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indicated in each figure), and the reaction was stopped by placing
the tubes on ice. The reaction tubes were not agitated. From each
reaction tube, triplicate 5-pL aliquots were removed, then subjected
to fluorescence spectroscopy and the mean of each triplicate
determined. In the ThT solution, the concentration of NDGA and
polyphenols examined in this study was diluted up to 1/200 of that
in the reaction mixture. We confirmed that these compounds did
not quench ThT fluorescence at the diluted concentration (data not
shown).

Destabilization assay
Destabilization assay was performed as described by Ono et al.
(2002b). Briefly, the reaction mixture contained 25 pum fresh
fAR(1-40) or fAB(1-42), 0, 0.01, 0.1, 1, 10, or 50 pmM NDGA or
polyphenols, 1% DMSQO, 50 muM phosphate buffer, pH 7.5, 100 mm
NaCl, and 1% (wt/vol) polyvinyl alcohol (Wako Pure Chemical
Industries Ltd) to avoid the aggregation of AP and the adsorption of
fAP onto the inner wall of the reaction tube during the reaction.
Triplicate § pL aliquots were mixed by pipette then subjected to
fleorescence spectroscopy, 30 pL aliquots were put into PCR fubes.
The reaction tubes were then transferred into a DNA thermal cycler
The plate temperature was elevated to maximal speed, starting at
4°C, and raised to 37°C. Incubation times ranged between 0 and 72
h (as indicated in each figure), and the reaction was stopped by
placing the tubes on ice. The reaction tubes were not agitated during
the reaction. From each reaction tube, 5 pL aliquots in triplicate
were subjected to fluorescence spectroscopy and the mean of the
three measurements was determined.

Cell Cultures and MTT assay

Cell cultures and MTT assay were performed as described by
Yoshiike ef gl. (2001). Human embryenic kidney (HEK) 293 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma, St Louis, MO, USA) containing 10% fetal bovine serum
(HyClone, Logan, UT, USA) and incubated in a humidified chamber
(85% humidity) containing 5% CO, at 37°C, A day prior to the fAp
treatment, the cell culture medium was replaced with serum-free
DMEM, and the cells were plated onto a 96-well coated plate
{Corning, NY, USA) at a final cell count of 20 000 cells/well.

* Ten pM fAP(1-40) were incubated with 0 or 0.2% DMSO, or
10 pM Myt + 0.2% DMSO at pH 7.5 at 37°C. ThT fluorescence
was regularly monitored as described in Yoshiike ef al. (2001).
After 6 h, the incubation mixtures were added immediately to HEK
293 cell cultures. Cells were treated with a final concentration of 0
or I p intact, DMSO-treated or Myr-treated £AP(1-40) containing
0 or 0.02% DMSO, or 1 pM Myr + 0.02% DMSO, respectively, in
serum-free DMEM for 2 h. MTT was then added to each well and
the plate was kept in 2 CO; incubator for an additional 2 h. The cells
were then lysed by the addition of a lysis solution (50%
dimethylformamide, 20% SDS, pH 4.7) and were incubated
ovemnight. The degree of MTT reduction in each sample was
subsequently assessed by measuring absorption at 570 nm and at
37°C using a Bio Kinetics EL340 reader (Bio-Tek Instruments,
Winooski, VT, USA). Background absorbance values, as assessed
from cell-free wells, were subtracted from the absorption values of
each test sample. Percentage of MTT reduction was calculated by
taking the average from a condition with neither fAB, Myr, nor
DMSO as 100% in each experiment.

Other analytical procedures

Protein concentrations of the supernatants of the reaction mixtures
after centrifugation were determined by the method of Bradford
(1976) with a protein assay kit (Bio-Rad Laboratories, Inc.,
Hercules, CA). The AP1-40 solution quantified by amino acid
analysis was used as the standard. Paired Student’s ¢-test and linear
least squares fit were used for statistical analysis, The effective
concentrations {(ECsp) were defined as the concentrations of NDGA
or polyphenols to inhibit the formation or extension of fAfls to 50%
of the control value, or the concentrations to destabilize fABs to 50%
of the control value. ECsy were calculated by the sigmoidal curve
fitting of the data as shown in Figs 1(e), 2(f} and 4(e), using Igor Pro
ver.4 (WaveMetrics, Inc., Lake Oswego, OR, USA).

Results

Effect of polyphenols on the kinetics of fAp
polymerization

As shown in Fig. 1(a-d}, when fresh AB(1-40) or AB(1-42)
was incubated at 37°C, the fluorescence of ThT followed a
characteristic sigmoidal curve. This curve is consistent with a
nucleation-dependent polymerization model (Jarrett and
Lansbury 1993; Naiki et al. 1997). fAB(1-40) and fAB(1-
42) stained with Congo red showed typical orange-green
birefringence under polarized light (data not shown). When
AB(1-40) was incubated with 10 and 50 pm Myr, Mor or
Qur, no increase in the fluorescence was observed throughout
the reaction (Fig. 1(a) and data not shown), A similar effect
of Myr, Mor and Qur was observed with AB(1-42) (Fig. 1(b)
and data not shown). When AB{1—40) was incubated with 10
and 50 pm Kmp, Cat or epi-Cat, the final equilibrium level
decreased dose-dependently (Fig. 1 (c) and (d) and data not
shown). A similar effect of Kmp, Cat and epi-Cat was
observed with Af3{(1—42) (data not shown).

As shown in Fig. 2{a-d), when fresh AB(1—40) or ABR(i-
42) was incubated with fAP(I—40) or fAP(1-42), respect-
ively, at 37°C, the fluorescence increased hyperbolically
without a lag phase and proceeded to equilibrium much more
rapidly than without seeds (compare Figs 1 and 2). This
curve is consistent with a first-order kinetic model (Naiki and
Nakakuki 1996). When AB(1—40) and fAB(1-40) were
incubated with polyphenols, the final equilibrivm level
decreased (Fig. 2a, 2c,d). A similar effect of polyphenols
was observed for the extension of fAB(1-42) (Fig. 2(b) and
data not shown). At a constant fAB(1-40) concentration, a
perfect linearity was observed between the AP(1-40) con-
centration and the initial rate of fAB(1-40) extension both in
the presence and absence of Myr (Fig. 2€). This linearity is
again consistent with a first-order kinetic mode! and indicates
that at each Af(1-40) concentration, the net rate of fAB(1-
40) extension is the sum of the rates of polymerization and
depolymerization (Naiki and Nakakuki 1996; Hasegawa
et al. 2002). In the presence of 10 pm Myr, the slope of the
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Fig. 1 {a-d) Effacts of Myr {a, b), Kmp (¢}, and Cat {d) on the kinetics
of fAB(1-40) (a, ¢, d) and FAR(1-42) (b) formation from fresh AB(1—40)
and AB(1-42), respectively. The reaction mixtures containing 50 um
AB(1-40) (a, ¢, d) or 25 pM AB{1-42} (b), 50 mm phosphate buffer,
pH 7.5, 100 mm NaC!, and O {®), 10 (O), or 50 pm (O) of Myr (a, b},
Kmp (c), or Cat (d), were incubated at 37°C for the indicated times.
Each figure is a representative patterm of 3 independent experiments.
(o) Dose-depandent inhibition of fAp(1-40) formation from fresh AB(1-
40). The reaction mixtures containing 50 pm AB(1-40), 50 mm phos-
phate buffer, pH 7.5, 100 mm NaCl, and 0, 0.01, 0.1, 1, 10 and 50 pm
NDGA (@), Myr (O), Kmp (W), or Cat (O} were incubated at 37°C for
7 days. Points represent means of three independent expariments. In
all points, standard errors were within symbels. The average without
compounds was regarded as 100%.

straight line decreased to about 3/10. The interpretation of
this figure implicating the mechanism of the anti-amyloid-
ogenic effect of Myr will be discussed later.

