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a variety of cancer§l,?),and it therefore has been an attractive
Background: Neuroblastoma undergoes spontaneous regres-target of research to elucidate the mechanism. Accumulating
sion frequently during its natural course. Although pro- evidence suggested that spontaneous regression of neuroblas-
grammed cell death (PCD) has been implicated in this pro- toma most likely occurs by the programmed death of tumor cells
cess, accumulating evidence suggests that apoptosis, a formmather than by spontaneous maturation (differentiation) alone or
of PCD that is regulated by caspases, may not play a major by immunological attack on tumor celld). This led to the

role. We examined the mechanism(s) of spontaneous regres-assumption that apoptosis, a representative form of programmed
sion of neuroblastoma, focusing on the role of Ras, a favor- cell death (PCD), may play an important role in the spontaneous
able prognostic marker of neuroblastoma.Methods: Tumor  regression of neuroblastoma. However, despite substantial ef-
tissues were analyzed by light microscopy, electron micros- forts to identify a critical role for apoptosis in the process of
copy, and immunohistochemistry to examine cell degenera_ regression, the results were inconclusive. AIthough some groups
tion and expression of Ras and several indicators of PCD. found somewhat increased incidence of terminal deoxynucleo-
Cell degeneration was also studieth vitro in neuroblastoma tidyl transferase-mediated deoxyuridine triphosphate (dUTP)
cells transfected with the H-ras gene. Al statistical tests were Nick-end labeling (TUNEL)-positive cells in neuroblastomas
two-sided. Results:Immunohistochemical analyses revealed With a higher probability of spontaneous regressi@a), others

that Ras expression was increased in areas of cellular degen-failed to find evidence of a correlation between apoptosis and
eration lacking apoptotic characteristics. The degenerating factors associated with spontaneous regres§ien). In support

cells were fragmented without nuclear condensation and, es- Of this, recent electron microscopic analysis revealed that de-
sentially, lacked caspase-3 activation and apoptotic DNA generative changes are a conspicuous feature of neuroblgstoma
fragmentation. These cells had ultrastructural features of and that these changes are characterized by accumulation of
autophagic degeneration, another form of PCD that is dis- myellnated bodies, dense or Iam_ellated lysosomes, and autopha-
tinct from apoptosis. Focal areas of degeneration associated?ic Vacuoles(8). These observations suggest that spontaneous
with Ras expression were seen more frequently in tumors neuroblastoma cell death may occur via autophagic degenera-

from patients detected in a mass-screening program (53 tiorg a?lg)the{hforrﬂ of dPCDldistiIncttl:_rolm gpoptolfﬁg. h H
[60.9%] of 87) than in tumors from clinically detected, ad- R nTrkZ 0 nng ?/ln ' r:m\)/ ecgu arr] 1o ogilct rga\:vifhrsthsucr ar? i-
vanced-stage patients over 1 year of age (7 [29.2%)] of 24) as,  a -Mye have been assoclate € prognosis
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of neuroblastoma. The amplification and/or overexpression iofy was adopted; i.e., positive or negative. Only cells unequivo-
the N-myc gene have been associated with poor progid@)s cally positive for Ras were judged to be Ras positive, and the
In contrast, the overexpression of H-Ras as well as TrkA isaghers were judged to be Ras negative. A focal area of degen-
favorable prognostic factor of neuroblastofid—15),suggest- eration associated with Ras expression was defined as a cluster
ing that H-Ras and/or TrkA overexpression might contribute {20 or more cells or cell fragments) of Ras-positive, degenerat-
the elimination of tumor cells through an as yet unknowimg tumor cells without intervening Ras-negative, nondegener-
mechanism. Given our recent observat{@ri6)that Ras causes ating tumor cells. For the semiquantitative assessment of the
autophagic degeneration in a cell type-dependent manner, thagpearance of focal areas of degeneration associated with Ras
lines of evidence together give rise to the intriguing possibilitgxpression for each tumor, we examined one set of tumor sec-
that increased expression of Ras may contribute to neuroblagns stained with hematoxylin—eosin (H&E) and their adjacent
toma regression through the activation of a nonapoptotic cselictions stained with the anti-Ras antibody; a tumor sample
suicide program. In this study, we examine this possibility-was judged to be negative if the set analyzed contained no focal
through in vivo analyses using neuroblastoma tissues amdeas of degeneration associated with Ras expression and to be
throughin vitro analyses using neuroblastoma cell lines—for thgositive if the set contained one or more such focal areas. Im-
purpose of understanding the mechanism involved in spontanainostaining with antibody against active caspase-3 fragments

ous neuroblastoma regression. (p20/p17) and TUNEL analysis of paraffin sections have been
described20,21).
M ATERIALS AND METHODS For electron microscopy, tumor samples were fixed with

. 2.5% glutaraldehyde, postfixed with 2% Og@nd embedded in
Analyses of Tumor Samples from Neuroblastoma Patients Epon. Semithin sections (im) were stained by the periodic

Tumor samples were obtained from neuroblastoma patieﬁtgsfd Schiff (PAS) method (oxidation in 1% aqueous periodic

identified through the mass screening progré@il7) (mass id for 10 min, followed by treating for 10 min with Schiff's

screened atier?ts) and. for com arisog ?rorg atients year reagent and rinsing in a sulfurous acid solution). After localiza-
old) cIinicglly detected,and at sptage 37or 4 aF\)ccording o tﬁié)n of PAS-positive, degenerating cells in semithin sections, the
International Neuroblastoma Staging System (INGS) (clini- contiguous tumor samples were trimmed under a microscope,

cally detected, advanced-stage patients over 1 year of age) d serial adjacent ultrathin section®(04 um) encompassing
y ' ~Stage p y ) g€), cé-positive, degenerating cells were cut. The ultrathin sections
underwent tumor resection at Kanagawa Children’s Medic

