,
" down-regulation of INK acti\"ation by Taxol in cells over-expressing y-synuclein. Cell lysates
| from A2’780 and A2780/gam cells treated with or without Taxol (30 puM) for 6b min were
‘é‘s‘s‘éyed for INK actiifity (see the legend for Fig. 5 for experimental details). The nﬁmber
beneath each band representé the arbitrary densifometry units of the correspdnding band. The
‘ lélots shown here are representative of three independent experiments with comparable results.

- INK acﬁviﬁes were measured by levels of phosphorylated ¢-JUN and normalized to levels of
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- total JNK proteins. - The graph above the blots is the average * S.E. of three independeﬁt

experhhents. B, down-regulation of caspase-3 activity activated by Taxol in A2780/gam cells.
A2780 and A2780/gam cells treated with Taxol (30 uM) for different time lengths were lysed,

and épproximatcly 20 ug protein were incubated with the baSpaseS substrate Ac—DEVD—pNA

for 4hr at 370C. Cleavage of the substrate to release pNA was monitored at 405 nm using a

microplate reader. The graph represents the average + S.E. of three independent experinmuts. In
panels A and B, (*) represeﬁts signifxca‘nf difference com‘pared't_o that in the parén&il cells p<

0.05).

Flg 9. Vinblastine induced cell death and activation of the MAPK pathways in y-synuclein

over-expressing eells. A, the cell death induced by vinblastine was Signiﬁcanﬂy reduced in cells

‘ over-expressing y-synuclein. ‘A2780 and A2780/gam cells treated with vinblastine (0.1, 1, or 10

pM) for 30 hr in the presence or absence of the MEK1/2 inhibitor, U0126. Cell death was
determined by trypan blue staining. The graph represents the average + S.E. of three
independent experiments. (*) Represents significant difference in cell death between A2780 and

A2780/gam célls {p < 0.05). B, inhibition of INK activation by y-synuclein in response to’

-vinblastine treatment. A2780 and A2780/gam cells were un-treated or treated with vinbléstine

(1pM, and 10uM) for 30 min and 60 min before lysis for INK actiirity assay. JNK activities
were analyzed as describéd lin the legend for Fig. 5. The number beneath each band reprcsenf;
the arbitrary densitometry unifs of the corresponding band. Thé ’blot's’ sﬁown ‘hére are
represeﬂtative of ’;hreé independent' e).{perimentsv with compérable results. C, the effect of
vinblastine on ERK phosphorylation. A2780 or A2780/gam cells pre;n'éatéd with of without

U0126 were treated with vinblaétine (1 WM and 10 kM) in the absence or presence of U0126 (10
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uM) for‘30 min. Whole celi fysates were separated by SDS-PAGE and blotted Qith phospho-
ERK‘ to deterﬁﬁne the level bf active ERK, or with ERK1/2 antibodies for the level of total
ERK1/2. The number beneath each Eand represents the arbitrary densitometry units of the
corresponding band. The blots shown are representative of three independent experiments with

comparable results.

| Fig‘.‘ 10. ‘Effects of y-synuclein over-expression on etoposide induced cell death and acﬁvaﬁon
of the MAPK pathways. A, cell death induced by etoposide was not signiﬁcaﬁtly altered in cells
that over-express y-synuclein. A2780 and A2780/gam cells treated with etoposide (1 uM, 10 |
KM, 100 uM) for 56 hr in the‘ presence or absence of the MEK1/2 inhibitor, U0126. Cell death was
determined by trypan blue ‘staining. The graph represents the average + S.E. of three
independent experiments. B, vinblastine treatment does not induce INK activation. A2780 and

- A2780/gam cells :reaféd with or without etoposide (10 M, and 100 uM) for 30 min and/or 60

: ﬁin before lysis for INK activity assay. JNK acﬁvities were analyzed as described in Fig.5.
The number beneath each band represents the arbitrary densitometry units of the corresponding
band. The blots shown here are repr-esentative of three independenf experiments with
corﬁparable results. C, effect of etoposide on ERK phosphorylatioﬁ. A2780 or A2780/gam cells
pre-treated with or Without U0126 were treated with etoposide (10 uM and 100 uM) in the

| absence or presence of U0126 (10 uM) for 30 min. Whole cell lysate were separated by SDS-
PAGE and blotted with phospﬁo—ERK to determine the level of active ERK, or with ERK1/2
antibodies for the level of total ERKI/Z The number beneath each band represents the arbitrary
den‘sitometfy units of the corresponding band. The blots shown here are representative of three

~ independent experiments with comparable results.
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Fig. 11. A proposed model illustrating how Y-synuclein promotes cell survival by modulating

the ERK and JNK pathways.
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