When fresh AB(1-40) was incubated with fAR(1-40) at
37°C, clear fibril extension was observed electron-micro-
scopically (Fig. 3b). However, 50 pum Myt completely inhib-
ited the extension of sonicated fAP{1—40) (Fig. 3a,c). Myr
inhibited the extension of fAP(1—42) (data not shown).
Similarly, Mor, Qur and Kmp also inhibited the extension of
fAR(1-40) and fAP(1-42) (data not shown).

tog(puM)

Fig. 2 (a-d) Effects of Myr {a, b}, Kmp (c), and Cat (d) on the kinetics
of fAB(1—40) {(a, ¢, d} and fAB{1-42) (b} extension. The reaction mix-
tures containing 10 pg/mL (2.3 pw) sonicated fAR(1-40) (a, ¢, d) or
fAB(1-42) (b), 50 pm AB(1-40) (a, c, d) or AB(1-42) (b}, 50 mm
phosphate Buffer, pH 7.5, 100 mm NaCl, and O (@), 10 (D), or 50 pm
() of Myr (a, b), Kmp (¢), or Cat {d), were incubated at 37°C for the
indicated times. Each figure is a representative pattern of 3 inde-
pendent experiments. (e) Effect of Ap(1-40) concentration on the
initial rate of fAR(1-40) extension in the presence (O} and absence
(@) of Myr. The reaction mixtures containing 10 pg/mL (2.3 pmM) soni-
cated fAB(1-40), 50 mm phosphate butfer, pM 7.5, 100 mm NaCl, 0
{®) or 10 pm (O) Myr, and 0, 10, 20, 30, 40, and 50 pm AB(1-40),
were incubated at 37°C for 1 h. Points represent means of thres
independent experiments. In all points, standard errors were within
symbols. Liner least-square fit was performed for each straight line
(R* = 0.998 and 0.994 for O and @, respectively). (f) Dose-dependent
Inhibition of fAB(1—40) extension. The reaction mixtures containing
10 pg/mb (2.3 pM) sonicated fAB(1-40), 50 pm AB{1-40}, 50 mm
phosphate butfer, pH 7.5, 100 mm NaCl, and 0, 0.01, 0.1, 1, 10 and
50 pm NDGA (@), Myr (Q), Kmp (R), or Cat () were incubated at
37°C for 1 h. Points reprasent means of three independent experi-
ments. In all points, standard errors were within symbols. The average
without compounds was regarded as 100%.
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Flg. 3 Etectron micrographs of extended fAB{1—40). The reaction
mixtures containing 10 pg/mL (2.3 pm) fAB(1-40), 50 um AB{1-40),
50 mm phosphate buffer, pH 7.5, 100 mm NaCl, and 0 (b} or
50 um Myr (a, ¢), wera incubated at 37°C for 0 (a), or 6 h (b, c). Scale
bars indicate a length of 250 nm.

Destabilization assay

As shown in Fig. 4(a-d), the fluorescence of ThT was almost
unchanged during the incubation of fresh fAB(I-40) or
fAP(1-42) at 37°C without additional molecules. On the
other hand, the ThT fluorescence decreased imumediately
after addition of polyphenols to the reaction mixture. After
incubation of 25 pm fresh fAB(1-40) with 50 pm Myr for
1 h, many short, sheared fibrils were observed (Fig. 5b). At
6 h, the number of fibrils was reduced markedly, and small
amorphous aggregates were occasionally observed (Fig. 5c).
Similar morphology was observed when 25 pm fresh fAP(1-
42) were incubated with 50 pm Myr (data not shown). Other
polyphenols also destabilized preformed fAQ(1-40) and
fAB(1-42) (data not shown}.
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Fig. 4 {a-d) Effects of Myr (a, b), Kmp {c), and Cat {d) on the kinetics
of TAB(1-40) (a, ¢, d) and fAPR(1-42) (b) destabilization. The reaction
mixtures containing 25 pm fAB(1-40} (a, ¢, d) or fAR(1-42) (b), 50 mm
phosphate buffer, pH 7.5, 100 mm NaCl, and 0 (@), 10 {O), or 50 pum
(C0) of Myr {a, b), Kmp (¢), or Cat {d), were incubated at 37°C for the
indicated times. Each figure is a representative pattern of 3 inde-
pendent experiments. (e) Dose-dependent destabilization of fAB(1-
40}). The reaction mixtures containing 25 pm fAR(1-40), 50 mm phos-
phate buffer, pH 7.5, 100 mm NaCl, and 0, 0.01, 0.1, 1, 10 and 50 pm
NDGA (@), Myr (O}, Kmp (W), or Cat (O) were incubated at 37°C far
6 h, Points represent means of three independent experiments. In all
points, standard errors are within symbols. The average without
compounds was regarded as 100%.

After incubation with 50 pm Myr, Mor, Qur or Kmp
for 6 h, or 50 uM Cat or epi-Cat for 72 h, fAB(1-40) and
fA[B(1-42) were stained with Congo red to a much lesser
degree than fresh fAB(1-40) and fAB(1-42). However, they
all showed orange-green birefringence under polarized light.
This means that a significant amount of intact fAB(1—40) and
fAP(1-42) still remains in the mixture after the reaction.
When the protein concentration of the supernatant after
centrifugation at 4°C for 2 h at 1.6 x 10* g was measured by
the Bradford assay, no proteins were detected in the
supematant in any case. This implies that although poly-
phenols could destabilize fAP(1-40) and fAP(1-42) to
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Fig. 5 Elsctron micrographs of destabilized tAB(1-40). The reaction
mixture containing 25 pm fAR(1-40), 50 mm phesphate buffer, pH 7.5,
100 mm NaCl, and 50 pm Myr was incubated at 37°C for 0 (a), 1 (b), or
6 h {c). Scale bars indicate a length of 250 nm.

visible aggregates (Fig. Sc), they could not depolymerize
fAB(1-40) and fAP(1-42) to monomers or oligomers of
AP(1-40) and AB(1-42).

Comparison of the activity of polyphenols

As shown in Figs 1(e), 2(f) and 4(¢), NDGA and polyphen-
ols dose-dependently inhibited the formation and extension
of fA s, as well as dose-dependently destabilized pre-formed
fAPs. We calculated ECsg, the concentrations of NDGA or
polyphenols to inhibit the formation or extension of fAPs to
50% of the control value, or the concentrations to destabilize
fAPs to 50% of the control value, by the sigmoidal curve
fitting of the data as shown in Figs 1(e), 2(f) and 4(e}
(Table 1), ECsy of NDGA, Myr, Mor, Qur and Kmp to
inhibit the formation or extension of fAPs were similar to
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ECsp to destabilize fAPs, respectively. On the other hand,
ECsq of Cat and epi-Cat to destabilize fAfs were one-order
higher than ECsq to inhibit the formation or extension of
fAPs. All data presented in Table 1 may indicate that the
anti-amyloidogenic and fibril-destabilizing activity of the
molecules examined in this study may be in the order of:
NDGA = Myr = Mor = Qur > Kmp > Cat = epi-Cat.