Center from 1972 through 1999. Tumor samples obtained fror{'gre then examined by transmission electron microscopy after

patients who received preoperative chemotherapy or radio-
therapy and those tumors less than 1 cm in diameter or judgedtasmids and Reagents
be not suitable for immunohistochemistry because of poor )
sample preparation (this was checked by a pilot immunohisto- PCDNA3wtRas and pcDNA3RasV12 express wild-type and
chemical analysis using antibodies such as anti-neurofilamé&gfistitutively activated oncogenic H-Ras proteins, respectively,
and anti-CD68) were excluded. As a result, a total of 87 tumdfgder the control of the cytomegalovirus immediate early pro-
from mass screened patients and 24 tumors from clinically d@oter of the pcDNA3 expression vector (Invitrogen, Groningen,
tected, advanced-stage patients over 1 year of age were availdhi@ Netherlands). cDNAs coding for enhanced green fluores-
for the following analyses in this study. cent protein (GFP)_, baculovirus p35 protein, and mouse Bcl-xL
For immunohistochemical analyses, sections from formali4@s subcloned into pcDNA3 to create pcDNA3EGFP,
fixed, paraffin-embedded tumor samples were used. After xj¢DNA3p35, and pcDNA3mbclxL, respectively. The entire cod-
lene deparaffinization and ethanol rehydration, the samples wE}@ region of human TrkA cDNA was subcloned into pFLAG
treated with 0.3% hydrogen peroxide in methanol to inactivafeMV2 (Kodak, New Haven, CT) in-frame to the FLAG epitope
endogenous peroxidase and then subjected to microwave trégcreate pTrkA. Plasmids for inducible expression, pTA-Hyg,
ment in 0.01IM citrate buffer (pH 6.0) for antigen retrieval. ToPT2-GN, pT2-wtRas, and pT2-RasV12, have been described
detect the H-Ras protein, the tissue sections were first treafé)- Staurosporine was purchased from Sigma Chemical Co.
with 5% normal swine serum to block nonspecific staining, folSt. Louis, MO). ZVAD-fmk and zAsp-CHDCB were obtained
lowed by incubation first with anti-c-H-Ras mouse monoclondfom Peptide Institute (Osaka, Japan). Boc-Asp-fmk and
antibody (Ab-1, 1:100 dilution; Calbiochem, San Diego, CA@—nerve growth factor (NGF) were purchased from Calbiochem.
overnight at 4°C and then with a peroxidase-conjugated andig|s Transfection, and Colony Formation Assay
mouse immunoglobin G rat antibody (1:50 dilution) for 1 hour
at room temperature (MBL, Nagoya, Japan). Bound antibody Human neuroblastoma cell lines SH-SY5Y and GAMB were
was visualized using diaminobenzidine as a chromogen, and thaintained on collagen |-coated dishes (Biocoat; BD Biosci-
sections were lightly counterstained with hematoxylin. Thences, Franklin Lakes, NJ) in RPMI 1640 medium (Sigma)
specificity of H-Ras immunostaining was confirmed by omissupplemented with 10% fetal bovine serum (Multiser; Cytosys-
sion of the primary antibody and the use of multiple irrelevanéms, Castle Hill, Australia). For transfection, neuroblastoma
primary antibodies and by the immunoadsorption method (preells (2 x 16) were seeded into 60-mm dishes 2 days before
incubation of the anti-c-H-Ras antibody with recombinant huransfection, and transfection was done using Effectene trans-
man c-H-Ras protein fused to glutathioB¢ransferase [Calbio- fection reagent (Qiagen, Hilden, Germany) according to the
chem]). Parenchymatous cells of the adrenal gland anthnufacturer’s instruction. The total amount of transfected
connective tissues served as positive and negative controls, D&A was always kept constant by use of an empty vector plas-
spectively, in H-Ras immunostaining of tumor samE®). For mid. Colony formation assay was done essentially as described
evaluation of Ras immunoreactivity, a simple two-staged gra¢l6). In brief, neuroblastoma cells transfected withpy of

ining with uranyl acetate and lead citrate.
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pcDNA3-based expression plasmids were cultured in the prgeneration associated with Ras expression between tumors from
ence of a selection drug (8Q0g/mL Geneticin (GIBCO BRL, mass screened patients and from clinically detected, advanced-
Rockville, MD) for approximately 2 weeks, and the number dftage patients over 1 year of age? &alue of less than .05 was
colonies formed after drug selection was counted under a phasesidered to be statistically significant. The results of quanti-
contrast microscope. tative in vitro analyses were presented as the mean and 95%

confidence intervals. All statistical analyses were two-sided.
Immunoblot Analyses

Both adherent and detached cells were collected and w&HESULTS

subjected to lysis in the lysis buffer (25MnTris—HCI pH 7.6, . . .
50 mV NaCl, 2% Nonidet P-40, 0.5% deoxycholate, 0.2% Sé?_as Expression and_ Autophagic Tumor Cell Degeneration

