Meyerowitz et al. Molecular Neurodegeneration 2011, 6:57 Page 8 of 22
http://www.molecularneurodegeneration.com/content/6/1/57 '

TDP-43—>

TDP-43
35kDa

TDP-43—

TDP-43__.
35kDa -

" GAPDH—

Figure 4 Paraquat treatment induces up-regulation of a caspase-dependent TDP-43 fragme! Y cells were tr ated overnight with
1 mM paraquat, T mM arginine, 100 pM SIN-1 (A), or 1 mM paraquat, 2 mM ’MPP#,_0.0ZS mM rote ‘and TDP-43 exbression was ’
determined by immunoblot. C: Cells were treated overnight with 1 mM paraquat with and without 50 uM Z-VAD-fmk (caspase inhibitor) and
TDP-43 expression was determined by immunoblot. Middle panels represent a longer exposure o visualize the 35 kDa band. D-I: Cells were
treated overnight with paraquat in the absence (F-G) and- presence (H-l) of Z-VAD-fmk and. examined for TDP-43-positive SGs. Green = TDP-43,
Blue = DAPI. Arrows indicate TDP-43-positive SGs < um. Arrowheads indicate TDP-43-positive SGs = 1 ym..Bar = 10 ym. Representative images
from two-three separate experiments. ) E
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‘three separate exper:ments performed in duplicate or triplicate.

Figure 5 Treatment of SH-SY5Y cells with different mitochondrial inhibitors did not induce TDP-43 aggregation. Cells were treated with
vehicle control (A-C), 0.075. mM rotenone (D-F), 1 mM 3-NP (G-), 2 mM MPP+ (J-1), 5 mM sodium azide (M-0) or 1 mM paraquat (P-R). Cells
were analyzed for TDP-43 locallzatlon by immunofluorescence. Green = TDP-43, blue = DAPI.C, F, |, L, O and R represent merged images of

adjacent TDP-43 and DAPI panels to the left. Arrows indicate TDP-43 SGs in paraquat-treated cells Bar =

10 um. Representative images from

TDP-43-positive SGs, with little effect on the presence
of HuR—positive SGs (Figure 6B and 6C-R). This was
paralleled by inhibition of JNK phosphorylation (Addi-
tional File 4K). The numbers of SGs per cell was used
as a more consistent indicator than total number of
cells containing SGys However, in paraquat-treated cul-
tures, the number of cells containing one or more TDP-
43-positive SGs was 18 + 8% of all cells. Co-treatment
with SP600125 and paraquat reduced this to 0.22 *
0.06% of cells (P < 0.01). No cells contamlng SGs were
observed in control cultures:

As SP600125 is not entirely specific for JNK, we also
tested the effect of BI-78D3, a specific JNK inhibitor
on TDP-43 SG formation [40] and found that this
induced the same effect as SP600125 (data not shown).
This was further supported by the fact that inhibition
of another SP600125 target kinase, casein kinase 1
(CK1) with a CK1 inhibitor (D4476), had no effect on
TDP-43 or HuR SG formation (Figure 6B). Additional
confirmation of the specific role for JNK in TDP-43
accumulation in stress granules was obtained through
JNK knockdown. Treatment with combined siRNA
against JNK1 and JNK2 significantly reduced JNK
expression (Additional File 5A). Subsequent treatment

- with paraquat resulted in almost no TDP-43-positive
stress granules while still inducing HuR-positive stress
granules (Additional File 5B-M).

In contrast, inhibition of ERK with PD98059 had a
substantial inhibitory effect on both TDP-43 and HuR-
positive SG formation (Figure 6B and Figure 7I-L com-
pared to A-D). In paraquat-treated cultures, 27.4 + 7%
of cells contained HuR-positive SGs (no HuR-positive
SGs were observed in control cultures). This was
reduced to 1.5 + 0.3% after treatment with PD98059 (P
< 0.01). A parallel decrease in the number of cells con-
taining TDP-43-positive SGs was observed (reduced
from 18 + 8% to 0.99 + 0.2% of cells, P < 0.01). These
effects were also confirmed using the additional ERK
inhibitor, U0126 and Raf inhibitor, GW5074 (data not
shown). A somewhat weaker effect was observed on
TDP-43 and HuR SG formation by SB203580, an inhibi-

" tor of p38 (Figure 6B and Figure 7M-P compared to A-

D). $B203580 reduced the number of cells containing
HuR-positive SGs from 27.4 + 7% to 12.9 £ 1.7% (P <
0.01) and cells containing TDP-43-positive SGs from 18
+8to 7.2+ 2.1% (P < 0.01). Although ERK was acti-
vated earlier than p38 by paraquat, the inhibition of
HuR and TDP-43-positive SGs by inhibitors of both
kinases is consistent with our observations that SGs
were not detected until after 8 hr of paraquat exposure
(data not shown). This suggests that different kinases
may have a role in SG formation over the prolonged
exposure to paraquat with JNK controlling TDP-43
association and ERK and p38 affecting TDP-43 and
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Figure 6 Treatment of SH-SY5Y cells with paraquat induces JNK-dependent accumulation of TDP-43 into SGs. Cells were treated with 1
mM paraquat overnight. Where indicated, cells were co-treated with 10 pM SP600125 (JNK inhibitor), PD98059 (ERK inhibitor), $B203580 (p38
inhibitor) or D4476 (CK1 inhibitor). Cells were examined for phosphorylation of kinases by immunoblot and accumulation of TDP-43 and HuR by
immunofluorescence. A: Cells were treated with paraquat and examined after overnight incubation for activation of JNK, p38 and ERK. In
addition, cells were incubated with paraquat a»nd‘ examined at different time points from 0-480 min (8 hr) for ERK and JNK activation. Lower
panels for each image indicate that total kinase expression is unchanged, upper panels indicate changes to phorphorylated forms. B: Cells were
treated with paraquat in the presence or absence of kinase inhibitors and the number of TDP-43 and HuR SGs was determined. *p < 0.05, **p <
001. n = minimum of 500 cells counted across multiple coverslips and separate experiments for each inhibitor. C-F: Untreated, G-J: Paraquat
treated, K-N: Paraquat + SP600125 showing loss of TDP-43 but not HuR SGs, O-R: Paraquat + SP600125 showing loss of TDP-43 SGs but not
diffuse cytosolic TDOP-43. Green = TDP-43, red = HuR, blue = DAP!. Bottom panels indicate merged images of TDP-43 and HuR panels above.

Arrows indicate SGs, arrowheads indicate diffuse TDP-43. Bar = 10 um. Representative images from two-four separate experiments performed in
duplicate or triplicate.
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Figure 7 Treatment of SH-SYSY cells ‘with paraquat mduces ERK and p- 38 dependent accumulatlon of TDP 43 and HuR-positive SGs.
Cells were treated ovemlght with 1'mM paraquat in the absence or presence of 10 pM PD98059 (ERK inhibitor), SB203580- (p38 inhibitor) or

SP600125 (JNK inhibitor) and immunoflucrescence analysis of TDP-43 and HUR was pen‘ormed A-D: Untreated control, E-H: paraquat-treated, I-
L: paraquat and PD98059, M-P: paraquat and 5B203580, Q-T: paraquat and SB600125. Green = TDP-43, fed = HUR, blue = DAPI. Arrows indicate
SGs. Bottom panel indicates merged-images from TDP-43 and HuR panels above. Bar =

10 um. Representative tmages from three separate

expenments performed in duplicate or triplicate.

additional SG protein accumulation. This is the first
report of JNK and additional kinases controlling TDP-
43 localization to SGs. The fact that inhibition of JNK
resulted in almost complete abrogation of TDP-43-posi-
tive SGs with little effect on HuR localization to SGs
indicated that JNK is potentially a key controller of
TDP-43 (and possibly other hnRNP) association with
SGs rather than simply mediating SG formation per se.
As the majority of studies on SGs involve acute (0.5 -
1 hr) treatment with toxic doses of stress inducers such
as arsenite, heat shock or osmotic stress, we examined
whether a short-term treatment with paraquat induced
JNK-controlled TDP-43 SG formation. Interestingly
treatment of cells for 1 hr with up to 5 mM paraquat
had no effect on HuR or TDP-43 (data not shown),
demonstrating that paraquat-mediated SG formation is
a longer term process requiring prolonged incubation

282

for TDP-43 to localize to SGs. The data are more con-
sistent with a role for paraquat in prolonged oxidative
stress than impairment of mitochondrial function and
suggest that paraquat or other chronic inducers of TDP-
43 SG formation may provide useful models to mimic
the slow progression of disease-associated changes in
ALS or FTD.

