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Iatroduction i

1t had heen hypothesized that one of the factors contributing to the escape of nascently
metastasizing tumor celis from the primary mmer mass is reduced tlumor cell adhesion Fauscd by
the loss of the cell adhesion molecule, E-cadherin (Takeichi, 1993). However, the finding that a
related adhesion molecule, N-cadherin, is upregulated in many invasive cancer cell lines (Hazan
etal, 1997; Tran et al., 1999) and aggressive turnors (Li et al,, 2001; Tomira =t al., 2000), has
forced a reevaluation of this view. A simple reduction in tumor adhesive strength may not be the
only eritical determinant in the acquisition of invasive cellular behavior. Rather, a shift in the
adhesive specificity of tumor cells from E- to N-cadherin-mediated adhesion would allow ramor
cells 1o assaciate with the surrounding stroma (Hazan-ecal., 1997) and vasculature, both of which
express N-cadherin, thereby facilitating the detachment and migration of cells away fram the
primary tomor (Voura et al,, 1998). |

It was found that expression of N-cadherin by tumor cells has additional censequences on
cellular behavior ather than a simple change in cellular adhesive specificity. For example, N-
cadherin induced an invasive cellular marphology in squamous tumor cells (Islam et al., 1996)
and stimulated the migration, invasion (Hazan et al., 2000; Nieman ct al., 1999) and metastasis
of breast cancer ¢ells (Hazan et al., 2000). The effects of N.—cadher:in expression on tumor cclls
were exacerbated by FGF-2, suggesting that N-cadherin and FGER synergize to generate signals
that can alter the invasive betaviorof temor cells (Hasan et at., 2000), This possibility was
further strengthened by experimenls demonstrating that secretion of the matrix metalloprotease,
MMP-5, was dramatically clevated upon FGF-Z ireatment of N-cadherin expressing tumor cells
(Hazan et al., 2000). The mechanism whereby N-cadherin cooperares with the FGFR to
slimulate an invasive response remained unidentified, We postu!aie that the synergy between N-
cadherin and FGFR might transduee specific signals that lead to metastasis. Here we show that
N-cadherin and FGFR caoperate to activatc an intracellular signaling cascade which results in
tumor invasion. N-cadherimassoctates with the FGFR and this-interaction is mediated by the
cxtracellular first two Ig-like domaias on the FGFR. As a conseguence of this interaction, the
FGFR is not down regulated by FGF-Z, causing FGFR accumularion at the cell surface, sustained
MAPK-ERK activation, increased MMP-9 expression, resulting in tumnor cell invasiveness,

Progress Report

N-cadherin causes invasiveness in the chicken CAM assay |

We tested the abilily of N-cadherin to affact jnvasion of MCF-7 cells in the chicken
chorioallantoic membrane(CAM) assay. This experiment was performed in collaboration with
Dr. Liliana Ossowski according to a well-established protacol (Ossowski, 1988). Cell
monolayers were labeled with 2uci/ml '*I-JudR, washed of free label; and 3X10° cells were
inoculated into the wounded €AM and incubated for-24 hours at-37°C. CAMs were rinsed of
non-invading cells and processed as described to detect invasion of radiolabeled cells (Ossowski,
1988). We found that MCF-7 cells when wransfected with N-cadherin were 3-4 times more
invasive than control untransfected cells, Thus, N-cadherin is shown to stimulate cellular
invasion and migration in vitro in Bawden chambers and in vivo i?n the CAM assay and nude
mice (Ossowski, 1988). Basedon these findings we-chose to exptore-the mechanism by which
N-cadherin promotes metastasis of MCF-7 breast tumor cells, | .
N-cadherin increases the interacrion of MCF-7 cells with stromal cell ines

‘We tested the ahility of N-cadherin to confer interaction of MCF-7 cells with HS578N
stromal cells using the method that we published (Hazan et al.,, 2000). We found that two
independent N-cadherin tramsfected MCE-7 cell lines (N-cad- 15) and ¢{N-cad-17) were ablec to
robustly adhere to strornal cells as compared to parental MCF-7 ce::lls (Fig. 1).
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N-cad-15

Figure 1. AdhesiomofNeoadhorin transfected-eetis-te-thestromo. Com.rcél MCE7 cells (left panel),
MCF-7 wansfecied with N-cadherin,N-cad-1S and Ncad-17 (middie and right panels) were labeled with
the fluorescent dyc,diO-amd-allowed o adhere-to-3 taoaolayer-of unlaballed HSSI8DL hreast stromal cells
for a 16 hr period. The non-gdhesive cells were removed by washing with PBS and bound cells were fixed
and visunlized by fluorescenr micrascagy, '

N-cadherin and FGFR form a specific signaling complex !