) L . in Neuroblastoma Tissues
dium dodecyl sulfate). After determination of protein concen-

trations, equal amounts of cell lysates were separated by SDS— (egt the idea that Ras expression mediates neuroblastoma
polyacrylamide gel electrophoresis (15% for Ras and 8% f@g| geath, we first examined the morphology of neuroblastoma
poly[ADP-ribose] polymerase [PARPY]), transferred to a nitrGsg|is expressing Ras protein using tumor samples from neuro-
cellulose membrane, and blotted first with a primary antibodyj,stoma patients. It has been well documented that H-Ras pro-
against c-H-Ras (Ab-1; Calbiochem, or C-20; Santa Cruz Bigsj, js expressed at high levels in neuroblastomas with a favor-
technology, Santa Cruz, CA) or PARP (rabbit polyclonal; Boel_’é%ﬂe prognosis—including those detected through mass
ringer Mannheim, Mannheim, Germany) and subsequently WilRreening11,12,14,22)Consistent with such reports, pilot im-

an appropriate horseradish peroxidase-conjugated secondanyaiisohistochemical analysis of mass screened tumors detected
tibody (Zymed, South San Francisco, CA)- Blots were visualizgflfinite H-Ras immunoreactivity in these tumors. We then went
by enhanced chemiluminescence (ECL; Amersham-Pharmagg, ,sing serial tumor sections, to compare corresponding areas

Buckinghamshire, England). stained with anti-H-Ras antibody and with H&E. Strikingly, we
Generation and Analyses of Cell Lines Inducible with found that intense H-Ras staining clearly colocalizes with cells
Tetracycline Withdrawal that are undergoing or have undergone degeneration in H&E

sections (Fig. 1, compare A-a with A-b, B-a with B-b, C-a with

SH-SY5Y-TA-GN, SH-SY5Y-TA-wtRas, and SH-SY5Y-TA- C-b, and D-a with D-b). Closer analysis at a higher magnifica-
RasV12 cells were established by cotransfection of SH-SYSY cefién revealed that the degenerating nuclei do not show apparent
with pT2-GN, pT2-wtRas, and pT2-RasV12, respectively, t¢hromatin condensation and undergo extensive fragmentation
gether with pTA-Hyg followed by drug selection with Hygro-(Fig. 1, D-e; the double arrows indicate fragmented nuclei,
mycin B (Calbiochem) and Geneticin (GIBCO BRL). Induciblgyhereas the single arrows indicate unfragmented ones). Frag-
expression of LacZ (in SH-SY5Y-TA-GN cells), wt-Ras, angnentation of the degenerating cells was also evident from the
RasV12 was verified by immunoblot analyses. The stable trargarked irregularity in size of cellular debris and of immunore-
fectants were maintained in the presence of 400 U/mL Hygractive signals for Ras (Fig. 1, A-b, B-b, C-b, D-b, and E). Such
mycin B, 200 ng/mL Geneticin, and 0.jxg/mL tetracycline Ras-positive, degenerating cells were found either scattered
(Sigma). The percentage of cell death was defined as 10Gpong viable cells (Fig. 1, E) or as focal areas of cellular de-
(number of dead cells)/(number of dead cells + number of livgeneration (Fig. 1, A-D) and either distant from or close to
cells). Dead cells were detected by their loss of ability to excluéi@rovascular stroma. Similar findings were observed also in
trypan blue dye, but small fragments of dead cells with a diamirmors from clinically detected, advanced-stage patients over
eter apparently shorter than half that of live cells were natyear of age known to have a poor prognddi6). However,
counted. Transmission electron microscopic analysis was carrigfhsistent with previous observations that H-Ras overexpression
out as describe(l6). TUNEL assay was done using @msitu  occurs more frequently in neuroblastomas with a favorable prog-
apoptosis detection kit (Wako, Osaka, Japan) according to #sis(11,12,14,22)focal areas of degeneration associated with
manufacturer’s instructions. In brief, cells seeded on a collagginras expression were found statistically significantly more fre-
I-coated glass coverslip and treated as described in the figg(gntly in tumors from mass screened patients than in those
legends were fixed in phosphate-buffered saline with 4% forffrom clinically detected, advanced-stage patients over 1 year of
aldehyde. After treatment with the permeabilization buffefge (53 of 87 versus 7 of 24, respectively= .006) (Table 1).
(0.1% sodium citrate—0.1% Triton X-lOO), cells were incubated As the morphology of degenerating tumor cells positive for
first with terminal deoxynucleotidyl transferase and fluoresceRas was apparently distinct from that of apoptosis characterized
isothiocyanate (FITC)-labeled dUTP and then with peroxidasgy definite nuclear condensation, we examined the tumor sec-
conjugated anti-FITC antibody. A positive signal was visualizegbns for the evidence of activation of caspase cascade and apo-
by the addition of diaminobenzidine. For propidium iodide Staifb‘[otic DNA fragmentation with 30H ends by active Caspase-g
ing, cells were instead incubated with a g§/mL propidium and TUNEL staining, respectively. The results indicated that
iodide (Sigma) solution after the permeabilization step. Analysgs-positive degenerating cells were essentially negative for
of inducible cell lines were done using multiple independeggspase-3 activation as well as for apoptotic DNA fragmentation
clones for each cell line, and essentially identical results wefig. 1, compare C-b with C-c or C-d, and D-b with D-c), pro-
obtained from different clones of each. The results of represgmding biochemical evidence that tumor cells Overexpressing
tative clones are presented. Ras are undergoing a caspase-independent, nonapoptotic cell
death. We then asked whether autophagic degeneration, a non-
apoptotic type of PCD that can be induced by Ras overexpres-

The chi-square test was used to determine distribution diffesion (9,16),is involved in the cell death process. It has recently
ences in the frequency of the appearance of focal areas of deen shown that autophagic vacuoles (lysosomes) stain positive