Cell Cultures and MTT assay

Finally, we examined whether Myr-treated fAf were toxic to
cells. The effects on cell viability were assessed in a
simplified model using HEK 293 cell cultures. Cell viability
was indirectly measured as a function of the percentage of
MTT reduced. Since the dye MTT is known to be converted
into a purple formazan by mitochondrial redox activity, MTT
reduction assay has been widely used to measure cellular
redox activity (Abe and Saito 1998). By measuring the
reducing rate of MTT, we recently demonstrated that the
cytotoxic effect of AP apgregates to HEK 293 cells was
similar to that to primary rat hippocampal neurons (Yoshiike
etal. 2001). As shown in Fig. 6, the cytotoxicity of
Myr-treated fAB(1—40) was significantly lower than that of
fAP(1-40) incubated with 0 (none) or 0.2% DMSO. This

_suggests that Myr-treated fAP might be less toxic than intact

fAR. However, the difference in the rate of MTT reductien
was not drastic between Myr-treated and intact or DMSO-
treated fAP(1—40). Moreover, since the cultures treated with
Myr-treated fAB(1—40) contained 1 um Myr, we cannot rule
out the possibility that the difference in the rate of MTT
reduction may come from the protective effect of Myr itself,
for example, through scavenging reactive oxygen species
{Choi et al. 2001).

Discussion

Recently, our systematic in vitro study indicated that the
overall activity of the anti-amyloidogenic molecules may be
in the order of: NDGA > >RIF = TC > poly(vinylsulfonic
acid, sodium salt) = 1,3-propanedisulfonic acid, disodium
salt > (-sheet breaker peptide (1Ap5) > nicotine (Ono et al.
2002a; Ono et al. 2002b). NDGA is smaller than RIF, and
has two ortho-dihydroxyphenyl rings symmetrically bound
by a short carbohydrate chain. This compact and symmetric
structure might be quite suitable for specifically binding to
free AB and subsequently inhibiting the polymerization of
AP into fAP (Ono et al. 2002b). Alternatively, this structure
might be suitable for a specific binding to fA$ and
subsequent destabilization of the B-sheet rich conformation
of AR molecules in fAR (Ono et al. 2002b). The anti-amy-
loidogenic and fibril-destabilizing activity of NDGA and
polyphenols examined in this study may be in the order of:
NDGA = Myr = Mor = Qur > Kmp > Cat = epi-Cat (see
Table 1). Some interesting structure-activity relationships of
polyphenols could be considered. First, Myr, Mor, Qur and

© 2003 International Society for Neurochemistry, J. Neurochem. (2003) 87, 172-181

— 142 —



178 K. Ono er al

Table $ The sffective concentrations (EC50)* of NDGA and paolyphenols for the formation, extension and destabilization of fAB(1-40) and
tAB(1-42)

Compounds Formation® Extension® Destabilization®

fAB{1-40) TAR(1-42) 1AR(1-40) 1AP(1-42) TAB{1~40) 1AB(1-42)
NDGA 0.14 pm, 0.86 pm 0.23 pm 0.09 pm 1.3 um 0.87 um
Myr 029 0.40 0.22 - 0.13 18 0.58
Mor 0.24 0.67 0.20 014 19 0.68
Qur 0.24 0.72 0.25 02 2.1 0.73
Kmp 1.7 32 0.83 0.45 a7 29
Cat 29 53 24 14 28 24
epi-Cat 28 56 2.4 1.7 23 24

#ECso (uM) were defined as the concentrations of NDGA or polyphenols to inhibit the formation or extension of fAbs to 50% of the control value, or
the concentratioris to destabilize fAbs to 50% of the controf valus. ECs were calculated by the sigmoidal curve fitting of the data as shown in
Figs 1{8), 2(f) and 4(e), using Igor Pro ver.4 (WaveMetrics Inc., Lake Cswego, OR, USA).

®The reaction mixtures containing 50 pm Ab(1-40) or 25 pm Ab{1-42), 50 mm phosphate buffer, pH 7.5, 100 mm NaCl, and 0, 0.01, ¢.1, 1, 10 and
50 um NDGA, Myr, Mor, Qur, Kmp, Cat, or epi-Cat were incubated at 37°C for 7 days and 24 h, respectively.

“The reaction mixtures containing 10 pg/mL (2.3 pm) sonicated fAb(1-40) or fAb{1-42), 50 pum Ab(1-40) or Ab(1-42}, 50 mm phosphate buffer,
- pH 7.5, 100 mm NaClt, and 0, 0.01, 0.1, 1, 10 and 50 ps NDGA, Myr, Mor, Qur, Kmp, Cat, or epi-Cat were incubated at 37°C for 1 h.

%The reaction mixtures containing 25 pm tAb{1-40) or fAb(1-42), 50 mm phosphate buffer, pH 7.5, 100 mm NaCl, and 0, 0.01, 0.1, 1, 10 and 50 pm
NDGA, Myr, Mor, Qur, Kmp, Cat, or epl-Cat ware incubated at 37°C for 6 h.

Kmp have no chirality and the hydroxyphenyl and benzo-
pyran rings of these molecules are able to be located on the
same plane by the rotation of the hydroxyphenyl ring
(Fig. 7). On the other hand, Cat and epi-Cat have a chirality
and the two rings can not be located on the same plane
(Fig. 7). This difference in the three-dimensional structure of
polyphenols would greatly affect the anti-amyloidogenic and
fibril-destabilizing activity. Secondly, the numbers of hydro-
xyl groups in Myt, Mor, Qur and Kmp are 6, 5, 5 and 4,
respectively (Fig. 7). These numbers would also affect the
activity, i.e. the more hydroxyl groups in the molecule, the
higher the activity. Tomiyama et al. (1994, 1996) suggested
that RIF binds to AP by hydrophobic interactions between its
lipophilic ansa chain and the hydrophobic region of A, thus
blocking assoctations between AP molecules leading to fAp
formation. The anti-amyloidogenic and fibril-destabilizing
activity of TCs, small-molecule anionic sulfonates or
sulfates, melatonin, P-sheet breaker peptides and nicotine
may also be related to the propensity to bind to the specific
sites of AB (Kisilevsky et al. 1995; Soto et al. 1996;
Pappolla et al. 1998; Forloni et al. 2001; Zeng et al.
2001). Interestingly, polyphenols, RIF, melatonin, NDGA
and nicotine bave all been reported to have antioxidant
activity (Goodman et al. 1994; Tomiyama et al. 1996;
Pappolla et al. 1998; Linert ef al. 1999; Bastianctto ef al.
2000; Choi et al. 2001). Thus, it may be reasonable to
consider that polyphenols and other organic compounds with
antioxidant motifs could bind specifically to Af and/or fAB,
inhibit AR formation and/or destabilize pre-formed fAp.
Polyphenols and NDGA did not extend the length of a lag
phase in the formation fAfs from APs (Fig. 1 and Naiki

et al. 1998). Moreover, they did not extend the time to
proceed to equilibrium in the extension reaction (Fig, 2 and
Naiki ef al. 1998). These results are in sharp contrast to those
of apolipoprotein E (apoE), in which apoE extend both the
length of a lag phase and the time to proceed to equilibrium
in a dose-dependent manner (Naiki et al. 1998). Although
apoE was suggested to inhibit the formation of fAPs in vitro,
by making a complex with APs, thus eliminating free Afs
from the reaction mixture (Naiki et al. 1997, 1998), poly-
phenols and NDGA would possibly inhibit the formation of
fAPs by different mechanisms. As shown in Fig. 2(e), the
extension of fAB(1-40) followed a first-order kinetic model
even in the presence of Myr. The net rate of fAR(1-40)
extension is the sum of the rates of polymerization and
depolymerization (Naiki and Nakakuki 1996; Hasegawa
et al. 2002). Thus, one possible explanation for the finding in
Fig. 2(e) may be that Myr could bind to the ends of
extending fAP(1—-40) and increase the rate of depolymeriza-
tion by destabilizing the conformation of AB(1-40) which
has just been incorporated into the fibril ends. Alternat-
ively, Myr would bind to AP{1—40) and consequently
decrease the rate of polymerization. Further studies are
essential to clarify the mechanisms by which polyphenols
inhibit fAB formation in vitro,