FGF-2 stimulated the expression of MMP-9 in MCF-7 breast ¢ancer cells only when
these cells were transfected with N-cadherin (Hazan et al., 2000). J‘hese resulls suggested the
possibility that the FGFR and N-cadfierin form & specific signaling complex at the cell surface
which eventually results in the activation of MMP-9 gene transcription. We therefore sought o
determine whethet other growth factors could stimulate MMP-9 secretion in N-cadherin
transfected MCF-7 (MCF-7-N-cad) cells. While FGF-2 elicited a striking MMP-9 response in
MCEF-7-N-cad cells (Fig. 2, wp panel, lane 2), Insulin, EGF, HGF and PDGF (Fig. 3, top panel,
lanes 3-6, respectively) did not stirmutars MMP expressiondespite'tire ability of each of these
growth factors o stimulate signaling in MCF-7 cells. Control MCF-7 cells exhibited only low
MMP levels in response to any of the growth factors tested (not'shown).

@één;s*s & & oe."- Figure 2. N-cadherir:t stimnlated MMP-9 cecretlon is
& ¥ ¢ FGF-2 specific. MCF.7-N-cad cells were weated for 18
hr witlr the-indicared growth factors at SO ng/ml and
MCE-7-N-cag  MMP-§ acrivity was assessed by zymmography, FGE-2
MME. 8-> % stimulated robust MMP-9 secrction only in MCF.7:N-
cad cells and not in control MCF-7-neo cells (not showy)

Sustained MAFK activation leads-to-MMP-9. gone exprossion and invasiveness

In light of studies showing a connection between MMP gene transcription and the
MAPK-ERK pathway (Westermuarck-end -Katarh; 1999), weexamincd whether FGF-2-stimulated
expression of MMP-9 in N-cadherin expressing cells was accompanied by changes in MAPK
activity and whether MAPK phosphorylation was differentially activated by FGF-2 in the
presence and absence of N-cadherin. We compared the levels of phosphiorylated ERK (P-
MAPK) in N-cadherin-expressing MCF-7 cells (MCF-7-N-cad; Fig. 3Aa, c) to those in control
MCF-7 cells (MCF-7-neo; Fig: 3Ab; d) inr response to increasing cancentrations of FGF-2 at two
time points, 10 min (Fig 3A, a-b) and 18 hr (Fig. 3A, e.d). As a control, the total levels of ERK
(T-MAPK) were also determined for cach condition (Fig 3A, right pancls). As little as 10 ng/ml
FGF-2 stimulated a marked increase in P-MAPK in MCF-7-N-cad cells after 10 min of treatment
(Fig 3A a, lane 3). In contrast, control cells required a higher cancentration of FGF-2 (50 ng/ml)
and still clicited a relatvely wesker P-MAPK signat (Fig 3Ab: lane4). Moreover, while MAPK
phosphorylation declined after 18 br to background levels in control MCF-7-neo cells (Fig 3Ad,
lane 4), it persisted over this perfod in' MCF-7-N-catt celts¢Fig 3At, lanes 3-4). Changes in
MAPK aclivation in response to FGF-2 were due to increased ERK phosphorylation and not to
alterations in the total pool sf MAPK (T-MAPK) in both cell lites' Fig 3Aa-d, lanes 5-8).
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[FGE.zj(ap/ey 61 ©3 W9 30 @1 B3 1 68 Figure 3 FGF-2 activalion of MAPK i¢ enbancad and

sustained in the presence of N-cadherln. (A) MCF-7-
N-cad (a and ¢) or MCF-7-neo| (b and d) were aeated
with tncreasing concentrations of FGF-2 for 10 min (a
and b) or L8 b (¢ and d) in the: presence of 5 ug/ml
Heparin. Cell lysates were by immunobloging using anti-
phospha-ERK1/2 antibodics (laft panels) or total MAPK
{right pancls),