JNK controls TDP-43 SG association in different cell-types
To determine if the effect of JNK inhibition on TDP-43

~ localization with SGs in SH-SY5Y cells was specific for

this cell-type, we compared this to additional cell-lines
treated with paraquat. Treatment of HeLa cells and
U87MG glial cells overnight with 1 mM paraquat
resulted in TDP-43-positive SGs (Additional File 6).
Extensive numbers of TDP-43 SGs were observed in
HeLa cells (~28% of cells) while SG positive cells in
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U87MG cultures were rare (~2% of cells) (Additional
File 6). No paraquat-induced SGs were observed in
HEK293 or human fibroblasts (GSM2069) (not shown).
Co-treatment of HeLa cultures with paraquat and
SP600125, dramatically reduced formation of TDP-43-
postive SGs, with only a limited effect on the presence
of HuR-positive SGs analogous to SP600125 treatment
of SH-SY5Y cells (data not shown). These findings
demonstrate that paraquat induces TDP-43-positive SGs
in different:cell-types'and JNK-mediated control of

TDP-43 with SGs is not specific for one cell line but

appears to be a consistent feature of chronic stress-
induced SG formation.

INK partially controls TDP-43 association with SGs in
arsenite stress ‘

We examined whether inhibition of JNK also affected
localization of TDP-43 in cells exposed to sodium
arsenite, the most commonly used SG inducer. Sodium
arsenite is also known to induce JNK activation [41].
Initially, we compared the effect of sodium arsenite on
TDP-43 in SH-SY5Y cells at a concentration that
induced the same level of toxicity as paraquat did over-

night. 50 pM sodium arsenite overnight induced 58%

cell viability (compared to 57% cell viability in cells trea-
ted with 2 mM paraquat overnight, Additional File 1B).
However, this level of toxicity with sodium arsenite did
not cause cytosolic TDP-43 SGs. We also examined
short term treatment of cells with sodium arsenite (0.5

mM sodium arsenite for 1 hr) and while this induced
robust HuR SGs, few cells revealed TDP-43 co-localiza- .

tion. Given the lack of TDP-43 SGs in the sodium
arsenite-treated SH-SY5Y cells, we treated HelLa cells
with sodium arsenite (0.5 mM 1 hr). This treatment
induced widespread TDP-43 and HuR-positive SGs (Fig-
ure 8D-F). To determine if JNK activity was responsible
for TDP-43 accumulation in sodium arsenite-treated
cells, cultures were co-treated with SP600125 and para-
quat. Interestingly, we observed a 46% decrease in the
number of cells positive for TDP-43 SGs (Figure 8G-I).
As with inhibition of paraquat-treated SH-SY5Y cells,
SP600125 had little effect on HuR SGs (Figure 8G-I).
This partial, but significant, inhibition of TDP-43 locali-
zation to SGs by JNK inhibition suggests that JNK has a
role in TDP-43-SG interaction during acute sodium
arsenite treatment but other factors (e. g. other kinases)
are also involved.

INK inhibition partially modulates aggregation of
transfected CTF-TDP-43 .
Next we investigated whether JNK controls aggregation
of transfected CTF-TDP-43 constructs. SH-SY5Y cells
were transfected with GFP-tagged vector control, full
length TDP-43, CTF-TDP-43 162-414 or CTF-TDP-43
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219-414 for 48 hrs. As expected, no aggregates of TDP-
43 were observed in cells exposed to vector control (Fig-
ure 9A-B) or full length TDP-43 (Figure 9C-D). In con-
trast, CTF-TDP-43 162-414 or 219-414 induced
cytoplasmic aggregates in cells after 48 hr consistent
with previous reports [15] (Figure 9E-F and 91-]). We
then treated cultures with SP600125 after 24 hr (to

" allow transfection to stabilize) and examined the forma-

tion of TDP-43 aggregates after a further 24 hr incuba-
tion. While treatment with SP600125 did not reduce the
number of cells containing aggregated TDP-43, there

_ was a significant decrease in the number of aggregates

per cell in cultures transfected with TDP-43 162-414
(Figure 9K-L and 9M) and 219-414 (Figure 9G-H and
9M). ERK inhibition induced a small decrease in num-
ber of aggregates but this was not significant. These
findings suggested that the aggregation of these CTF-

“TDP-43 fragments maybe partially, affected by JNK. This

could be due to a role for basal JNK activity in modulat-
ing CTF-TDP-43 aggregation or alternatively,. early
aggregation of the CTF-TDP-43 fragments could induce
cell stress that promotes further CTF-TDP-43 aggrega-
tion via JNK activation. This stress may then accelerate
aggregation in some cells.

JNK inhibition of TDP-43 SG formation is not due to
inhibition of 35 kDa CTF-TDP43 expression
Interestingly, while JNK inhibition blocked TDP-43
incorporation in SGs, it did not have a substantial effect
on inhibiting accumulation of diffuse cytosolic TDP-43
or prevent loss of nuclear TDP-43 induced by paraquat
treatment (Figure 6C-R). This finding provided further
support for the role of JNK in modulating cytosolic
TDP-43 incorporation into SGs rather than affecting
upstream processes leading to loss of nuclear TDP-43

‘and accumulation of TDP-43 in the cytosol. Additional

support for this was obtained when we examined the
effect of JNK inhibition on 35 kDa CTF-TDP-43 accu-
mulation. As shown in Figure 10, co-treatment of cul-
tures with the JNK inhibitor, actually led to an increase
in' detectable levels of the 35 kDa CTE-TDP-43 rather
than inhibit its formation. This is consistent with the
data in Figure 4 demonstrating that the formation of
TDP-43-positive SGs was not fully prevented by inhibit-
ing 35 kDa CTF-TDP-43 formation using a caspase
inhibitor. ‘

JNK inhibition blocks association of hnRNP K and TDP-43
with SGs

In order to obtain an insight into the potential mechan- ,
ism by which JNK controls TDP-43 association with
SGs during chronic stress, we examined co-localization
with other hnRNPs. Previous studies have reported that -
TDP-43 binds to hnRNPs including hnRNP Al and K
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three separate experiments performed in-duplicate or triplicate.