Statistical Analysis
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Fig. 1. Ras overexpression and nonapoptotic degeneration of tumor cellssections of A) through D), the margins of degenerating areas are marked by
neuroblastoma tissues. Serial tumor sectighs (b), (B-a, b), (C-a, b, ¢, d,  white arrows. In (C), the presence of a gap within the degenerating area may
and O-a, b, ¢, d were stained either with anti-H-Ras (Ras), with anti-p20/p17eflect active retraction (shrinkage) of the tissue following degeneratiorC)in (
active caspase-3 fragments (p20/p17), with hematoxylin-eosin (H&E), by taad O), samples of typical apoptotic cells with positive staining for active
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nickspase-3G-d) or TUNEL (C-c andD-c) are indicated bylack arrows. (D-€)

end labeling (TUNEL) method, or by the periodic acid-Schiff (PAS) method, as a magnified view of the boxed area iD-q). Samples of unfragmented
indicated in each panel. A single section was stained with anti-H-Ras antibaiiggenerating nuclei and clusters of fragmented nuclei are indicateiddlg and

and shown in paneH). Positive signals for immunostaining and TUNEL assaylouble arrows, respectively, in D-€). Scale bars= 100 pm.

appear brown, and positive PAS staining appears red-purple. In the H&E-stained
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Table 1.Relationship of Ras-associated degeneration with patient and
tumor characteristics*

Areas of degeneration
associated with Ras expression

INSS
stage Negative  Positive (%) P
Mass screened NB 1 21 27
2 9 18
3 4 7
4 0 1
4s 0 0
Total 34 53 (60.9)
Clinically detected, advanced- 3 1 0
stage NB &1 y) 4 16 7
Total 17 7(29.2) .006T
*NB = neuroblastoma; INSS= International Neuroblastoma Staging
System.

TComparison was made of the proportions of positive cases between nass
screened NB and clinically detected, advanced-stage ®B ¥), and the
difference was tested (two-sided) by the chi-square test.

for PAS (2.3)’ and positive PAS St.ammg h_as be.en indeed d?rpi- . 2. Transmission electron microscopic analysis of neuroblastoma samples.
OnStrate_d n neumdeg?nerf'ﬂ've diseases in Wh'C_h autophaglc ienerating cellX) and nondegenerating tumor cel)(found in a neighbor-
generation has been implicat¢d,24). PAS staining of serial ing area. The degenerating cell has more electron-dense primary lysosomes
adjacent sections revealed that Ras-positive degenerating qalisble arrows) as well as secondary lysosomesingle arrows), which are

are often positi\/e for PAS (Fig. 1, D_d)_ Taking advantage opssibly autolysosomes. Degenerating cell is surrounded by cell fragments con-
this association of PAS and Ras staining, we could analyze A®ging lysosomal structures. & nucleus. Scale bars: 5 um.

ultrastructure of the degenerating cells under fixation conditions

in which fine structures are highly preserveg¢‘Materials and

Methods”). Electron microscopic analysis of degenerating cells o
presumed to be positive for PAS, and hence for Ras as wéflown in Fig. 3, A, when wt-Ras or RasV12 was coexpressed

showed a definite increase of primary lysosomes and autoly¥gth GFP in SH-SYSY and GAMB cells, GFP-positive cells
somes in the cytoplasm and lack of nuclear condensation wipwed morphologic degeneration characterized by rounding up
compared with nondegenerating tumor cells (Fig. 2, B); thedgd fragmentation into irregular sizes in both cell lines. Cyto-
are characteristic features of autophagic degeneration (Fig.Psmic vacuolation was only rarely observed, in contrast to
A). In addition, the presence of cellular fragments containirgfioma cells, in which Ras induced a cell death characterized by
lysosomal structures (Fig. 2, double arrows in both panels) sigjominent vacuolatioi9,16). This morphologic feature of Ras-

gests that degenerating cells undergo fragmentation after d@uced neuroblastoma cell degeneration appeared distinct from
tophagic changes. that of apoptosis induced by staurosporine treatment or serum

) ) deprivation, in which cell fragmentation was not prominent and
Indu_ctlon of Neuroblastoma Cell Death by Ras Expression fragmented cells, if any, were rather of uniform size (Fig. 3, A,
In Vitro and data not shown). Quantitative analysis revealed that, al-

The abovein vivo observations using tumor samples froniough both wt-Ras and RasV12 induced morphologic degen-
neuroblastoma patients clearly indicated that Ras overexpres§bafion of neuroblastoma cells, RasV12 produced more degen-
in human neuroblastoma is closely associated with caspa8Eating cells than wt-Ras (Fig. 3, B). Given that RasV12 is
independent, nonapoptotic tumor cell death. We then examir@¢Pressed at a level comparable to or lower than wt-Ras (Fig. 3,
in vitro—using human neuroblastoma cell lines—whether R4 the results indicate that the ability of Ras to induce morpho-
expression is the cause of such cell death. In human neurobl@8ic degeneration is associated with its activity as an intracel-
toma, ras gene mutations frequently found in other human cawar signaling molecule. We further asked whether the morpho-
cers are quite rare, suggesting that mutational activation of R@gic alteration induced by Ras expression is actually a
does not have a role in the genesis and development of hunia@nifestation of cellular demise. The results of colony formation
neuroblastom#25,26). Nevertheless, a constitutively activatedssays demonstrated that Ras expression suppresses (RasV12
H-Ras with oncogenic mutation (RasV12) was used in this stutijore potently than wt-Ras) clonogenic survival of both neuro-
in addition to wild-type H-Ras (wt-Ras) for the purpose of efblastoma cell lines (Fig. 3, D). Consistent with the idea that the
ficient activation of the Ras signaling pathway. We tested iaduction of cell death by Ras depends on its activity, RasV12/
series of human neuroblastoma cell lines (SH-SY5Y, GAME)38N—having an inactivating point mutation in the Ras effec-
IMR32, LA-N-5, SMS-KCN, TGW, and RTBM-1) to examinetor loop region in a RasV12 backgrouli@i7)—failed to induce
the effect of wt-Ras and RasV12 expression. Of these neureuroblastoma cell death in either morphologic or colony for-
blastoma cell lines, we could achieve Ras expression levels camation assays (data not shown). These results indicate that
parable to those expressed in tumor samples on immunoliRas expression induces neuroblastoma cell deatfitro, most
analysis in SH-SY5Y and GAMB cells (data not shown), anlikely through the activation of the downstream signaling path-
therefore subjected these cell lines to subsequent analyseswag(s).
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Fig. 3. Induction of neu-
roblastoma cell death by
Ras expressionn vitro.
A-C) Human neuroblas-
toma cell lines SH-SY5Y
and GAMB were cotrans-
fected with 0.5u.g of the
indicated pcDNA3 ex-
pression plasmids (Vec-
tor, Ras Wt, RasV12) to-
gether with the green
fluorescent protein
(GFP)-expressing plasmid
(0.5 ng). As a control for
apoptosis, neuroblastoma
cells were transfected
with the GFP plasmid
alone and treated with
staurosporine 24 hours
after transfection (Stauro-
sporine). GFP-positive
cells were photographed
2 days after transfection
or staurosporine treatment
(A), and GFP-positive
cells showing morpho-