MCF.7-N-csd
MCE-7.-neo X

MEF.7-N-cnd

d
MER-7-noe

We would therefore expect that blockade of either MAPK—ERK or MMP-9 by specific
inhibirors should prevent basement-membrane invasion of N-cadherin-expressing MCF-7 cells in
response to FGF-2. FGF-2 stimulated the invasion of MCF-7-N-cad cells through Malrigel-
coated (Fig. 4 B ) as well as across-uncoated filters (Fig. 4F and ) relative to cells untreated with
growth factor (Fig.4A and E). Treatment of MCF-7-N-cad cells with inhibitors of either MEK |
(40 xM PD 98059; Fig. 4) or MMP-9 (2 @M GM 6001; Fig. 4D} resulted in fewer cells crossing
Mauwrigel-coated filters in response lo FGF-2. Interestingly, the inhibivon of MEK1 (Fig. 4G) or
MMP-9 (Fig.4H) had no effect on the FGF-2 stimulated migration of MCF-7-N-cad cells
through uncoated filters. '

Figure 4. FGF-2 stimulated invasion of MICF-7-N-cad
cells is mediated by MAPK-ERK-MMP-9 activation.
MCF-7-N-cad cells were untreated (A and E) or treated
for 18 hr with 50 ng/tnl FGF-2 and S ug/m] Heparin (B
and F) in the presence of either 40 M of PD58059 (C
and G), 2uM GM6E0D1 (D and H). Calls wers assayed
for-theis ability ta migrate through & pm porous filtcrs,
goated with 10 g Marrigel (invasion; SA-D) ar Icft
uncoated (migratian; SE-F) iowards & chemotiractant for
a 8 hr perind, Cells that did not migrate were removed
from the upper stdc to the filters and the migrating cells
on the reversc side were stained and photographed,

These results demonstrate that-upstream-activation of MMP-9 by the MAPK-ERK pathway is
lightly assaciared with the invasive behavior of N-cadherin expressing cells in response to FGF-
2. These observations also reveal that invasion and migration are distinct cellolar processes. both

activated by FGF-2 in the presance of N-cadherin, yet transduced by separate signaling
pathways,

N-cadherin protects the FGF receptor from ligand-induced downregulation

To begin elucidate the mechanism underlying the persistent stimulation of MAPK-ERK
by FGF-2 in the presence of N-cadfierin, we sought to determine whether N-cadherin affects the
steady state levels of FGFR-1 after FGF-2 treatment. A Flap-tagged FGFR-1 construct was
transiently expressed in L-fibroblast cells (L), which express no known cadherins, or in L-cells
which have been stably transfected-with-N-eadberia-(LN), or a non-adhesive N-cadherin mutant
(NW2A) in which 2 critica) residue for adhcsive activity (Trp-2) was converted w0 alanine
(Tamura ct al,, 1998): Fransfected-cells—wrre stivmlated for 18:-hr-with-saterating amounts of
FGF-2 and the total levels of 1agged FGFR were asscssed by immiinoblotting (Fig. 5A).
Similarly, MCF-7 ¢ells expressing eithier empty vector (MCF-F-rneoJ or N-cadherin (MCF-7-N-
cad) as well as HEK 293T cells, which express endogenously N-cadheérin, were transfected with
tagged FGFR and subjected to the same analysis. Incubation of L-cells with FGF-2 resulted in
the down-regulation of FGFR hrk-ceils (Fig: 54, lanes 1-2); consistent with expected ligand-

6

04/30/04 FRI 09:00 [TX/RX NO 9755]