Figure 8 Treatment of HeLa cells with sodium arsenite induces JNK-dependent TDP-43 'SGs. HeLa cells were treated for 1 hr with 05 mM
sodiumn arsenite and cells were ‘examined for TDP-43 and HuR localization by immunoflucrescence. A-C; untreated, D-F: sodium arsenite-treated,
G-I sodiumn arsenite and SP600125. Green = TDP-43, red = HuR, blue = DAPL Arrows indicate SGs. Bar = 10 .Jm Representative images from

[25,42] and that stress kinases including JNK can con-
trol the cellular localization and SG association of these
hnRNPs [31-36]. Analysis of TDP-43 and hnRNP Al
during paraquat stress did not reveal any co-localization
within SGs (Figure 10N-Q). In contrast, paraquat-trea-
ted cells revealed significant co-localization of hnRNP K
and TDP-43 in SGs (Figure 10F-I). Interestingly, JNK
inhibition fully blocked both TDP-43 and hnRNP K SG
accumulation (Figure 10J-M). As hnRNP K is known to
bind to TDP-43, associate with SGs and is phosphory-
lated by JNK, these findings suggest that modulation of

TDP-43 SG association by JNK could be controlled
through binding to hnRNP K. However, a comprehen-
sive analysis of hnRNP interactions with JNK and TDP-
43 is required to determine if this is the mechanism
occurring in paraquat-treated cells and other stress-
associated conditions leading to TDP-43 accumulation.

Discussion

Despite considerable research into TDP-43 in the past
five years, little is known about the earliest pathological
events associated with TDP-43 accumulation in ALS
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TDP-43-GFP aggregatés per cell was determined (M).

Flgure 9 Aggregation of CTF TDP-43 162-414 and 219—414 in: SY5Y cells is partlally associated with JNK. SH SY5Y cells were transfected
with GFP-tagged constructs for vector control (A-B), full length TDP-43 (C-D), CTF-TDP-43 219-414°(E-H) or CTF-TDP-43 162-414 (-L). Green =
TDP-43-GFP, blue indicates DAPI. Arrows indicate TDP-43 aggregates. Bar = 10 um. Cells were transfected with CTF-TDP-43 162-414 or 219-414
for 24 hr and co-treated with SP600125 (JNK:inhibitor) (G-H and K-L) or PD98059 (ERK inhibitor) (not shown) for a further 24 hr. The number of
*1.< 0,01. Representative images from two separate experiments performed in triplicate.

[1162-414
B 219-414

Aggregates per cell

and FTD. In this study, we have developed a model of '

oxidative stress to investigate changes to endogenous
TDP-43 processing during cell stresses that reflect the
chronic nature of ALS and FTD. We show here that
mild stress induced by paraquat, a well-characterized
mitochondrial inhibitor and oxidative stress inducer,
induced changes to TDP-43 metabolism that closely re-
capitulated features observed in brain and/or spinal cord
of FTD and ALS patients. These changes included clear-
ance of TDP-43 from cell nuclei, accumulation of

diffuse TDP-43 in cytosol, aggregatiqn into SGs, ubiqui-
tination of a portion of these SGs and increased expres-
sion of the 35 kDa CTF-TDP-43. These are all
considered important hallmarks of TDP-43 proteinopa-
thies [6,8]. Importantly, we also found these changes to
TDP-43 metabolism in differentiated neurons and addi-
tional cell-lines demonstrating that this was not a cell-
specific effect. In addition, short term treatment of cells
with paraquat (1 hr) had no effect on TDP-43, providing
strong support for chronic cell stress as an important
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Flgure 10 JNK inhibition blocks assoctatlon of hnRNP K and TDP»43 wnth SGs SH SY5Y cells were treated Wlth 1 mM paraquat overnight in
the presence and absence of SP600125. A: Cells were immunoblotted for full length TDP-43 and 35 kDa CTF-TDP-43, B-Q: Cells were treated
with paraquat and SP600125 and examined for TDP-43, hnRNP K or hnRNP A1 by immunofluorescence. B-E: untreated, labeled for TDP-43
(green) and hnRNP K (red); F-I paraquat-treated, labeled for TDP-43 (green) and hnRNP K (red); J-M: paraquat and SP600125, labeled “for TDP-43
(green) and hnRNP K (red); N-Q paraquat-treated, labeled for TDP-43 (green) and hnRNP A1 (red). Right-hand panel indicates merged images
from TDP-43 and hnRNP panels. Arrows indicate SGs. Bar = 10 um. Representative images from three separate experiments performed in
duplicate or triplicate. : o
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mediator of TDP-43 abnormal processmg as observed in.

ALS and FTD CNS tissues. 7
The key finding of this study was that cell kinase
activity and in particular, JNK activation, modulates

TDP-43 localization to SGs. This is the first report of .

TDP-43 localization controlled by kinase activity. This
process is perhaps not surprising as previous reports
describe the nuclear-cytoplasmic movement and SG
localization of alternative hnRNPs and HuR. Habelhah
et. al.,, have shown that phosphorylation of hnRNP K by
ERK can modulate cytoplasmic accumulation [34]. In a
separate study they also demonstrated that hnRNP K is
phosphorylated by JNK at serine 216 and serine 353
[43]. Moreover, p38 phosphorylates hnRNP Al inducing
SG localization [35,36]. There is also evidence that JNK
modulates localization and activity of HuR [44]. Impor-
tantly, several studies have shown that HuR and hnRNP
" Al and K as well as other hnRNPs directly bind TDP-

3 [25,42,45]. Interestingly this is mediated through
interaction at the C-terminal region of both proteins.
The C-terminal domain of TDP-43 is where the major-
ity of known ALS/FTD disease mutations have been
identified [11]. Moreover, there are key JNK phosphory-
lation consensus sites (Ser/Thr-Pro) within the C-term-

inal region of hnRNP K and HuR [43]. It is possible that -

kinase (especially JNK) phosphorylation of hnRNPs
modulates interaction with TDP-43, thus mediating SG
‘association. Alternatively, specific phosphorylation of
hnRNPs may simply target them to SGs and due to
TDP-43 association with these hnRNPs, it becomes
localized to SGs where hnRNPs are present. Further
support for an hnRNP-TDP-43 association was found in
our model where we showed that JNK inhibition
blocked localization of both TDP-43 and hnRNP K to
SGs. This is particularly interesting as hnRNP K is phos-
phorylated by JNK [43] and the phosphorylation site lies
within the hnRNP C-terminal domain that interacts
‘with TDP-43 in studies on other hnRNPs [42]. Further
support for this was shown by the fact that there was
no specific localization of hnRNP Al with paraquat-
induced TDP-43 SGs in our study. Interestingly, the
only JNK phosphorylation consensus site on hnRNP Al
. is in the N-terminal region (Ser7/Pro8) rather than in
the C-terminal region that would interact with TDP-43.
In addition to these findings, we observed that JNK inhi-
bition did not decrease CTF-TDP-43 generated by para-
quat treatment and in fact increased expression. This
indicated that JNK is more likely to be controlling loca-
lization of cytoplasmic TDP-43 to SGs similar to that
reported for other kinases and hnRNPs, rather than
modulating the formation of CTE-TDP-43. Whether it
is CTF-TDP-43 or full length TDP-43 or both that is
aggregating into SGs in this model remains to be seen.
Due to the loss of nuclear TDP-43 expression and the
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fact that CTF-TDP-43 only accounted for approximately
10% of total TDP-43 on Western blots, strongly sug-
gested that the SGs probably contained full length TDP-
43 or a mixture of full length and CTE-TDP-43.

There must also be additional factors associated with
TDP-43 localization to SGs. JNK activation is not speci-
fic for paraquat and in fact, alternative mitochondrial
inhibitors used in this study also induce JNK activation
[38]. Phosphorylation of JNK is a common downstream
effect of oxidative and other cells stresses. The specifi-
city of paraquat to induce JNK-mediated localization of
TDP-43 may be related to specific sub-cellular localiza-
tion of activated JNK or modulation of additional co-
factors. Considerable investigation will be required to
delineate the specific processes induced by paraquat that
leads to JNK-mediated TDP-43 SG accumulation and
how these may relate to neurodegeneratlve diseases
such as ALS.