Ras Wt
SH-SY5Y GAMB GAMB
logic degeneration (cells

with a rounded or frag- o4 i_._l OI"

mented appearance were Vector RasWt RasV12 OVacTor RasWt RasV12 Vector RasWt RasV12 Vector RasWt RasV12

counted as degenerating

cells, and a cluster of cell SH-SY5Y GAMB
N N

= =

fragments was counted as i bl o ‘fy
one degenerating cell Y Q N
g g cell) bl S
were scored 2 days after []] f? l'? L] f? g
transfection. The results S o T S T T
are from three separate
. . Ras V12
transfection experiments -_ - ==Flas Wit
and are shown in panel
(B). Transfected cells
were also analyzed for
Ras protein expression levels by immunoblotting with anti-H-Ras antib@ly¥) Neuroblastoma cells were transfected with the indicated pcDNA3 expression

plasmids (1.g), and colony formation assay was done. The results are from three separate transfection experiments. The graph indicates the number of colonie
relative to the number of colonies formed by control vector transfection, which was set to 1&).dnd D), the error bars represent 95% confidence intervals.
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Stauro sirme

W GAMB SH-SY5Y »
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Characterization of Ras-Induced Neuroblastoma Cell in vivo in tumor samples (Fig. 2). Collectively, these results
Death In Vitro indicate that Ras expression in neuroblastoma cells triggers
nonapoptotic PCD with morphologic features of autophagic de-
To further characterize Ras-induced neuroblastoma cell degtdmneration.
in the absence of secondary effects of transfection, we estab\We next investigated whether the core regulatory mechanism
lished stable transfectants of SH-SY5Y cells that can be inducefdapoptotic cell death is involved in Ras-induced nonapoptotic
to express wt-Ras or RasV12 following tetracycline withdrawakll death. To this end, we first tested the effect of synthetic
(Fig. 4, A). Induction of Ras expression increased the proporti¢n-VAD-fmk and Boc-Asp-fmk) and a viral (p35) pan-caspase
of dead cells (Fig. 4, B), and the dying cells were characterizathibitors on Ras-induced neuroblastoma cell death. When the
by extensive fragmentation into irregular sizes (Fig. 4, C), &ffect of these inhibitors was examined against SH-SY5Y and
observed in the transient transfection assays (Fig. 3, A). Nucl&aAMB cell death caused by transient RasV12 expression, they
staining using propidium iodide revealed that, in contrast failed to suppress Ras-induced morphologic degeneration (Fig.
apoptotic cells showing nuclear condensation, fragmented d&d\ and C) under conditions in which these pan-caspase inhibi-
cells produced by Ras expression contained nuclear fragmeots suppressed staurosporine-induced apoptosis (Fig. 6, B and
without apparent condensation (Fig. 5, A), which was identicBl). Similarly, z-VAD-fmk failed to suppress cell death caused
to what occurredn vivo in neuroblastoma samples (comparey induced expression of wt-Ras in the stable transfectant (Fig.
with the fragmented, noncondensed nuclei indicated by doulieE). We also investigated whether the activation of the caspase
arrows in Fig. 1, D-e). TUNEL analysis indicated that Raszascade, though it may not be essential for cell death induction
induced cell death is negative for apoptotic DNA fragmentaticels shown above, accompanies Ras-induced neuroblastoma cell
(Fig. 5, B). Electron microscopic analysis demonstrated ileath. As specific processing of PARP, a common substrate for
creased lysosomal structures and lack of nuclear changes in ceffector caspases such as caspases-3 and -7, invariably occurs as
undergoing Ras-induced death (Fig. 5, C), just as observadesult of caspase cascade activat{@B), we explored the
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Fig. 4. Induction of neuro-
blastoma cell deatim vitro A c
by inducible expression of Tc(-)

Ras in stable transfectants. Tel4) 1 2 3 4 5 (days)

A) SH-SY5Y-TA-GN
(Control), SH-SY5Y-TA- Control To(+
wtRas (Ras Wt), and C( )
SH-SY5Y-TA-RasV12
(RasV12) cells cultured in Ras Wt — - -
the presence of tetracy-
cline or in its absence for
the indicated periods were Ras V12 — - —
subjected to immunoblot TC(~)
analysis using anti-H-Ras
antibody. B) Indicated IB: aH-Ras
cells were cultured in the
presence and absence of| B

tetracycline, and the per- Control
centage of dead cells was —m— Te(+)
determined by the dye ex-
clusion method. The re-
sults are from three sepa-
rate experiments, and the
error bars represent 95%
confidence intervalsC)
Phase-contrast micro- 1
graphs of the indicated ?Iq;: i d
cells cultured in presence 0 - >
and absence of tetracy- 1 2 3 4 5
cline (Tc[+] and Tc[-], re- Day
spectively) for 5 days.
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g