Recent epidemiological studies have revealed the exist-
ence of a negative correlation between moderate red wine
drinking and the occurrence of AD (Dartigues and Orgogozo
1993; Dorozynski 1997; Orgogozo et al. 1997; Truelsen
et al. 2002). Our study and several reports on the effects
of polyphenols may well explain this correlation. First,
Bastianetto et al. (2000) showed that major red wine—derived
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Fig. § Cytotoxicity of intact and Myr-treated fAB(1-40). (a) ThT
fluorescence of 10 pm fAP incubated with 10 pm Myr + 0.2% DMSO
{Myr + DMS0), 0 (nons) or 0.2% DMSO (DMSQ) for & h at 37°C was

measured right before adding to HEK 293 cell cultures. (b) Cells were,
treated with a final concentration of 0 (0) or 1 pm (M) Myr-troated (Myr

+ DMSQ), intact (nene) or DMSO-treated {DMSO) fAB1-40 containing
1 pm Myr + 0.02% DMSO, 0 or 0.02% DMSO, respectively, In serum-
free DMEM for 2 h and then lysed. Each column represents means +
S.E. **p < 0.001 (a), *p < 0.02 (b) {paired Student's Hest).

polyphenols, such as Qur, resveratrol, and Cat are capable of
both protecting and rescuing cultured rat hippocampal cells
against nitric oxide-induced toxicity.- These effects are
probably mediated by antioxidant activities and do not
appear to involve purpoerted inhibitory effects on intracellular
enzymes such as cyclo-oxygenase, lipoxygenase, nitric oxide
synthase and, with the exception of Qur, protein kinase C.
Similarly, Choi et al. (2001) reported that the green tea
polyphenol (-)-epigallocatechin gallate attenuates Af-in-
duced neurotoxicity through scavenging reactive oxygen
species in cultured hippocampal neurons. Virgili and Con-
testabile (2000} showed that chronic administration of
resveratrol to young-adult rats significantly protects from
the damage caused by systemic injection of the excitotoxin
kainic acid, in the olfactory cortex and the hippocampus.
Similarly, Inanami ef al. (1998) reported that oral adminis-
tration of Cat dose-dependently protects against ischemia-
reperfusion-induced cell death of hippocampal CA1l in the
gerbil. They also showed that superoxide scavenging
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Fig. 7 Structure of Myr, Mor, Qur, Kmp, Cat, and epi-Cat,

activities of the brains obtained from Cat-treated gerbils
were significantly higher than those of Cat-untreated animals,
suggesting that orally administered Cat was absorbed, passed
through the blood-brain barrier (BBB) and protected against
neuronal death due to its antioxidant activities. Suganuma
et al. (1998) also demonstrated that the green tea polyphenol
(-)-epigallocatechin gallate administered per os could pass
BBB and reach brain parenchyma in mice. It is therefore
conceivable that moderate, daily consumption of red wine
could provide sufficient amount of active phenolic com-
pounds to the brain to offer neuroprotection. Finally, as
shown in this paper, polyphenols dose-dependently inhibit
fAp formation from fresh AP, as well ag destabilize pre-
formed fAP in vitro. Moreover, cell culture experiments with
HEK 293 cells suggested that fAp treated by Myr might be
less toxic than intact fAP. Thus, it may be reasonable to
speculate that red wine-derived polyphenols could prevent
the development of AD, not only through scavenging
reactive oxygen species, but also through directly inhibiting
the deposition of fAf in the brain. Although the exact
mechanisms of anti-amyloidogenic and fibril-destabilizing
activity of polyphenols are unclear, polyphenols could be a
key molecule for the development of therapeutics for AD and
other human amyloidoses.

© 2003 International Society for Neurochemistry, J. Newrochem. (2003) 87, 172-181
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Abstract

Increased expression of N-Myc and expression of the high mobility group protein Ala (HMGA 1a) were observed in the nuclei of SK-N-SH
cells following exposure to hypoxia. These observations were accompanied by the appearance of additional high molecular weight bands,
which were eliminated by pretreatment with alkaline phosphatase. Immunoprecipitation showed phosphorytation of serine, threonine and
tyrosine residues of N-Myc in the nucleus. These results suggest that hypoxia-induced signals in SK-N-SH cells lead to persistent expression
of HMGAa, which may induce expression of the transcription factor N-Myc, and that phosphorylation at serine, threonine and tyrosine
residues of N-Myc occurs at an early stage after stimulation. Such signal consolidation processes could play a role in neuronal survival after

hypoxia in neurons.
© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Hypoxia; HMGA1a; My¢ family members; Phosphorylation; Neuroblastoma

Alzheimer’s disease (AD) is a neurodegenerative disorder
that has several pathological characteristics: severe neuron
loss, glial proliferation, extracellular deposition of senile
plaques composed of beta-amyloid, and deposition of intra-
cellular neurofibrillary tangles [39]. Recently, we discovered
that an alternative splice variant of the presenilin-2 (PS52)
gene that lacks exon 5 (PS2V) is significantly expressed in
the brains of sporadic AD patients, compared with those of
controls [35]. PS2V encodes aberrant proteins that form in-
tracelhular inclusion bodies (PS2V bodies) [20], and these are

Abbreviations: HMGA1a, high molecular group protein Ala; PS, phos-
phoserine; PT, phosphothreonine; PY, phosphotyrosine
* Corresponding author. Present address: Department of Anatonry, Nara
Medical University, 840 Shijyo-cho, Kashihara City, 634-8521 Nara, Japan,
Tel.: +81 744 29 8825; fax: +81 744 29 8825,
E-matl address: manabe@naramed-u.ac.jp (T. Manabe).
! These authors contributed equally to this work.

0304-3940/% - see front matter © 2004 Elsevier Ireland Ltd. All rights reserved,

doi:10.1016/.nenlet.2004.10.039

present in pyramidal cells of the cerebral cortex and the hip-
pocampus in 100% of sporadic AD brains [36]. Furthermore,
cell lines that express P82V become fragile in response to
various endoplasmic reticulum (ER) stresses [35,36], lead-
ing to changes in the conformation of tau proteins [25].

The expression of PS2V observed in sporadic AD is mim-
icked in hypoxia-exposed human neuroblastoma SK-N-SH
cells {35,36]. PS2V is induced by the action of the high mo-
bility group protein Ala (HMGA1la), which directly binds
to specific sequences on PS2 pre-mRNA in SK-N-SH cells
following hypoxic stimulation [19). Furthermore, increased
expression of the HMGAla protein has been observed in
the hippocampus of sporadic AD brains and nuclear extracts
from hypoxia-exposed SK-N-SH cells, compared with those
from controls cells under normoxia [19]. The protein hasbeen
observed to accumulate in nuclear speckles, along with the
endogenous splicing factor SC35 [19].
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Members of the HMGA protein family participate in many
cellular processes, including regulation of inducible gene
transcription, integration of retroviruses into chromosomes,
and metastatic progression of cancer cells [31]. HMGA pro-
teins contain three copies of a conserved DNA-binding pep-
tide motif called the ‘AT-hook’, which preferentially binds to
the AT-rich DNA minor groove and interacts in vivo with a
large number of other proteins, many of which are transcrip-
tion factors. .