While some recent studies have reported a possible
association between TDP-43 and TIA-1 [16,17], these
have been demonstrated with transfected cells and no
clear evidence of endogenous TDP-43-TIA-1 interaction
was identified. Moreover, TIA-1 does not contain JNK
consensus sites and there are no reports of JNK control
of TIA-1 localization. We believe that the data pre-
sented here are more consistent with a potential interac-
tion between TDP-43 and hnRNP XK (Figure 11).
However, further studies will be required to demon-
strate specific interaction in this chronic stress model
and to determine if mutation of the C-terminal JNK
phosphorylation site on hnRNP K prevents TDP-43
association with SGs. It was also clear from our findings
that additional kinases can control TDP-43 and probably
a range of hnRNPs during stress. It will take a consider-
able effort to delineate the role of p38, ERK and addi-
tional kinases on TDP-43 accumulatmn both in vitro
and in vivo.

We also observed partial JNK- medlated control of
TDP-43 localization to SGs induced by sodium arsenite,
the most common method used for SG induction. The
lack of complete inhibition of TDP-43 SG accumulation
was possibly related to the fact that sodium arsenite
rapidly induces SGs (minutes), while paraquat had no
effect on TDP-43 in short-term treatment even at very
high doses. This suggests that while sodium arsenite and
paraquat induce SGs and both involve JNK, there are
different cellular mechanisms involved in short term
and longer term SG formation. This is consistent with
the previously reported concept that different stresses
have diverse affects on SG formation [18]. In this con-
text, we feel that our paraquat-based mild oxidative
stress model is an important tool for delineating TDP-
43 SG association as it occurs under mild stress condi-
tions expected in chronic neurodegenerative diseases
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Figure 11 Schematic of proposed stress-mediated TDP-43 accumulation into SGs. Chronic cell stress (eg oxidative stress) induces activation

of stress kinases such as JNK. This may phosphorylate hnRNPs such as hnRNP K resulting in phosphoryated forms (p-hnRNP). This could
modulate interaction with TDP-43 and association with SGs. Prolonged stress may lead to progression of SGs to protein aggregates containing
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and better Arekcapit’ulates the features of TDP-43 protei-
nopatheis than sodium arsenite. It is possible that the

latter, (ie acute sodium arsenite exposure) rapidly drives .

SG formation in cells that are experiencing high levels
of toxicity. As shown in Additional File 1B, treatment
with 500 uM sodium arsenite overnight results in almost
total loss of cell viability as compared to only 15%
decrease in viability with 1 mM paraquat overnight.
Whether JNK directly modulates TDP-43 is not
known. TDP-43 does not contain known consensus sites
for JNK, p38 or ERK. However, it does contain two
putative JNK binding domains (RxxxKxxxLxV and
KxxRxxxxVxF) at 98-108 and 224-235 respectively. It
remains a possibility that JNK binds to TDP-43 and acts
as a scaffolding protein affecting SG localization. While
no other studies have demonstrated a TDP-43-JNK
association, a previous report described a role for a
JNK-interacting protein, WDR62 in SG formation [41].
Interestingly, they reported that inhibition of JNK dur-
ing sodium arsenite treatment increased the number of

SGs (in HEK293 cells) but decreased the size of the -

granules. This is in contrast to our finding in HeLa cells
where we found a partial decrease in TDP-43 SG asso-
ciation but no observable changes to HuR SG formation
with SP600125. In addition, JNK inhibition did not
block SG formation by paraquat-as determined by HuR
staining but did block TDP-43 and hnRNP K localiza-
tion. However, these differences are again likely to be
due to acute sodium arsenite treatment compared to
longer paraquat treatment used here, different cell lines
and different markers of SGs eg HuR and TIA-1. Impor-
tantly, the findings show that different model systems
may give a range of different outcomes and in terms of
understanding TDP-43 pathological changes, it will be

important to ensure that the model gives an accurate
reflection of the disease processes. With that in mind,
we are currently investigating TDP-43 metabolism in
primary neuronal and glia cell cultures as this may be a
more accurate model system to understand TDP-43 SG
dynamics. :

The role for stress kinases such as JNK and p38 in
ALS has been suggested through recent studies. SOD1
ALS models have shown enhanced activity of these
kinases as well as modulation of ERK [46-50]. Interest-
ingly, a recent report by Ayala et al. [51] found ERK
aggregates in stressed cells and ALS tissues and inhibi-
tion of ERK lead to increased TDP-43 aggregation in -
cultures. While these affects appear to contrast with our
own findings, the differences may reflect different inten-
sity and form of stress as well as different cell models
and time frame. It will be important to determine the

- kinetics of ERK and other kinases activation across the

disease course in ALS. A single report on JNK activation
in ALS patients has described increased activity in astro-
cytes but not neurons in spinal cord of these patients -
[52]. We found that paraquat induced TDP-43 aggrega-
tion in both neuronal-like and astroglial cell lines in this
study. Whether JNK or additional kinases are associated
with early changes to TDP-43 accumulation in vivo is
not known due to the difficulty of obtaining relevant
early disease tissues. It is likely that with the current
development of multiple animal models of TDP-43 pro-
teinopathy that re-capitulate human disease neuro-
pathology, we will be able to determine the early events
in TDP-43 processing. It is also uncertain what role
hnRNPs have in determining TDP-43 aggregation in
ALS or FTD. While a large number of hnRNPs have
been shown to bind to TDP-43 and many are associated
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with SGs, their role in ALS and FTD has not been
established. It is important to note, however, that several
recent studies have shown that TDP-43 and FUS are
associated with SG marker proteins in ALS tissues
[17,24]. .

An important outcome from this study is that kinases
may be an important target for therapeutic intervention
in ALS and FTD. Should further studies show that
kinase activation controls TDP-43 aggregation especially
early in disease, it may be possible to inhibit this process
with kinase inhibitors. Interestingly, the only approved
treatment for slowing ALS disease progression, Riluzole,
is known to modulate stress kinase activity [53], and
kinase modulators have been discussed previously as
possible therapeutic agents for ALS.

Conclusions

In summary, it has been difficult to accurétely model -

endogenous aberrant TDP-43 in cell models. Treatment
of cells with sodium arsenite or osmotic stress induces
robust TDP-43 containing SGs however, these models
have not recapitulated the broad features of TDP-43
mis-metabolism observed in ALS and FTD brain and
spinal cord tissues in a manner consistent with transfec-
tion of CTE-TDP-43 constructs. The latter however, are
likely to be prone to spontaneous aggregation when

over-expressed and may not represent an accurate -

model of the cellular control of TDP-43 processing dur-
ing chronic stress. Likewise, although studies with
mutant TDP-43 constructs can help to understand the
disease processes, the majority of ALS and FTD cases
are sporadic and probably involve only endogenous,
non-mutated TDP-43. Our model has recapitulated a
numbér of features of aberrant endogenous TDP-43
metabolism including loss of nuclear staining, accumula-
tion of diffuse cytoplasmic TDP-43, formation of CTE-
TDP-43, aggregation into SGs and ubiqitination of a
portion of these SGs indicating the possible transition to
irreversible protein aggregates. The aggregation of TDP-
43 into SGs is controlled by JNK and SG formation is
controlled by additional kinases and these factors are
associated with chronic stress. Future studies will be
required to fully delineate the mechanism by which
kinases control TDP-43 aggregation and whether this is
involved in TDP-43 aggregation in vivo. These findings
may have important implications for identifying poten-
tial therapeutic targets for intervention in ALS and FTD.