$

—o— Te() —o— Tc()

% dead cells
% dead cells
% dead cells

1 ! L)
2 3 4 5

evidence of caspase cascade activation in intact cells by imnRARP fragment was detected in Ras-expressing cells—even at
noblot analysis of PARP. Although PARP was processed to ttime points when cell death was evident (Fig. 6, F). We next
specific 85-kDa fragment in a pan-caspase inhibitor-inhibitabéxamined the effect of Bcl-xL expression on Ras-induced neu-
manner within cells undergoing apoptosis, no such specifiablastoma cell death. Bcl-xL is considered to inhibit a wide

Parental SH-SY5Y
Untrgaie_d

Fig. 5. Characterization of neuroblas-
toma cell death induced by Rés vitro. )
(A andB) Lack of nuclear condensation $ ;
and apoptotic DNA fragmentation in &
Ras-induced neuroblastoma cell death
SH-SY5Y-TA-wtRas (Ras Wt) and SH-
SY5Y-TA-RasV12 (RasV12) cells cul-
tured in the absence of tetracycline for 5
days as well as parental SH-SY5Y cells
either treated with staurosporine or left
untreated for 2 days were subjected td
propidium iodide stainingX) or terminal
deoxynucleotidyl transferase-mediated B Parental SH-SY5Y
deoxyuridine triphosphate nick-end la- Untreated
beling analysis B). Phase-contrast mi- w £3 \5
crographs of the corresponding areas ar
presented in the upper panels. lA){
apoptotic cells are indicated rrows.

C) Electron micrographs of SH-SY5Y- -
TA-wtRas cells cultured in the absence
(Ras induction [+]) and presence (Ras in-
duction [-]) of tetracycline for 5 days.
N = nucleus. Scale bars 1 pm.

Pl

w

Phase
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Fig. 6. Lack of role for caspase cascade]

and Bcl-xL in the regulation of Ras- A B

induced neuroblastoma cell death)

RasV12-expressing pcDNA3 plasmid —_ [Wsvsy —_

(0.5 pg) was cotransfected with the 273 O cave [ 1001 B Sysy
green fluorescent protein (GFP)- 8 E 100- = g O gams
expressing plasmid (0.;g) into SH- E’: 8 g

SY5Y (stippled bars) and GAMB (open ®O :‘g’ ]

bars) neuroblastoma cells in the pres- é? = 504 -§_= 501

ence of 100uM zVAD-fmk (VAD100) (7] E a_g

or 150 uM Boc-Asp-fmk (BAF150) 8o <35

(pan-caspase inhibitors). The proportion o ﬁ od 3,3 0

of GFP-posmve _cells showmg_ morpho- RasVi2 RasVi2 Rasvi2 sTS sTS STS
logic degeneration wasetermined 24 +vehicle +VAD100 +BAF150 +vehicle +VAD100 +BAF150
hours after transfection, as described in

Fig. 3, B.B) SH-SY5Y andGAMB neu- C D

roblastoma cells were treated with stau- = [ sysy — B sYsy
rosporine (STS) in the presence of the 2 g O gAMB g 100+

indicated inhibitors. After 24 hours, cells o c 100- 3 c

were stained with acridine orange to de- 2 § b4 §

tect nuclear changes, and the proportio ﬁ ,8 = g

of apoptotic cells (having condensed and § S 5o g o 501

or fragmented nucleus) was determined [T Q..:_'

under a fluorescence microscof@.SH- 8’ 3 < 3

SY5Y and GAMB neuroblastoma cells oz L2

were transfected with the RasV12- o-ﬁas\ﬂz Rasvi2 Rasvi2 o STS STS  STS
expressing pcDNA3 plasmid (0.hQ) +Vector +p35 +Bcl-xL +Vector +p35  +Bcl-xL
plus the GFP plasmid (0.kg), together

with a control, p35-, or Bcl-xL- E Ras Wt F

expressing plasmid (045g). The propor- SH-SYS5Y-TA-wtRas GAMB

tion of GFP-positive cells showing mor- = T I L ! > @l
phologic degeneration was determined 3100"'_"—__?-_"“‘-{ = Ny

24 hours after transfection, as iA); D) 2 § ‘_Tc('}_. E.»g i

SH-SY5Y and GAMB neuroblastoma g § Te(+) 3 4 G(days) D @ 9 PARP
cells were tran_sfected with the control &% 50 *_.‘ -'l'_‘ <+—116 kDa
pcDNA3 plasmid (0.519) plus the GFP = ’ - . =— 85kDa
plasmid (0.5.9), together with a control, & . s ad
p35-, or Bcl-xL-expressing plasmid (0.5 Do 50 100

rg). After 24 h, the transfected cells ZVAD (uM)

were treated with STS, and the propor-|

tion of apoptotic cells was determined by
acridine orange staining 24 h after STS treatment a8)nk) SH-SY5Y-TA- lysates were prepared from SH-SY5Y-TA-wtRas cells cultured in the presence
wtRas (Ras Wt) cells were cultured in the absence of tetracycline for 5 daysoinabsence of tetracycline for the indicated periods. As a control for caspase-
the presence of the indicated concentrations of zZVAD-fmk, and the proportiondgpendent poly(ADP-ribose) polymerase (PARP) processing, cell lysates were
dead cells was determined by the dye exclusion methodAHE), the graphs prepared from GAMB cells either treated with STS in the presence or absence
indicate the percentage of degeneratiAgaidC), apoptotic B andD), or dead of the pan-caspase inhibitor zZAsp-CH2-DCB (zAsp) or left untreated for 2 days.