04/30/04 09:50 FAX 301 619 4084 USAMRAA

Rpr 2"51 04 10:45a
APR-26-2004 16:38 AECOM-PATHOLOGY 1 718 432 8541 P.@8

B

induced receptor degradation (Surokin et al,, 1994). In contrast, FGF-2 did not cause the down-
repulation of FGFR in LN cells, resulting in higher expression levels of FGFR beyond those
found in unceated cells (Fig. SA, lanes 3-4). The non-adhesive mutant N-cadherin NW2A was
also able to snpport FGFR stability as much as the wild-type N-cadherin (Fig. 5A, lanes 5-6),
thus suggesting that the adhesive activity of N-cadherin (Tamura et-al., 1998), does not
contribute to cnhan¢ing FGFR expression. The protective effect of N-cadherin was also
observed in MCF-7 cells, Increascs in FGFR Flag cxpression werc observed in MCF-7-N-cad
cells (Fig. SA, lanes 7-8), but not in MCF-7.neo cells following FGF-2 treatment (Fig. 5A. lanes
9-10). Finally, FGF-2 treatment of HEK 293T cells. which express endogenous N-cadherin, also
led 1o increases in FGFR-Flag expression (Fig. 5A, lanes 11-12).

N-cadherin did not prevent ligand-induced downregulation of other growth factor

receptors such as EGFR, PDGFR or VEGFR. LN cells were transiently transfected with
expression vectors for these receptors (Fig. 5B, lanes 1, 3, and 5, respectively), Treatment of
cells with cognate growth factors at S0 ng/mi for 18 hr resulted in complete downregulation of
each receptor (Fig. 5B, lanes 2. 4, and 6). Thus N-cadherilr firterféres only with the ligand-
induced downregulation of FGFR-1,

S &S & & & Figure S: N-gadhierin pravents FGF-2 induced FGFR
) . downregylationi but not that of other receptors {(A) Mouse
D2 =@ =@ T —p L-cell fibroblasts (L, Ianes 1-2) or L.cells srably ransfecied
Z 3 4 5 0 7 8 0 w "R with N-cadherin (LN, lanes 3-4) or a non-adhesjve N-cadherin
LN LNW2A MCF-7-Nwad MCF-7.nec 2031 mutani-(LINWIA; [anes 5-6) werc transiently wansfected with
FGFR-Flag and then teated for 18 hr with or without 100
o #;: & ng/mi-FGF-2.in the presence of 5 pg/ml Heparin, MCF-7-N-
@ L8 Lo cad eells (lanes 7-8), MCF-7-nto (lanzs 9-10), or 293T colis
o TR T (lones-11-12)-wore troated similarly, Cells were harvesied and
12 3 4 5§ FGFR levels wete detcrmined by immunoblotdng of cell
LN+EGFR  LN+FDGFR LA-VEGFA extacts using anti-Flag antibodiss, (B) LN cells expressing

EGFR, PDGFR, VEGFR werc treated withour and with ligand
for 18hr ond \he levels of each receptor were determined in
cell lysaws.

N-cadherin attenuates the FGF-2-indiced intermalization-of the FGF receptor

We next examined the effect of N-cadherin on ligand-induced internalization of FGFR-1. L or
LN cells, transfected with FGFR-1, were intuiated- with-saturating amounts of FGF-2 ou ice to
allow ligand binding in the absence of internalization. Cells were washed of excess FGF-2 and
internalization was initiated by incubation at 37°C Tat varitus time points. At each time point,
remaining surface-bound FGF-2 was stripped from the cell surface, TCA-precipitated,
clectrophoresed and immunablotted with an antibody to FGF-2 (Fig. 6A). As shown by
densitometric analysis of the immunoblots in Fig. 6A, the kinetics of FGF-2 internalization were
much more rapid in L-cells than in LN cells. Fifty percent of FGF-2 was internalized by 7 min
in L-cells while LN cells required 30-40 min to internalize" 50% of sarface-bound FGF-2, FGF-2
was maximally internalized by L-cells (90%) by ~20-30 min, wheseas in'LN cells, it was only
internalized by 50% by ~30-40 min (Fig. 6A).

To determine whether the reduced internalization of FGFR-1 resulted in increased

receptor stability, the half-life of FGFR.1 was measured in L and LN cells transiendy expressing
FGER-1 after FGF-2 stimulation. Serum~starved cells were treated with 20 pg/ml cycloheximide
together with FGF-2 over a 9-hr period and the levels of FGFR-1 were determined by
immunoblotting at cach indicated imepoint: Asshows-in Fig. 6B, the half-life of FGFR-1 in L-
cells is ~2 hrs after FGF-2 weatment while in LN cells, the half-life of FGFR-1 is extended to ~6
brs after FGF-2 stimulation.