Methods
Materials
4’,6’ Diamino-2-phenylindole dihydrochloride (DAPI)
was obtained from Invitrogen (Mount Waverley, Vic-
toria, Australia). (3-(4,5-Dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide (MTT), N, N’-dimethyl-4,4’-
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bipyridinium dichloride (paraquat), rotenone, 1-methyl-
4-phenylpyridinium (MPP+), sodium azide, sodium
arsenite, 3-nitropropionic acid (3-NP) and 3-Morpholi-
nosyndnomine (SIN-1) were from Sigma Aldrich (Syd-
ney, NSW, Australia) and LDH assay kit was purchased
from Roche Diagnostics (Castle Hill, NSW, Australia).
SP600125, PD98095, SB203580 were purchased from
Merck Biosciences (Melbourne, Victoria, Australia). BI-
78D3 and D4476 were purchased from Tocris
Bioscience (Ellisville, Melbourne, Victoria, Australia). Z-
VAD-fmk was obtained from Promega (Sydney,
Australia).

Polyclonal TDP-43 antisera were purchased from Pro-
teintech Group (Chicago, IL, USA). Monoclonal antisera
to the phosphorylated form of TDP-43 (ser409/410)
were obtained from Cosmo Bio (Tokyo, Japan). Antisera
to ubiquitin were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Monoclonal antisera to hnRNP Al and
hnRNP K were purchased from Abcam (Waterloo, Aus-
tralia). Monoclonal antisera to HuR were obtained from
Invitrogen (Mount Waverley, Victoria, Australia). Anti-
sera to total and phosphorylated forms of p38, ERK and
JNK, as well as antibodies to actin and GAPDH were
purchased from Cell Signalling Technologies (Arundel, -
Queensland) or BD Bioscience (North Ryde NSW,
Australia). '

Methods

Cell Culture

The cell lines used in this study were human neuroblas-
toma SH-(SY5Y) cell line, human epithelial HeLa cell
line, human embryonic kidney cell line (HEK293),
human fibroblast cell line (GSM2069) and human astro-
glial US7MG cell line. Cells were passaged and main-
tained in DMEM plus 5% FBS (HeLa and HEK293
cells), DMEM/F12 plus 10% FBS (SH-SY5Y and U87MG
cells) or BME plus 10% FCS (GSM2069 fibroblasts). To
induce differentiation, SY5Y cells were treated with 10
uM retinoic acid for 7 days. Differentiation was con-

firmed by morphological changes (neurite extension)

and up-regulated expression of synaptophysin, tyrosine
hydroxylase and VMAT2. All cells were grown in 5%

CO; at 37°C. :

Cell viability and cell lysis assays
Assays for cell viability (MTT) and cell lysis (LDH) were
performed as previously described [28].

Exposure df cell to stress

Undifferentiated cells were grown in 24 or 6-well plates
or on 12 mm coverslips (for immunofluorescence) for
2-3 days before experiments (~80% confluent). Differen-
tiated SH-SY5Y cells were cultured in the presence of
retinoic acid for 7 days before experiments. Inducers of
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nitrosative stess (arginine, paraquat and SIN-1) or oxida-
tive stress (rotenone, 3-NP, sodium azide, MPP+,
sodium arsenite and paraquat) were prepared in dH,O
and added at indicated concentrations and the medium
was briefly mixed by aspiration. Incubations were per-
formed for periods stated in individual experiments.
Where indicated, cells were co-treated with kinase inhi-
bitors (SP600125 (JNK), BI-78D3 (JNK), PD98095 &
U0126 (ERK), SB203580 &,SB202190 (p38), D4476
(casein kinase 1) from stock solutions prepared at 10
mM in DMSO. Control cultures were treated with vehi-
cle-alone. For immunoblotting, cells were harvested into

Phosphosafe Extraction Buffer (Merck Biosciences, San
Diego; CA, USA) containing protease inhibitor cocktail

(Roche Diagnostics) and stored at -80°C until use. For
immunofluorescence studies, cells were grown on glass

coverslips and fixed by treating with 4% paraformalde-

hyde for 30 min.

siRNA knockdown of JNK

ON-TARGETPlus human JNK1 siRNA pool, TNK2
siRNA pool and non-targeting siRNA pool (D-001810-
10-20, Negative control) were obtained from Dharma-
con and resuspended in RNAase free water at 100 uM.
Human JNK1 siRNA pool target sequences were 5'-
GCCCAGUAAUAUAGUAGUA-3, 5-GGCAUGGG-
CUACAAGGAAA-3’, 5-GAAUAGUAUGCGCAG-
CUUA-3" and 5-GAUGACGCCUUAUGUAGUG-3".
Human JNK2 siRNA pool target sequences were 5’
UCGUGAACUUGUCCUCUUA-3’, 5-AGCCAACUGU-
GAGGAAUUA-3’, 5-GGCUGUCGAUGAUAGGUUA-
3’ and 5-GAUUGUUUGUGCUGCAUUU-3'. Cells were
seeded on coverslips at 5 x 10* cells per cm? in Opti-
MeM to give 40% confluency on treatment day. Cells
were transfected with pooled JNK1 and JNK2 siRNA or
Negative control siRNA in Lipfectamine 2000 for 5 hr at
room temperature (0.5 pg RNA per well). Media was
then replaced with normal SY5Y growth medium over-
night before treatment with paraquat (1 mM) overnight.
Cells were then collected for Western blot for JNK or
fixed for immunofluoresence of TDP-43 and HuR.

Western blot analysis of protein expression and B
phosphorylation

Cell lysates prepared in Phosphosafe Extraction Buffer at
equal protein concentration were mixed with electro-
phoresis SDS sample buffer and separated on 12% SDS-
PAGE Tris-Glycine gels. Proteins were transferred to
PVDF membranes and blocked with 4% skim milk solu-
tion in PBST before immunoblotting for total or phos-
pho-specific proteins. For detection of total TDP-43,
membranes were probed with polyclonal antisera

(1:1500) against TDP-43. Secondary antiserum was rab-

bit-HRP at 1:5,000 dilution. For detection of total and
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phospho-forms of JNK, ERK and p38, membranes were
probed with anti-JNK, anti-ERK or anti-p38 (each at
1:5000) and antisera to phospho-forms of each protein
(each at 1:5000). Blots were developed using GE Health-
care ECL Advance Chemiluminescence and imaged on a
Fujifilm LAS3000 imager (Berthold, Bundoora, Austra-
lia). Expression of GAPDH or actin was determined
using antisera at 1:5000 and 1:3000 respectively for pro-
tein loading controls where necessary.

Immunofluorescence analysis
SH-SY5Y cells were grown on 12 mm diameter cover-
slips and treated with stresses as indicated. Cells were
fixed with 4% w/v paraformaldehyde in PBS for 30 min
and permeabilized with 90% chilled methanol for 5
min. After blocking for 1 hr with 10% normal goat
serum, cells were incubated with primary antibody for
total TDP-43 (1:1500), ubiquitin (1:150), HuR (1:50),
hnRNP Al (1:200) or hnRNP K (1:200) for 2 hr at
room temperature or overnight at 4°C. This was fol-
lowed by labeling with secondary AlexaFluor or FITC
goat anti-mouse or anti-rabbit antisera at 1:500 for 2
hr at room temperatire or overnight at 4°C. After
washing, the coverslips were incubated with DAPI at
0.5 pg/ml for 5 min and analyzed using a Leica
inverted microscope with Zeiss Axiocam digital cam-
era. Images shown are representative of multiple fields
and triplicate coverslips per experiment, TDP-43 and
HuR-positive stress granules (SGs) were counted in-
cultures where indicated. A minimum of 500 cells was
counted across multiple fields of view (and multiple
coverslips) for each treatment. The number of TDP-43
and HuR-positive SGs were counted in these cells. The
total number of cells was divided by the total number
of SGs to provide a measure of mean SGs per cell.
SGs were not observed in untreated cells.