(E) cells normalized to the vehicle or vector control, and the data represent e cell lysates were subjected to immunoblot analysis using anti-PARP anti-
means and 95% confidence intervals from three separate experirggi@ell  body.

range of both apoptotic and nonapoptotic cell death througie absence of Ras overexpression) induced differentiation of
maintenance of mitochondrial physiolo¢®9). However, Bcl-xL SH-SY5Y cells, and NGF treatment alone failed to induce dif-
overexpression failed to inhibit Ras-induced nonapoptotic cédirentiation but could enhance differentiation induced by TrkA
death while efficiently inhibiting staurosporine-induced apopt@xpression (Fig. 7, A). We then assessed the effect of TrkA
sis (Fig. 6, C and D). Together, the lack of involvement afignaling on Ras-induced neuroblastoma cell death. As shown in
caspase cascade and the resistance to Bcl-xL-mediated int#y. 7, B, the expression of TrkA in the presence of different
tion indicate that Ras-induced neuroblastoma cell death is regairels of Ras expression revealed that TrkA expression increases
lated by a mechanism essentially distinct from that of apoptosike proportion of degenerating cells in the presence of Ras over-
Augmentation of Ras-Induced Neuroblastoma Cell Death expression much more efficiently than in it.S absence. Imp(_)r-
by TrkA tantly_, NGF treatment increased the proporuon of d.egeneratlng
cells in the presence of TrkA expression but not in its absence,
Interestingly, coexpression of Ras and TrkA is associatedoviding unequivocal evidence that the augmentation of Ras-
with a better prognosis in neuroblastoma patients than the éduced cell death is mediated by the TrkA signaling pathway.
pression of either alonél?2). We hypothesized that TrkA aug- TrkA expression and/or NGF treatment did not affect Ras pro-
ments the activity of Ras to induce neuroblastoma cell ded#in expression itself (Fig. 7, C), indicating that TrkA-mediated
through its demonstrated ability to activate Ra8—32),thereby augmentation of Ras-induced cell death signaling occurred
increasing the chance of tumor cell eradication. As reportédwnstream of Ras expression. These results indicate that TrkA
previously (33), transfection-mediated expression of TrkA (ircan augment Ras-mediated death signaling, and this synergy of
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Fig. 7. Augmentation of
Ras-induced neuroblas- A B
toma cell death through
the activation of the TrkA
signaling pathwayA) The

rg) into SH-SY5Y neuro-

blastoma cells. The cells
were treated 6 hours after
transfection with the indi-

cated concentrations of
nerve growth factor (NGF) TrkA
for 1 day, and then GFP- NGF (ng/ml) 0 50 100 0 50 100
positive cells with neurites

O+ Trk A+ NGF

@ 50-
green fluorescent protein _g
(GFP)-expressing plasmid 5 -
(0.5 ug) was cotransfected b i
with the TrkA-expressing £ 7 B +NGF
or the control plasmid (0.5 =2 . + Trk A
R

% degenerating cells

(cellular processes longer

than two cell-body lengths ¢ RasWt(g) - =- - 01 010105 05 05
or longer than one cell- Trk A - 4+ 4+ - 4+ 4+ - 4+ +
body length with a growth NGF - - + - - - - +

cone) were scored3 and
C) The GFP plasmid (0.5
g) was cotransfected with
the indicated amounts of T SRR, <«— Ras Wt
the wt-Ras-expressing
pcDNA3 plasmid with or
without the TrkA-express-
ing plasmid (0.5.g) into SH-SY5Y cells. The total amount of transfected plasmi@ (B), or cell lysates were subjected to immunoblot analysis using anti-H-Ras
DNAs was kept constant by adding empty vector plasmids. The cells were treagetibody to monitor the expression level of wt-R&j.(In (A) and B), the results

6 h after transfection with or without NGF (100 ng/mL) for 1 day, and then GFRwe from four and three separate transfection experiments, respectively, and the error
positive cells showing morphologic degeneration were scored as described in FidpaBs represent 95% confidence intervals.

TrkA and Ras in neuroblastoma cell death may provide an eperted by Stadelmann et gB4) (Kitanaka, C, unpublished ob-
planation for the clinical observation that coexpression of Trkéervation). In line with such an observation, Ras-positive degen-

and Ras predicts quite a favorable prognd&i). erating cells were often positive for PAS, which can be a marker
of autolysosome(23), and ultrastructural analysis of PAS-
DiscussioN positive degenerating areas indeed demonstrated autophagic

changes of tumor cells, which have been recently described as
Neuroblastoma is quite a heterogeneous clinical entity, rangaracteristic degenerative changes in neuroblas{8in@hese