To determine whether changes in FGFR protein levels in the presence of N-cadherin
result in increased cell surface expression, we performed FACS analysis of endogenous FGFR-1

7
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in L. LN cells and in MCF+7 cells with or without N-cadherin, using an antibody to the
extracellular domain of the FGFR-1 (Fig. 6C). FGF-2 caused reduction in cell surface
expression of FGFR in L cells and MCF-7 nco cells by a mean value of 30% 8 and 23% 9 '
respectively (Fig. 6C, top left and right panels, respectively). In conwrast, the levels of FGFR in
N-cadherin expressing cells, LN and MCF-7-N-cad cells (Fig. 6C, bowom left and right panels),
werc increased by a mean of 50% 10 and 32% *10 respectively. These results suggest that N-
cadherin prevents the down-regulation of FGF receptors, leading to sustained and cnhanced
FGFR expression at the cell surface.

Figure 6. N-cadherin attenuates FGF-2-induced
FGFR-] internalization and degradation. A.
Ratc of internalization of FGF-2 in L-cells (squares)
versus LN cells (dizmonds) was determined by ccll
surface stripping of bound FGF-2 at various times
points after saturation with FGF-2. (Inset)
Immunoblots showing levels of cell surface
stripped FGF-7 at each indicated time point. Graph
represent the scanned data from the Inset. B, FGF-
2 stimulated FGFR-1 degradation in L and LN cells
was monitared by cycloheximide chase from 1-9
hrs. FGFR-1 contents in ccll lysates was analyzed
by imununeblowing and the data scanned and
plotted in a graph. C. Celt surface expression of
FGFR-1 in L and-LN- was determined before and
after treatment with FGF-2 for 18 hrs using FACS
analysis. The histogram plots werce gated an the
window shown on the scatter plot at the bottom of
the figure,

In Task 3 of our original grant we proposed to construct chimeric N/E cadherin constructs to
evaluate the domains that are required-far-the effects of invasiveness and metastasis by N-
~cadherin. Since E-cadherin does not increase invasiveness, then replacement of the active
domain in N-cadherin with the analogous one in E-~cadherin should render the chimeric molecule
inactive for induction of metastasis, migration and invasion. However, we found a simpler and

more effective approach to identify the active domain of N-cadherin for invasion. We explored
the association of the FGFR ‘withrtrancated-constructs of N-cadhetin:

An extracellular complex between N-cadherin and the FGF receptor

To examine the basis fer-the-copperation between FOFR.and N-cadherin in sustaining
receptor stability and MAPK-ERK signaling, we examined whether these two proteins form a
physical complex, We examined: the assaciation of N-cadherirwith FGFR-1 in 293T cells,
which express endogenous N-cadherin, that were rransiently transfected with Flag-tagged FGEFR-
1. FGFR-Flag immunareactivicy was observed in imrmunoprecipitates obtained with N-cadhenn
antisera (Fig.7A, lane 3)-but-was-not found in those with pre-immune sera (Fig. 7A, lane 1). N-
cadherin immunoprecipitates from Vectar-transfected 2937 cells did not show any FGFR-Flag
immunoreactivity (Fig.7 A, lane2). Weexarmined: whethee FGFR and N-cadherin interact via

8

04/30/04 FRI ,09:00 [TX/RX NO 97551




04/30/04 09:50 FAX 301 619 4084 USAMRAA

Rpr 29 04 10:46a2
APR-26-2094 16:39 RECOM-PATHOL OGY 1 718 438 8541

their extracellular or intracellular moieties. Flag-tagged FGFR-1 cxtracellular or in;racellglar
domains were ransfected into 293T cells and analyzed for their ability to co-precipitate with N-
cadherin. The extraccllular FGFR-Flag (FGFR-ECD) co-precipitated with N-cadherin with high
efficacy (Fig. 7A. lane 4). In contrast, the FGFR-Flag intracellular ;FGFR-ICD) was not found
in N-cadherin immunoprecipitates (Fig. 74, lane 5). We mapped the region of N~cadhpnn that
interacts with FGFR in a similar fashion, We found that FGFR co-precipi rated only with N-cad-
ECD (Fig. 7B, top panel, lane 1) bat not with N-cad-1CD (Fig.7B, top panel, lane 2). Asa
control, B-catenin, which binds to the imtracelular domain of N-cadherin-was found_complexed
to N-cad-ICD (Fig. 7B, botiom panel, lane 2) and not to N-cad-ECD as expecied (Fig. 7B,
bottom panel, lane 1).