A previous study has shown that HMGAla is a direct
c-Myc-targeted gene involved in neoplastic transformation
in Burkitt’s lymphoma [43]. The Myc family proteins, N-
Myc and ¢-Myec, are implicated in the regulation of cell
proliferation, differentiation and apoptosis [5,13,28,29]. Itis
likely that c-Myc expression is differentially activated in var-
ious paradigms of neuronal cell death in vivo and in vitro
[1,23,24], and it has been suggested that N-Myc function de-
pends on cell type and developmental stage, as well as on
the external environment {3,37,41]. On the other hand, previ-
ous reports have demonstrated that N-Myc, c-Myc and phos-
phorylated ¢-Myc are present in the AD brain and in brains
affected by other neurodegenerative diseases [7,8]. Further-
more, more potent expression of c-Myc protein and c-myc
mRNA have been observed in ischemic rodentbrains [23,24],
and previous reports have demonstrated that hypoxia pro-
motes apoptoesis of human neuroblastoma cell lines through
enhanced N-Myc expression [32].

It is known that the functions and DNA-binding ac-
tivities of Myc family proteins are regulated by phos-
phorylation [9-12,14-17,26,27,33,34,40,42]. Furthermore,
Myc function requires heterodimerization of the Myc and
Max basic/helix-loop—helix/leucine . zipper (bHLHZ) do-
mains prior to sequence-specific DNA binding. Myc—-Max
heterodimers recognize a core hexanucleotide element {5'-
CACGTG-3'), termed the Enhancer box or E box [4,30], and
activate franscription at promoters containing such E boxes
[2,6].

The role of Myc family proteins in neurodegenerative dis-
orders is poorly understood. In this manuscript, we propose
a hypothesis involving a novel neurotoxic pathway that in-
cludes expression and phosphorylation of N-Myc by hypoxic
tnduction of HMGA1a, leading to neuronal cell death via in-
duction of PS2V expression.

In brief, human neuroblastoma SK-N-SH and human
HEK293T cells were cultured in a-minimal essential and
Dulbecco’s modified Eagle’s medium supplemented with fe-
tal calf serum, respectively. When cells achieved confluence
in 175cm?® culture plate, the medium was exchanged with
serum-free medium. After 4 h, cultures were exposed to hy-
poxia for 0-21 h using an incubator equipped with low oxy-
gen tension (8 Torr within 3-5h after cultures were trans-
ferred to the hypoxia chamber),

The nuclear fraction was prepared as previously described
[38] with minor modifications [18,44,45). In brief, samples
were homogenized in 50 volumes of 10 mM HEPES-NaOH
buffer (pH 7.9) containing 10mM KCl, 1 mM EDTA, 1 mM

SK-N-SH
Nuclear fractions

Hypoxia (hr}
0051 2 46 812161

TR

o+ c-Myc

e o g e - | N-MYe

© 7 - -|+HMGA1a

Fig. 1. Effects of hypoxia stimulation on expression of Myc family pro-
teins in human neuroblastoma SK-N-SH cells. Nuclear fractions from SK-
N-SH cells were prepared after 0-21 h hypoxia stimulation, followed by im-
muncblotting assay using anti-c-Mye (top), anti-N-Myc {middle) and anti-
HMGAla (bottem) antibodies.

EGTA, 5mM dithiothreitol, 10mM NaF, 10mM sodium
B-glycerophosphate (NaGP), 10 mM sodium pyrophosphate
1 mM sodium orthovanadate (OV), and 1 pg/ml of PMSF at
2°C. Following the addition of 10% Nonidet P-40 to make a
final concentration of 0.6%, homogenates were centrifuged
at 15,000 x g for 5 min to obtain nuclear fractions. Pellets
thus obtained were suspended in 5-10 volumes of 20 mM
Tris~-HC] buffer (pH 7.5) containing 1mM EDTA, 1 mM
EGTA, 10 mM NaF, 10 mM NaGP, 10 mM sodium pyrophos-
phate 1 mM OV and 1 pg/m! of PMSF. Immunoblotting was
performed as previously described [21,22].

Nuclear fractions from SK-N-SH cells were obtained af-
ter hypoxic stimulation for 0-21 h. These fractions were then
subjected to SDS-PAGE and immunoblotting analysis. No
significant increase in immunoreactivity was found using
an antibody against c-Myc protein (see the corresponding
molecular weight position indicated by the black arrow in
Fig. 3a and the upper panel of Fig. 1), but PS2V was in-
duced under hypoxic conditions (Fig. 3b) [19,35,36]. On the
other hand, exposure to hypoxia for 6 h significantly potenti-
ated N-Myc expression in SK-N-SH cells, with about a 1.5-
fold potentiation 8—16h after exposure to hypoxia {(Fig. 3a
and the middle panel of Fig. 1b). This potentiation persisted
for at least 21 h, after which no further measurements were
made (Fig. 3a and the middle panel of Fig. 1b). In contrast,
hypoxia did not significantly potentiate HMGAla expression
in SK-N-SH cells following 8 h or less of hypexic stimulation
(Fig. 3aand the middle panel of Fig, 1¢). However, increased
hypoxic exposure for 8—21h did lead to stimulation-time de-
pendent expression of HMGAla in the nuclei of SK-N-SH
cells, as observed for N-Myc induction (Fig. 3a and the mid-
dle panel of Fig. 1c).

Exposure to hypoxia for 0.5-21 h, under which conditions
PS2V expression was not induced, did not significantly alter
N-Myc expression in HEK-293T cells (Fig. 3aand the middle
panel of Fig. 2). In contrast, hypoxia significantly potentiated
c-Myc expression in HEK-293T cells following 1-12h of
hypoxic stimulation, with a decline to control levels thereafter
(Fig. 3a and the upper panel of Fig. 2). On the other hand,
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Fig. 2. Effects of hypoxia stimulation on expression of Myc family proteins
in HEK-293T cells. Nuclear fractions from HEK-293T cells were prepared
after 0-21 h hypoxia stimulation, followed by immunoblotting assay using
anti-c-Mye (top), anti-N-Myc (middle) or anti-HMGA1a (bottom) antibod-
1E5.

no significant hypoxia-induced expression of HMGAla was
seen in the nuclear fraction from HEK-293T cells (Fig. 3a
and the lower panel of Fig. 2). Hence, the hypoxia-induced
expression patterns of these proteins differed between SK-N-
SH cells and HEK-293T cells (Fig. 3a).