' Preparatlon of TDP-43 plasmlds
- Plasmid DNA corresponding to GFP- tagged full-length

wild-type (WT) TDP-43 (pEGFP-TDP WT), C-terminal

fragments of TDP-43, (pEGFP-TDP 162-414 and

pEGFP-TDP 219-414) or empty expression vector
pEGFP-C1 were prepared as described by Nonaka et al.
[15]. Briefly, plasmid DNA was used to transform MAX
Efficiency® DH5a™ Competent Cells (Invitrogen,
Mount Waverley, Victoria, Australia) as described by
the manufacturer. Transformants were grown and colo-
nies were picked based on kanamycin-resistance and
grown in liquid culture for subsequent plasrmd purifica-
tion. DNA was purified using the leard® Plys Midi-
prep DNA Purification System (Promega Corporation)
as per manufacturer’s instructions. DNA was quantified
and TDP-43 inserts were identified positively by diges-
tion with BamHI and Xhol.
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Transfection and expression of plasmids

SH-SY5Y cells were seeded at 2 x 107 cells per well in
24 well-plates on coverslips. Cells were transfected 24 hr
after seeding with the pEGFP-C1 empty vector, pEGFP-
TDP WT, pEGFP-TDP 162-414 and pEGFP-TDP 219-
414 using Attractene (Qiagen) according to manufac-
turer’s instructions. After 48 hr incubation, cells were
fixed with 4% w/v paraformaldehyde in PBS for 30 min.
and permeabilized with 90% chilled methanol for 5 min.
After washing, the coverslips were incubated with DAPI
at 0.5 pg/ml for 5 min and analyzed using a Leica,
inverted microscope with Zeiss Axiocam digital camera.
Expression of TDP-43 was determined by the EGFP-
tagged construct. Efficiency of transfection with pEGFP-
C1 vector was approximately 20-25%. -

Statistical analysis

" All data described in graphical representations are mean
+ standard error of the mean (SEM) unless stated from
a minimum of three experiments. Results were analysed
using a two-tailed Student’s t-test.

Additional material

{

Additional file 1: SH-SY5Y cell viability after exposure to nitrosative
or oxidative stress inducers. SH-SY5Y cells were treated with indicated
compounds overnight and cell viability was measured with the MTT
assay. A: Mild neurotoxicity was induced with all compounds tested.
Concentrations were SIN-1, 0.1 mM; arginine, 1 mM; Paraquat, 1 mM and
2 mM; 3-NP, 1T mM; MPP+, 2 mM; sodium azide, 5 mM and rotenone,
0.075 mM. B: Comparison of neurotoxicity induced by 1 and 2 mM
paraquat or 0.05 mM and 0.5 mM arsenite treatment overnight. *p <
0.05, **p < 0.01. n = three experiments.

Additional file 2: Treatment of SH-SY5Y neurons induces SG
formation associated with mild toxicity. Non-differentiated (A-C) or
differentiated (D-K) were treated with 0-2 mM (A-C) or 1 mM (D-K)
paraquat overnight. A: Cell viability was determined by MTT assay. B: Cell
death was determined by LDH assay. C: Stress granules (SGs) per cell
were determined. *p < 0.05, **p < 0.01. D-K: TDP-43 and HuR
immunofluorescence was examined in retinoic acid-differentiated -
neurons after treatment with 1 mM paraquat. Green = TDP-43, Red =
HuR, Blue = DAPI. Arrows indicate SGs. Bar = 10 um. G and K represent
merged images. n = three experiments. ’

Additional file 3: Paraquat treatment did not induce
phosphorylation of TDP-43 in SGs. Cells were treated overnight with 1
mM paraquat and examined for phosphorylated TDP-43 by
immunofluorescence. A-C: untreated, D-F: paraquat treated. Green =
HuR, Red = phospho-TDP-43, blue = DAPL Bar = 10 um. G: Immunoblot
for phospho-TDP-43 (p-TDP-43) in paraquat-treated cultures.
Representative images from three separate experiments.

Additional file 4: Treatment of SH-SY5Y cells with different
mitochondrial inhibitors did not induce HuR SGs. Cells were treated
with vehicle control (A-B), 2 mM MPP+ (C-D), 1 mM 3-NP (E-F), 0.075
mM rotenone (G-H) or 5 mM sodium azide (I-J). Cells were analyzed for
HuR localization by immunofluorescence. Red = HuR, blue = DAPI. Bar =
10 um. K: Treatment with 1 mM paraguat (PQ) overnight induced
phospho-JNK (pINK) and this was inhibited by co-treatment with 20 uM
SP600125. Representative images from three separate experiments.

Additional file 5: Treatment of SH-SY5Y cells with siRNA to JNK
inhibits TDP-43 accumulation in SGs. A: Cells were treated with
pooled siRNA against JNK1 and JNK2 or with negative control siRNA and
examined for JNK expression. SiRNA to JNK significantly reduced
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expression of JNK1 and JNK2. B-E: Untreated control cells. F-Iz cells
treated with negative control SiRNA reveal TDP-43 and HuR-positive SGs.
J-M: Cells treated with SiRNA to JNK reveal lack of TDP-43 but not HuR-
positive SGs. Green = TDP-43, red = HuR, blue - DAPI. Arrows indicate
SGs. Bar = 10 um. Representative images from two-three separate
experiments performed in triplicate.

Additional file 6: Treatment of U87MG astroglial and Hela
epithelial cells with paraquat results in TDP-43 5Gs. US7MG (A-F)
and Hela (G-L) cells were treated overnight with 1 mM paraquat and
analyzed for TDP-43 and HuR localization by immunofluorescence. A-C:
Untreated U87MG cells, D-F: paraquat-treated U87MG cells, G-I:
untreated Hela cells, J-L: paraquat-treated Hela cells. Green = TDP-43,
red = HuR, blue = DAPL. Arrows indicate SGs. Bar = 10 um.
Representative images from three separate experiments performed in
duplicate or triplicate.

Abbreviations

ALS: amyotrophic lateral sclerosis; CTF: C-terminal fragment; ERK: extracellular
signal-regulated kinase; FTD: frontotemporal dementia; hnRNP: ‘
heterogeneous nuclear ribonucleoprotein; JNK: ¢-JUN N-terminal kinase; SG:
stress granule; SOD: superoxide dismutase; TDP-43: TARDP-binding protein
43. : :
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CAPSULE rosmarinic acid (RA) inhibited AP
Background: Epidemiological evidence aggregation in vitro and in vivo. To elucidate
suggests that consumption of phenolic a mechanistic basis for these results, we
compounds reduce the incidence of Alzheimer’s analyzed the effects of five phenolic
disease (AD). ‘ compounds in the AP aggregation process
Results: Myricetin  and rosmarinic  acid and in oligomer-induced synaptic toxicities.
reduced cellular and synaptic toxicities by We now report that the phenolic compounds
inhibition ~of amyloid PB-protein  (AB) blocked Af oligomerization, and Myr
oligomerization. Myricetin promoted NMR promoted significant NMR chemical shift
changes of Ap. changes of monomeric AB. Both Myr and RA
Conclusion: Phenolic compounds are worthy - reduced cellular toxicity and synaptic
therapeutic candidates for AD. » dysfunction of the AP oligomers. These
Significance: Phenolic compounds blocked ‘results suggest that Myr and RA may play
early assembly processes of AP through key roles in blocking the toxicity and early
differently binding. assembly processes associated with AP =~
through differently binding.