rER s Fignre 7. N-cadherin and the FGFR Interact
@ P e“jﬁ‘ﬁ exclusively via the extracéllular damaln. (A)
A ° Ll ] - Transfeeted Flag-tagged FGFR (lanc 3) or FGFR-ECD
rariron & 7 & & gL (fane 4) but nat FGFR-ICD (lane 5) co-precipitate with
rofRe - - L -endogenaus N-cadherin in HEK 293T. No co-
) = immunaprecipiation was seen with preimmunc sera
- e e (lanel) or.with vectar transfected cells (lane2), (B)
e Wk . -:h"’"““‘ Similarly, trensfecred Flag-tagged N-cad-ECD (lane 1)
P but not N-¢ad-ICD flane?) interacts with the FGFR in
Ben: Fiaa HEK 293T. As control, N-cad-ICD (lane 2) but not N-

ok EEPR (forme-1)rco-precipitated well with B-catenin

Reportable Outcomes

The tasks from the original grant propesal are listed below with comments pertaining to each
one.

Task 1.1. Completed.

Task 1.2. Not necessary because the chicken CAM assay was successful using human N-
cadherin.

Task 1.3 Completed.

Task 1.4. Completed.

Task 1.5. Completed (Hazan et al.. 2000).

Task 1.6. Completed (ref).

Task 1.7. Completed (see Fig. 1 above).

Task 2.1. Completed (Hazan et al., 2000).

Task 2.2, Completed.

Task 2.3. Completed (last year's progress report).

Tasks 2.4-3.5. Since we found that N-cadherin and not E-cadherin co-cxpression with the
FGFR-1 is direcily associated: withrthe metastastic behavior of MCF-7 bicast tumor cells, we
focused our efforts in characterizing the domains on N-cadherin that associate with the FGFR-1.
We found an association of the extracellular domuin of N-cadherin with the FGFR and not the
intracellular domain. This new information has prompted a shift in our research, making the

complction of this and subsequent tasks ot as important for the understanding of the molecular
basis of the N-cadherin induced metastasis. We have delineated the molecular basis for the N-

¢adherin-based tumor metastasis. This important research has resulted in a major publication in
Cuncer Cell (see below). We-wil however use this information-ir-the future to build chimeric
E/N-cadherin molecules aftcr'm:-c‘;amc:erize the domains of interaction of these molecules with
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the FGFR-1. Such information will focus our approach with a more clear idea of expected
results end outcames.

Key Research Accomplishments

-Shewn that N-cadherin and FGF-2 synergize to stimulate a robust and sustained
phosphorylation/activation of the MAPK/ERK kinase. ‘

-Shown that N-cadherin potentiates the effect of FGF-2 but not of EGF or Insulin in prodncing
ERK1/2 phosphorylation ,

-Shown that MAPK/ERK activatior: ks responsible for MMP-3 expression and gene transcription
.Shown that N-cadherin stabilizes FGFR expression preventing receptor downregulation and
internalization by FGF-2 resulting in chronic expression of FGFR at the cell surface.

-Shown that N-cadtierin and the: FEFR-interact with eachrotherthrough their extraccllalar
domain. : :

-Shown that the FGFR interacts withi thie FGFR throdgh T domairs 1 and 2 and that this
interaction does not involve the HAV motif located within the FGFR Ig domain 2.

Publications:

Hazan, R.B.. Phillips, G.R., Qiao, R.F., Norton, L. and Aaronson, S.A. (2000). Exogenous
expression of N-cadherin in breast cancer cells indaces :cell migration, invasion and
metastasis. J. Cell Biol.148: 779-790 ’

Suyama, K; Shapiro, I; Guttman, M; and Hazan, R.B, (2002). A signaling pathway

leading to metastasis is controlled by N-cadherin and the FGF receptor. Cancer Cell.
2: 301-314.
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