As shown in Fig. 1, hypoxia in SK-N-SH cells potenti-
ated not only N-Myc expression but also additional bands
of a higher molecular weight than normal N-Myc (Fig. 4a).
Therefore, we investigated whether the high mobility bands
produced by hypoxia were due to phosphorylation of the N-
Myc protein. Pretreatment with alkaline phosphatase (AP)
eliminated the high mobility bands in the nuclear fraction
from hypoxia-exposed SK-N-SH cells (Fig. 4b, highest ar-
row), presumably due to dephosphorylation, and resulted in
a large increase in the immunoreactivity of the lowest molec-
ular weight band (Fig. 4b, lowest arrow). Then, the binding
activity of N-Myc to its target region in HMGA 1a promoter
was analyzed by gel retardation shift asaay using the nu-
clear extracts from normoxia (lane 1), hypoxia (8h, lane 2)
and hypoxia (8 h) + pretreatment with AP (lane 3) (Fig. 4c).
The increased binding activity by hypoxia (lane 2) was dis-
appeared in the AP-pretreated nucrear extracts (Fig. 4c, lane
3). Therefore, these results suggest that the reinforced N-Myc
expression and phosphorylation by hypoxia lead to activation
of HMGA 1a transcription. Given these results, nuclear frac-
tions were prepared from SK-N-SH cells after § h of hypoxic
stimulation, followed by immunoprecipitation with the anti-
N-Myc antibody, SDS—PAGE and immuncblotting using an-

Quantitive Data (n=4)

c-Myc N-Myc - . HMGA1a Merged
160 ¢-Myc N-Myc HMGATa
,-,% 140
4
? i 120
gH
§ 100 ““M
S K
e 160 ¢-Myc N-Myc HMGAta
o 140
b4
Y20
100 boaddalied u'Ll—ul“l

Qo512 A 68121621 D0512 4 8812182

00612 4 88121821J00512 4 8812101

Time after hypoxia stimuli {hr)

PS2V MRNA
20 l
g ‘-
B 180 -
< .
3 /
G 140 !
® -/

0 06 1

6 B 12 18 21

Time after hypioxia stimuti ¢hr)

Fig. 3. (a) Quantitative data of Figs. 1 and 2. Data are mean= S.E. (n=3). c-Myc, N-Myc, HMGA1a and all-merged data of Fig. 1 (upper) and Fig. 2 (lower)
were shown, (b) Effects of hypoxia stimulation cn expression of PS2V mRNA in SK-N-SH cells. Total RNA from SK-N-SH cells were prepared after 0-21h
hypoxia stimulation, followed by RT-PCR assay as described previously [18,36}. Quantitative data was shown. Data are mean - 8.E. (n=3).
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Fig. 4. Effects of alkaline phosphatase on appearance of immuncreactive N-Myc proteins by hypoxia in nuclear fractions from SK-N-SH cells, (a) Individual
quantitative data of three different bands in N-Myc were shown. Data are mean £ S.E. (n=3). (b) SK-N-SH cells were stimulated for 8h under hypoxia,
followed by preparation of nuclear fractions. Samples were treated with or without alkaline phosphatase and a subsequent immunoblotting assay using an
anti-N-Myc antibody. (c) Effects of alkaline phosphatase (AP) treatment on N-Myc binding with the E-box of HMGA 1a promoter in each nuclear extract, Cells
were incubated under the normoxic or hypoxic condition for 8, followed by collection and preparation of nucrear extracts. AP-treated or untreated samples
were subjected to gel retardation electrophoresis and subsequently autoradiography.

tibodies against phosphotyrosine (PY, Fig. 5a), phosphothre-
onine (PT, Fig. 5b) and phosphoserine (PS, Fig. 5¢) to detect
possible phosphorylation of N-My¢, Three immunoreactive
bands against anti-PS antibody were detected in immuno-
precipitates that co-precipitated with anti-N-Myc antibody

LR : N-Myce

marker a b
N-Myc 1.B.:PY L.B.:.PT
Hypo. Norm. Hypo. Norm. Hypo.
B poit . ptar )

| :
| et E
— )

Fig. 5. Effects of hypoxia on phosphorylation of immunoreactive N-Myc
protein in nuclear fractions of SK-N-SH cells. Samples were immunopre-
cipitated with an anti-N-Myc antibody following an immunoblotting assay
using anti-phosphotyrosine (a; PY), anti-phosphothreonine (b; PT) or anti-
phosphoserine (c; PS) antibodies.

(Fig. 5c,leftpanel) after hypexic stimulation for § h(Fig. 5¢).
Strong immunoreactivity to antibodies against PY (Fig. 5a)
and PT (Fig. 5b) was also observed in immunoprecipitates
obtained after hypoxic stimulation for 8 h.

The primary importance of the present findings is that hy-
poxic stimulation Ied to differential expression of particular
Myc family proteins in nuclear fractions of cell lines, and
that this expression occurred in 2 manner dependent on the
hypoxia exposure time. Our previous data showed that expo-
sure to hypoxia for 10-18 h does not induce any significant
changes in the expression of HMGAIla protein, HMGAla
mRNA, and PS2V mRNA in non-neuronal cell lines, includ-
ing HEK293T and HeLa cells, compared with normoxia[19].
The findings in the present study clearly demonstrate that ex-
posure to 0.5-21h of hypoxia does not induce N-My¢ and
HMGAIla expression in nuclear fractions from 293T cells
(Fig. 2, lower and middle panels). However, transient induc-
tion of c-Myc was observed in nuclear fractions from 293T
cells (Fig. 2, upper panel). These data suggest that HMGAla
induction by hypoxia does not depend on c-Myc expression,
although it has been shown that the HMGA 1a gene is directly
targeted by c-Myc under other conditions [43].
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There are two possible explanations for this inconsistency.
One involves participation of the N-Myc protein. Considering
that hypoxic stimulation of SK-N-SH cells was performed
under PS2V-inducible conditions (Fig. 3b) [19,35,36] (i.e.,
HMGAI1a-inducible conditions [19]), the expression of N-
Myc and HMGA 1a proteins is in good temporal agreement.
That is, the appearance of HMGAla and PS2V may follow
that of N-Myc and HMGA 1a, respectively (Fig. 2, lower and
middle panels; Fig. 3a, lower and middle panels; Fig. 3b). A
second possibility is that under hypoxic conditions there may
be differences in the expression and phosphorylation state of
Max, which forms a heterodimer with Myc, as well as dif-
ferences in the phosphorylation state of Myc itself. Both N-
My¢ and ¢-Myc form a heterodimer with Max, and this com-
plex can bind to the E-box [2,4,6,30], and regulate HMGA1la
{43]. Moreover, many phosphorylation sites on these pro-
teins are known, and these functions are intricately regulated
by phosphorylation [9-12,14-17,26,27,33,34,40,42]. It isun-
clear which functions are required under hypoxia, but precise
functional regulation through expression and/or phosphory-
lation of Max and the level of post-translational modification
of Myc family members may lead to PS2V expression in neu-
roblastoma cell lines such as SK-N-SH cells, butnotin 293T
and HelLa cells. We note that hypoxia stimulation of SK-N-
SH cells led to changes in the phosphorylation of N-Myec,
which strongly supports this hypothesis.

As mentioned above, there is accumnulating evidence that
phosphorylation of the N-Myc protein at serine and/or thre-

onine residues indeed occurs in response to a variety of in-

tracellular signals [10,17]. Furthermore, phosphorylation of
the N-Myc protein at Ser-51 by MAP kinase is required for
the transcriptional repression activity of the protein [17].
However, the present immunoprecipitation analysis clearly
demonstrated phosphorylation of the N-Myc protein at ty-
rosine residues after 8 h of hypozxia (Fig. 5a). Although the
exact molecular mechanism and functional significance are
not yet clear, this is the first direct demonstration of phospho-
rylation of tyrosine residues of N-Myc in nuclear fractions,
in response to a particular extracellular signal. N-Myc is a
456-amino acid protein that contains five tyrosine residues
at positions 21, 28, 324, 330 and 421. Serine and threonine
phosphorylation in N-Myc is more likely than tyrosine phos-
phorylation in the initial response to hypoxia. However, phos-
phorylation of tyrosines, as well as of serines and threonines,
could play a crucial role underlying subsequent consolidation
of extracellular signals due to hypoxia, through modulation
of the transcriptional activity of the Myc/Max complex in
neuroblastoma cell lines. However, phosphorylation of Myc
family members other than N-Myc was not confirmed in the
present study.