SUMMARY

Cerebral deposition of amyloid B-protein Alzheimer’s  disease (AD) has been
(AP) is an invariant feature of Alzheimer’s - characterized historically by the accumulation of
disease (AD), and epidemiological evidence intraneuronal filaments formed by the
suggests that moderate consumption of foods microtubule-associated protein tau and of
enriched with phenolic compounds reduce the extracellular parenchymal and vascular amyloid
incidence of AD. We previously reported that deposits Iargely comprising the amy101d
the phenolic compounds myricetin (Myr) and B-protein (AP) (1). Continuing investigations of

Copyright 2012 by The American Society for Biochemistry and Molecular Biology, Inc.
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the pathogenetic relationships among tau, Ap,
and AD suggest that oligomeric forms of AP
play a seminal role in disease causation (1,2).
More recent evidence suggests that low n-order
oligomers are especially important (3).
Townsend et al. found that AP trimers fully
inhibit long-term potentiation, whereas dimers
and tetramers have an intermediate potency (4).
Dimers and trimers from the conditioned
medium of amyloid precursor protein
(APP)-expressing CHO cells have been found to
cause progressive loss of synapses in
organotypic rat hippocampal slices (5). AP
oligomers extracted from AD brains disrupt
synaptic function, and dimers were the smallest

oligomers showing activity (6). Recently,
structure—cytotoxicity ~studies of pure AP
oligomer populations produced the first

determinations of oligomer specific activity (7),
in that dimers, trimers, and tetramers all were
significantly more toxic than monomers.
Importantly, a non-linear dependence of
cytotoxicity on oligomer order was observed.
Thus, the most efficacious therapeutic agents
should perhaps target monomeric Af and
prevent its assembly into any sized oligomer (3).

Nature itself may have created useful
therapeutic agents of AD. The relevance of this
finding to AD has come from French and Danish
epidemiological  studies  suggesting  that
moderate wine drinking may protect against AD
(8,9). Investigation of this phenomenon may
reveal the answer for wine’s protective effects
against AD. Classical biochemical fractionation
studies have shown that the active components
of red wine are phenolic compounds, including

resveratrol and the proanthocyanidins (10).

Resveratrol was found to lower significantly the
levels of secreted and intracellular AB produced

in a variety of cell lines by increasing

proteasome-mediated AP degradation (11).
Interestingly, a related polyphenolic compound,
curcumin (Cur), is found in the common spice
curry (12). As with red wine, epidemiologic
studies have shown a correlation between curry
consumption and decreased AD risk (13). The
concordance of results from these different
systems emphasizes the potential importance of
elucidating the mechanism through which
phenolic compounds may alter AP aggregation
and toxicity.
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Initial mechanistic studies have focused on
formation of large aggregates, AP fibrils (fAB).
Phenolic compounds, such as the wine related
polyphenol myricetin (Myr), a major component
of curry spice turmeric Cur, its analog
rosmarinic acid (RA), nordihydroguaiaretic acid
(NDGA), and ferulic acid (FA) inhibit the
formation of fAB as well as dissociate preformed
fibrils by preferentially and reversibly binding to
these structures (14-16). In cell culture
experiments, Myr-treated fAf were less toxic
than intact fAf (14). Recently, a commercially
available grape seed polyphenolic extract,
MegaNatural®, was shown to inhibit
significantly the aggregation of AB into sodium
dodecyl sulfate (SDS)-stable high molecular
weight (HMW) oligomers (15-20 monomers)
using AD model transgenic  animals
(Tg2576)(17). We showed that the phenolic
compounds such as Myr, Cur, and RA prevented
the development of AD pathology and reduced
HMW oligomers in Tg2576 mice(18).

In the studies reported here, we sought to
determine how the phenolic compounds affected
AB conformational dynamics and the early
stages of AP assembly. To do so, we analyzed
the assembly of the AB42 and AP40 with five
phenolic compounds, Myr, FA, NDGA, Cur,
and RA (Fig. 1) using several well-established

_techniques for studying amyloid formation,

including . photo-induced cross-linking of
unmodified . proteins (PICUP), atomic force
microscopy  {(AFM), circular  dichroism
spectroscopy (CD), and nuclear magnetic
resonance (NMR). Next, we examined whether
the phenolic compounds reduced AP
assembly-induced cytotoxicity and synaptic
dysfunction using
3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazo
lium bromide MTT) assays and
electrophysiological ~assays for long-term
potentiation (LTP) and depression (LTD) in
hippocampal slices.

EXPERIMENTAL PROCEDURES

Chemicals and reagents - Chemicals were
obtained from Sigma-Aldrich Co. (St. Louis,
MO) and were of the highest purity available.
Water was produced using a Milli-Q system



(Nihon Millipore K.K., Japan).

Proteins and phenolic compounds - AP peptides

were synthesized, purified, and characterized as

described previously (19,20). Briefly, synthesis
was performed - on an automated peptide
synthesizer (Model 433A, Applied Biosystems,
CA) using 9-fluorenylmethoxycarbonyl-based
methods on pre-loaded Wang resins. Peptides
were purified using reverse-phase
high-performance  liquid  chromatography
(RP-HPLC). Quantitative amino acid analysis
and mass spectrometry yielded the expected
compositions and  molecular  weights,
respectively, for each peptide. Purified peptides
were stored ~ as  lyophilizates at —20°C.
[Met(O)*°JAp42 peptide was purchased from
Bachem AG (Bubendorf, Switzerland). To
prepare peptides for study, AP peptide
lyophilizates were dissolved at a nominal
concentration of 25 or 50 uM in 10% (v/v) 60
mM NaOH and 90% (v/v) 10 mM phosphate
buffer, pH 7.4. After sonication for 1 min, the
peptide solution was centrifuged for 10 min at
16,000 x g A stock solution of GST
(Sigma-Aldrich, St. Louis, MO) was prepared by
dissolving the lyophilizate to a concentration of
250 uM in 60 mM NaOH. Prior to use, aliquots
were diluted 10-fold into 10 mM sodium
phosphate, pH 7.4. We examined S5-phenolic
compounds such as Myr, FA, NDGA, Cur, and
- RA. They were dissolved in ethanol to a final
concentration of 2.5 mM and then diluted with
10 mM phosphate, pH 7.4, to produce
concentrations of 5, 10, 25, 50, 100, and 500 uM
for CD, PICUP, and AFM, as described
previously (19). ‘

CD - CD spectra of AP:compound mixtures
were acquired immediately after sample
preparation or following 2, 3, 5, or 6 days of
incubation. CD measurements were made by
removing a 200 pl aliquot from the reaction
mixture, adding the aliquot to a 1 mm path
length CD cuvette (Hellma, Forest Hills, NY),
and acquiring spectra I a  J-805
spectropolarimeter (JASCO, Japan). The CD
cuvettes were maintained on ice prior to
introduction into the spectrometer. Following
temperature equilibration, spectra were recorded
at 22°C from ~190-260 nm at 0.2 nm resolution
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with a scan rate of 100 nm/min. Ten scans were
acquired and averaged for each sample. Raw
data were manipulated by smoothing and
subtraction of buffer spectra according to the
manufacturer’s instructions.