ing from subgroups that have a very favorable prognosis withiramunohistochemical observations together suggested that the
high probability of spontaneous regression [such as masgerexpression of Ras induces autophagic degeneration of neu-
screened neuroblastomas and those assigned to stage 4S acaglsthstoma cells in the absence of caspase cascade activation. To
ing to the INSS(18)] to those that have a very poor prognosigbtain supporting evidence for these vivo observations, we
despite aggressive therapies (clinically detected, advanced-stagestigatedn vitro—using neuroblastoma cell lines—whether
neuroblastomas, in particular, of patients over 1 year of agagreased expression of Ras causes such a caspase-independent
(1,2,10).The molecular basis that distinguishes between neumitophagic degeneration of neuroblastoma cells. The results of
blastomas with favorable and poor prognoses is relatively wédlvitro analyses indicated that transfection-mediated expression
understood, but the biologic functions of the molecular markes$ Ras induces neuroblastoma cell death essentially identical
such as H-Ras, TrkA, and N-Myc in neuroblastoma cells hawdth the tumor cell death observed in neuroblastoma tissues.
been ill defined. In this study, in an attempt to elucidate thRas-induced neuroblastoma cell death was not accompanied by
biologic consequence of Ras overexpression in neuroblastomaglear condensation, apoptotic DNA fragmentation, or caspase
we conducted detailed immunohistochemical analyses of neutascade activation, but it harbored ultrastructural features of
blastoma tissues and demonstrated that neuroblastoma cali®ophagic degeneration. Notably, in contrast to Ras-induced
overexpressing the Ras protein show morphologic changes aitophagic degeneration of glioma cells characterized by promi-
dicative of cell death. Importantly, degenerating tumor cellsent cytoplasmic vacuolatio(®,16), Ras-induced neuroblastoma
positive for Ras did not have morphological features of apeell degeneration was characterized by cellular fragmentation into
ptotic cell death and were essentially negative for TUNEL arittegular sizes and paucity of cytoplasmic vacuolation, in good
active caspase-3 staining, indicating that the mode of cell deaireement with thén vivo findings obtained from neuroblas-
is distinct from apoptosis. Of note, although Ras-positive degetoma tissues. Altogether, the precise concordande wifvo and
erating cells did not show the diffuse, cytosolic staining pattein vitro findings strongly supports the idea that increased Ras
of active caspase-3 characteristic of apoptosis, they occasionaktpression is the cause of caspase-independent autophagic de-
showed a punctate staining pattern suggestive of the localizggheration of neuroblastoma cells observed in tumor samples
caspase-3 activation within autophagic granules (lysosomes)frem neuroblastoma patients.
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Our immunohistochemical analyses of neuroblastoma tissuesoutgrown by other subpopulations that are not programmed to
also revealed that focal areas of degeneration overexpresg®gress Ras. The molecular mechanism by which Ras protein
Ras are occasionally accompanied by “gaps” or “clefts,” sugxpression is regulated in neuroblastoma also remains unknown,
gesting that the degenerating areas are actively shrinkieg (but the mechanism appears to be either transcriptional or post-
Fig. 1, C, for example). This implies that Ras-mediated neurtsanscriptional, as H-Ras overexpression in neuroblastoma is not
blastoma cell degeneration can contribute, at least locally, ascompanied by H-ras gene amplificatii). In this respect,
volume reduction (regression) of tumor. We therefore askédwvould be interesting to note that the expression of N-Myc, a
whether such a local mechanism of regression is indeed assw!l-established predictor of a poor prognosis of neuroblastoma
ated with overall regression of neuroblastoma. Among sufL0).is inversely correlated with H-Ras expression in neuroblas-
groups of neuroblastomas, at least one third of mass screeff¥fas(14). It is, therefore, possible that N-Myc may contribute
neuroblastomas have been reported to undergo spontaneou&r@oor prognosis through inhibition of H-Ras expression. At
gression(2,17), while clinically detected, advanced-stage nel@nY rate, elucidation of the molecular mechanism involved in the
roblastomas from patients over 1 year of age are presumedggulation of Ras expression may enable us to artificially ma-
have a very low chance of regression. The immunohistochemiBpulate Ras expression in neuroblastomas and thus open a novel
analysis of tumor samples from these subgroups of neurobl@¥€nue to neuroblastoma therapy.
toma indicated that degenerating tumor cells overexpressing Ra&nally, this study for the first time to our knowledge reveals
are found much more frequently in mass screened neurobladf '0l€ of caspase cascade-independent, nonapoptotic cell death
mas than in clinically detected, advanced-stage neuroblastorffadiiman diseases or healthy conditions. Nonapoptotic PCD
from patients over 1 year of age, establishing a clear correlati[ﬁ\w appears to be involved in more diveisevivo processes
between Ras-associated degeneration and the propensity tol 0 has b_een previously assunf@6).n th|§ sense, this study
dergo spontaneous regression. Although it may not necessar the_ first good example_that exploration of t.he rgles and
exclude the existence of other mechanisms, this clear correlaty chanl_sms of nonapoptotic .PCD “”d?r physiological ar_1d
strongly supports the idea that Ras-mediated nonapoptotic t”’ﬁ? hological conditions could bring about important progress in

cell death plays an important role in spontaneous regression quedical science that would not be possible by apoptosis re-
play P P 9 search alone. Our study also indicates for the first time the

ne_uroblastoma_. This 'd‘?? explains _vvhy previous observ_anogl nificance of caspase cascade-independent, nonapoptotic PCD
failed to establish a definite correlation between apoptosis a)

factors associated with spontaneous regres@ed), and our \Cthe growth control of cancer. Elucidation of the molecular
results thus provide a ncF))veI and si nigcant insi’ ht into t mechanisms of nonapoptotic PCD is expected to contribute to
b 9 9 }W‘nq development of novel therapeutic strategies against human

mechanism underlyin ntan neuroblastoma regressi . . ) . .
echanism underlying spontaneous neuroblastoma regress 0(9|s ases, including cancer, which often acquires resistance

may also be extrapolated that, even m_neurobla_stomas unllkg hinst apoptotic cell death during developm@).
to regress spontaneously, Ras expression contributes to a favor-
able prognosis by facilitating nonapoptotic tumor cell death in
conjunction with anticancer treatments. In support of this ideREFERENCES
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