In conclusion, our results suggest that differences in ex-
pression and in the phosphorylation state of Myc proteins
occur in response to a hypoxic stimulus, and that these in
part cause induction of HMGA la and subsequent generation
of PS2V, which in turn has aberrant effects on the nervous
system.
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Abstract

Oxidative stress is a major risk factor for Alzheimer's disease
(AD} and other neurcdegenerative disorders, Metals are
known to be one of the factors that contribute to oxidative
stress. Recently, we reported that the aberrant splicing iso-
form (PS2V) generated by skipping exon5 of the presenilin-2
(PS2) gene is a diagnostic feature of sporadic AD (SAD).

P52V is inducible by exposure of human neuroblastoma to

hypoxia. We examined whether this aberrant splicing was
caused by metal-induced oxidative stress, such as exposure
to aluminum. As a result, we demonstrated that exposure to
aluminum accelerated PS2V production induced by hypoxia.
This acceleration of the production of PS2V to hypoxia was
caused by chronic aluminum exposure, but was not related to
the intracellular content of aluminum. HMGA1a is a mediator

of PS2V preduction, and it was induced by aluminum as well
as by hypoxia. Induction of HMGATa was increased by
chronic expesure to aluminum, and a nuclear extract con-
taining HMGA1a bound to a specific sequence on exons of
P82 pre-mRNA, as reported previously. Finally, the acceler-
ation of PS2V production Induced by atuminum under hypoxic
conditions reflected, but has not yet been directly shown to
cause, vulnerability to endoplasmic reticulum stress. These
results suggest that exposure to some metals can accelerate
and enhance PS2V generation, and that hypoxia plus chronic
exposure to metals may promote the development of AD.
Keywords: Alzheimer's disease, HMGA1a, hypoxia, metal,
presenilin 2, splicing.

J. Neurochem. (2004) 88, 1345-1351.

Alzheimer’s disease (AD) is a neurodegenerative disorder
that is clinically characterized by progressive loss of memory
and other cognitive abilities, and pathologically features
severe neuronal loss, glial proliferation, extracellular senile
plaques composed of amyloid-p protein (AB), and intraneur-
onal neurofibrillary tangles (reviewed in Selkoe 1994). In
early onset forms of AD, some of these changes are caused
by abnormalities of the amyloid precursor protein (APF)
gene located on chromosome 21 as well as presenilin genes 1
and 2 located on chromosomes 14 and 1, respectively (Goate
et al, 1991; Rogaev et al, 1995), Despite extensive research,
however, little is known about the mechanisms that underlie
sporadic AD, which accounts for over 90% of all cases of
this disease.

Recently, we reported the preferential expression of a
characteristic splicing variant of the PS2 gene that lacks exon 5
(an isoform termed PS2V) in sporadic AD brains, which was

not caused by a mutation of the gene but possibly by a frans-
acting factor (Sato ef al. 1999). We showed that PS2V protein
impaired the signaling pathway of the unfolded protein
response (UPR), in a manner similar to familial AD-linked
PS1 mutant proteins, and caused a significant increase in the
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production of Af protein (Katayama et al. 1999, Sato et al.
1999). Interestingly, PS2V-encoded aberrant proteins were
observed in vulnerable pyramidal cells of the hippocampal
CA1 region as well as in cells of the cerebral cortex in sporadic
AD brains (Sato et al. 2001; Manabe et al. 2002). Further-
more, we found that PS2V could be induced in human
neuroblastoma SK-N-SH cells by exposure to hypoxia and
purified the responsible trans-acting factor based on its
binding to an exon 5 fragment. As a result, high mobility
group Ala protein (HMGAla; formerly known as HMG-I)
was identified as the factor (Manabe et al. 2003). The
expression of HMGA 1a was induced by hypoxia and subse-
quently led to the generation of PS2V (Manabe e al. 2003). In
addition, the finding that antioxidants inhibited generation of
the hypoxia-induced splice variant suggests that even at a low
oxygen tension (8 Torr){Sato et al. 1999), oxidative stress and
the production of reactive oxygen species (ROS) may occur
and with various deleterious effects (Borgern and Essig 1998).
Indeed, recent studies have suggested that enhanced cellular
oxidative stress may contribute to the progressive neurode-
generation that is observed in AD.

Metals play a major catalytic role in the production of free
radicals, and attention has been paid to the role of various
metals in AD, including iron, aluminum, copper, and zinc
(Bush 2003). Iron is involved in the formation of free
radicals, which have well-known deleterious effects, via the
classical Fenton and Haber—Weiss reactions. Many obser-
vations have yielded evidence that iron metabolism is
involved in AD (Loeffler ef al. 1995; Kennard et al. 1996;
Markesbery 1997; Smith etal. 1997). For example, the
concentration of iron is elevated in the brains of AD patients,
while iron, transferrin, and ferritin have all been found in
senile plaque (Lociiler er al. 1995; Markesbery 1997). It was
reported that copper can act as a catalyst in the production of
ROS and it has been shown that the APP molecule contains a
copper-binding site (Multhaup et al. 1996, 1998; Multhaup
1997; White et al. 2001). Moreover, copper is essential for
the activity of enzymes, including cytochrome-c oxidase and
Cu/Zn superoxide dismutase (Curtain et al. 2001; Linder and
Hazegh-Azam 1996). Aluminum is thought to have a weaker
effect on the formation of free radicals, but it has also been
suggested as one of the causative factors involved in the
onset of AD (Crapper et al. 1980; Pratico et al. 2002).

Here, we investigated whether aberrant splicing (produc-
tion of PS2V protein} was caused by metal-induced oxidative
stress, especially by exposure to aluminum at low concen-
trations that did not have a neurotoxic effect.

Materials and methods

Cell culture
Human neuroblastoma SK-N-SK cells were maintained in o-MEM
supplemented with 10% heat-inactivated fetal bovine serum

(Sigma, St Louis, MO, USA), &s described previously (Manabe
et al. 2003).

Preparation of aluminum maltolate

Aluminum maltolate (Al-maltol) was prepared from alumintm
potassium sulfate dodecahydrate (Sigma-Aldrich/Katayama Chem-
ical. Inc., Osaka, Japan) and maltol (3-hydroxy-2-methyl-4-
pyron)(Sigma-Aldrich/Katayama Chemical. Inc., Osaka, Japan), as
described previously (Finnegan et al. 1986).

Exposure to Al-maltol and hypoxia

Culture of cells and exposure to hypoxia were performed as
described previously (Manabe et al. 2003). For short-term exposure
to Al-maltol, SK-N-SH cells were treated with 2.5-250 um Al-maltol
for 21 h. For chronic exposure, cells were treated with 2.5 or 25 pm
Al-maltol for 3 months. As a control, cells were exposed to maltol
alone and untreated control cells were also prepared.

Aluminum quantitation :

Cell pellets were freeze-dried, and then atomic absorbance spectr-
ometry was used fo measure the aluminum content (Meshitsuka and
Inoue 1998; Meshitsuka et al. 1999)

Preparation of total RNA and RT-PCR

Preparation of total RNA from neuroblastoma SK-N-SH cells and
RT-PCR were performed as described previously (Sato et al. 1999)
with minor modifications. Reverse transcription was camed out
using Moloney murine leukemia virus (M-MLV) reverse transcrip-
tase (Promega, Madison, WI, USA). The PCR conditions were
described previously (Sato ef al. 1999). Experiments were repeated
at least four times using separate cell cultures and consistent results
were obtained in all cases.

Preparation of nuclear extracts and nuclear fraction
Nuclear extracts and nuclear fractions were prepared from cultured
cell lines as desctibed elsewhete (Schreiber ef af. 1989) with minor
modifications (Yoneda ef al. 1999; Manabe ef al. 2000).

Preparation of RNA probes

RNA probes [including the no.5 probe (41nt)] were prepared by
in vitro transcription with DNA template constructs {Manabe et al.
2003} in pcDNA3 vectors (Invitrogen, Carlsbad, CA, USA), as
described previously (Manabe et al. 2003). In brief, the template
plasmid (linearized with EcoRI) was incubated for 1 hat 37°Cina
franscription reaction mixture (20 uL) centaining 0.5 mm ATP,
0.5 mm CTP, 0.5 mm GTP, 0.25 mm UTP, [F*SJUTP«S, 40 units of
RNase inhibitor (TOYOBO, Tokyo, Japan), and 20 units of T7 RNA
polymerase with the reaction buffer provided by the manufacturer
(Promega).

UV cross-linking assays

The UV cross-linking assay was also described previously {Manabe
et al. 2003). Briefly, an aliquot of nuclear extract (estimated protein
content: 5 ug) was incubated for 30 min at 25°C in 25 pL of
incubation buffer [12 mmM HEPES-NaOH (pH 7.9), 60 mm KCl,
4 mm MgCly, | mm EDTA, 1 mv EGTA, 1 mm dithiothreitol, 10%
glycerol, and | mm phenylmethylsulfonyl fluoride] with 10 pg of
tRNA and a ¥*S-labeled RNA probe (1 pg). This reaction mixture
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was irradiated with UV light (254 nm, 60 W) for 15 min at room
temperature. Free probes were digested at 25°C for 30 min with
10 pg of RNase A, followed by the addition of a four-fold volume of
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) sample dye mixture [10 mm Tris-HCl (pH 6.8), 10%
glycerol, 2% SDS, 0.01% bromophenol blue and 5% 2-mercapto-
ethanol]. After separation by SDS-PAGE on 15% polyacrylamide
gel, the gel was fixed, dried, and analyzed with a Bio Imaging
Analyzer {BAS-5000; Fujifilm Medical Systems), Each experiment
was repeated at least three times using separate cell cultures and
consistent results were obtained in all cases.

Immunoblotting assay

Immunoblotting was performed as described previously (Manabe
et al. 200la, 2001b) with minor modifications. Anti-HMGA!
HMG-I(Y) (N-19)] goat polyclonal antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA) for this assay.

Cell death assay

To estimate the vulnerability of cells, cell death was assessed on the
basis of morphological changes observed by phase contrast
microscopy or nuclear changes detected by fluorescence microscopy
after costaining the cells with 10 pv Hoechst 33342 and 10 pm
propidium iodide, That is, nuclear fragmentation was detected by
Hoechst-positive staining and nuclear membrane collapse was
detected by propidium iodide-positive staining. We determined
dead cells by the above double positive. The staining was measured
independently in 10 fields and at least 500 cells were counted, and
the data was expressed as the mean + SEM for three independent

experiments. The percentage (%) of dead cells was calculated after -

each treatment relative to control cultures.

Results

Transient exposure to varicus metals

First, we examined the production of PS2V when SK-N-SH
neuroblastoma cells were exposed to various metals. PS2V
was produced after exposure of the cells to FeCl,, FeCls,
ZnCl,, CuCl, CuSOy, AICl;, and Al-maltol (Fig. 1a).
However, the level of PS2V production was not consistent
between experiments using a given concentration of metal,
except in the case of aluminum, since addition of AICl; and
Al-maltol resulted in the reproducible production of PS2V
(Fig. la}). Accordingly, we performed the following experi-
ments using Al-maltol as the test metal.

As shown in Fig. 1, expression of PS2V was increased
by about 12-fold after exposure to hypoxia for 24 h
(Fig. 1b, control), consistent with our previous report.
Exposure to Al-maltol at a concentration of 25 or 250 pm
also caused the production of PS2V without any exposure
to hypoxia. Furthermore, exposure to Al-maltol promoted
the production of PS2V at 12 h after hypoxia even when
PS2V was not induced by hypoxia alone (Fig. 1b, squares).
Although the promotion of PS2V production was also seen
at 24 h after hypoxia followed by exposure to Al-maltol at a

Acceleration of production of PS2V 1347

(a)
Hypoxia Aluminum
0 Zi(hr) : 0 25 25_0 0 25 250 (uM)
o - P52 _ L «= PS2
- PS2V R B o P32V
Copper
0 5§ 10 25 0 5§ 10 25 (uM)
r hoee 4 = PS2
BT - PS2V
‘ Iron
0.5 10 25 g § 10 25 (uM)
[ ! - P52
s - PS2V
{b) 2800
3'5_-’ 2000
5 4 0uM Al-maltol
ﬁ e M Al-maltol
B __ 1000 W 251
£ w0 A 2501M Al-maltol
"0
&g o

Qoé‘o Hypoxia (hr}
Fig. 1 Effect of metals on the expression of PS2Vin SK-N-SH cells. (a)
RT-PCR-amplified products were separated on a polyacrylamide gel
and visualized by ethidium bromide staining. Arrows indicate the
positions of the normal PS2 transcript and the aberrant PS2V tran-
script. Total RNA was extracted from the cells exposed to indicated
metals (Al-mal, aluminum; CuCly, copper; FeCls, Iron) or hypoxia-
exposed cells, Each column shows the independent experimental data.
(b) Effect of short-term incubation with Al-maltol on hypoxia-induced
expression of PS2V. Cells were incubated without Al-maltol (rhom-
boids) or with 25 pm (W) or 250 pm (A) Al-maltol for 24 h, followed by
hypoxic stimulation. The cells were harvested at 0—24 h atter hypoxic
stimufation and total RNA was prepared for RT-PCR of PS2V. Quan-
titative data were obtained by densitometry of the band corresponding
to the molacular weight of PS2V (shown as a percentage of control).

concentration of 25 pM, Al-maltol at a concentration of
250 pm caused a decrease to control levels of PS2V
thereafter (Fig. 1b).

Chronic exposure to a low concentration of Al-malto}

Next, we examined the effect of chronic exposure te a low
concentration of Al-maltol on the hypoxia-induced expres-
sion of PS2V in SK-N-SH cells. As shown in Fig. 2, there
was no significant expression of PS2V when SK-N-SH
cells were exposed to 2.5 pM or 25 pm Al-maltel for
3 months under normoxic conditions (Fig. 2, normoxia).
On the other hand, hypoxia of 0.5 h or more caused a
significant increase of PS2V expression in SK-N-SH cells
exposed to 2.5 pm or 25 pu Al-maltol for 3 months. This
potentiation by hypoxia was maximal over a period of 4 h
and persisted for at least 8 h (Fig. 2). However, aluminum
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