Chemical cross-linking and determination of
oligomer frequency distributions - Immediately
after their preparation, samples were
cross-linked using PICUP, as described (21).
Briefly, to 18 ul of 50 uM protein solution were
added 1 ul of 4 mM
tris(2,2’-bipyridyl)dichlororuthenium(II)

(Ru(bpy)) and 1 pl of 80 mM ammonium
persulfate (APS). The final
protein:Ru(bpy):APS molar ratios of AB40 or
AP42 was 1:4:80. The mixture was irradiated for
1 sec with visible light and then the reaction was
quenched with 2 ul of 1 M dithiothreitol (DTT)
(Invitrogen, CA) in  ultrapure  water.
Determination of the frequency distribution of
monomers and oligomers was -accomplished
using SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and silver staining, as described
(21). Briefly, 8 ul of each cross-linked sample
was electrophoresed on a 10-20% gradient
tricine gel and visualized by silver staining
(Invitrogen). Uncross-linked samples were used
as controls in each experiment. Densitometry
was performed with a luminescent image
analyzer (LAS 4000 mini, Fujifilm, Tokyo) and
image analysis software (Multi gauge v. 3.2,
Fujifilm). The intensity of each band in a lane
from the SDS gel was normalized to the sum of
the intensities of all the bands in that lane,

according to the formula R, = I/ 2 1,x 100
. i=1

(%), where R, is the normalized intensity of band
I and I, is the intensity of each band i. R; varies
from 0-100. To calculate the oligomers ratio, the
sum of oligomers intensities of AB40 or AB42
with 5, 10, 25, 50, 100, and 500 uM Myr, FA,
NDGA, Cur or RA was divided by the sum of
oligomers intensities without each compound.
The ECso was defined as the concentration of
Mel to inhibit oS oligomerization to 50% of the
control value. ECsq was calculated by sigmoidal
curve fitting, using GraphPad Prism software
(version 4.0a, GraphPad Software, Inc., CA).



Size-exclusion chromatography (SEC) - PICUP
reagents and phenolic compounds were removed
from cross-linked samples by SEC as described
previously(22). To do so, 1.5 cm diameter
cylindrical columns were packed manually with
2 g of Bio-Gel P2 Fine (Bio-Rad Laboratories,
- CA), which produced a 6 ml column volume.
The column first was washed twice with 25 ml
of 50 mM NHHCO;, pH 8.5. Two-hundred
sixteen pl of cross-linked sample then was
loaded. The column was eluted with the same
buffer at a flow rate of = 0.15 ml/min. The first 1
ml of eluate was collected. The fractionation
range of the Bio-Gel P2 column is 100-1800 Da.
AB peptides thus elute in the void volume
whereas Ru(bpy) (MW=748.6), APS
MWwW=228.2), Myr (MW=3182), RA
(MW=360.3), and DTT (MW=154.2) enter the
column matrix and are separated from Ap.

Fractions were lyophilized immediately after
collection. Reconstitution of the lyophilizates to
a nominal concentration of 25 uM in 10 mM
sodium phosphate, pH 7.4, followed by the
SDS-PAGE analysis, showed that removal of
reagents and phenolic compounds, lyophilization,
and reconstitution did not alter the oligomer
composition of any of the peptide populations
under study (Fig. S1).

AFM - Peptide solutions were characterized
using a Nanoscope IIla controller (Veeco Digital
Instruments, CA) with a multimode scanning
probe microscope equipped with a JV scanner.
All measurements were carried out in the
tapping mode under ambient conditions using
single-beam silicon cantilever probes. A 10 pl
aliquot of each peptide lyophilizate,
reconstituted to a concentration of 25 pM in 10
mM PBS, pH 7.4, was spotted onto freshly
cleaved mica (Ted Pella, Inc., CA), incubated at
room temperature for 5 min, rinsed with water,
and then blown dry with air. At least four
regions of the mica surface were examined to
confirm the homogeneity of the structures
throughout the sample. Mean particle heights
were analyzed by averaging the measures values
of eight individual cross-sectional line scans
from each image only when the particle structure
was confirmed.

NMR spectroscopy - Stock solutions of the five
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phenolic compounds (2.5 mM), and monomeric,
uniformly *N-labelled AB42 peptide (0.25 mM)
(rPeptide, GA) and AB40 (0.25 mM) were
prepared by dissolution (with sonication) in
aqueous basic solution (pD 11, 1 ml, 10 mM .
NaOD) (20).. Aliquots of the Ap42 and phenolic
solutions were combined and mixed with cold
(5°C) phosphate buffer solution (0.5-1.0 ml, 5
mM, pH 7.5) that contained 0.5 mM
predeuterated ethylenediamine tetraacetic acid
(Na,EDTA-dy;), and 0.05 mM NaN;. The
aliquots were varied so that the final
peptide:compound concentration ratio was 25
uM : 500 pM. To prevent aggregation, peptide
solutions were kept cold (5°C) and standard
'H-® N HSQC spectra were obtained within
30-min of the sample preparation. Spectra were
obtained at 5°C with a Bruker Avance-II 900
MHz spectrometer equipped with a TXI
cryoprobe (Bruker BioSpin, Inc., CA).

The saturation transfer difference (STD)
experiments were obtained with the AB40 (25
uM) alone or with RA or Myr (50 pM) at pH 7.5
and 5°C. Data was acquired at 900.18 MHz

using the pulse program  (selective
irradiation)-(non / selective
excitation)-(watergate)-(acquisition) (23,24).

The selective irradiation used a 3.9-s long and
weak pulse that was alternatively applied at -0.2'
ppm (where there was a peak) and at 30 ppm
(where there was no peak), the latter constituting
the reference spectra. The non-selective
excitation was achieved with a 90° pulse at the
water position (4.7 ppm), and the Watergate
3-9-19 pulse sequence was used to suppress the
water signal. Each spectrum was acquired with
128-scans (12-min), and stored separately. The
STD was obtained by subtracting the reference
spectra from that obtained with irradiation at

-0.2 ppm.
All NMR spectra were processed with the
NMRPipe (25), Mnova

(http://mestrelab.com/software/mnova-nmr/), or
CARA (http://cara.nmr.ch) programs using a PC
computer.

NMR-based molecular modeling - Atomic
coordinates of the NMR/molecular dynamics
ABA42 structural model were kindly provided by
Dr. Chunyu Wang (Rensselaer Polytechnic



Institute, NY) (26). With the model, the regions
showing the most pronounced NH chemical shift
movements (greater than 0.02 ppm) were
revealed using the Swiss PDB Viewer program
(27). These (backbone) regions were labeled
with red color and the regions not showing
movement with green color.

Cell culture - HEK 293 cells were cultured in
75-cm? flasks (Corning Inc., NY) in Dulbecco's

modified Eagle's medium
(DMEM)(Sigma-Aldrich, St. Louis, - MO)
containing 10% fetal bovine serum and

incubated in a humidified chamber (85%
humidity) containing 5% CO2 at 37°C. One
day before peptide sample treatment, the cell
culture medium was replaced with serum-free
DMEM, and the cells were trypsinized and
re-plated onto coated 96-well plates at a final
cell density of 20,000 cells/well.

Cytotoxicity assays - We used to test the toxicity
of uncross-linked, cross-linked, cross-linked
with Myr, and cross-linked with RA of AB42 as
assessed in MTT assay. Peptide samples were
prepared at AP concentrations of 2 uM and 20
uM in 10 mM sodium phosphate, pH 7.4.
Aliquots of 50 pl were added to HEK cells to
yield final AP concentrations of 1 and 10 puM.
Twenty hours after the cells were incubated with
peptide samples, MTT was added to each well,
and the plates were kept in a CO2 incubator for

an additional 2 h. The cells were then lysed by
adding lysis solution (50% dimethylformamide,
20% SDS at pH 4.7) and were incubated
overnight. The degree of MTT reduction (i.e.,
cell viability) in each sample was subsequently
assessed by measuring absorption at 590 nm at
room temperature using a plate reader
(PerkinElmer, Turku;, Finland). Controls
included medium with sodium phosphate
(“negative”) and 1 uM poly-L-lysine [ave. MW :
75000 Da] (Sigma-Aldrich)  (“maximal
positive™). Background absorbance values, as
assessed from cell-free wells, were subtracted
from the absorption values of each test sample.
The absorbance measured from the three wells
were averaged, and reported as mean + S.E.
percentage of cell viability :

V=100 - ((A Ap ™ Amedium)/ (Apoly-L—lysine = Aniedium)) '
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X 100

where  Aup,  Amednm, a0d Apo.piysine Were
absorbance values from Af-containing samples,
medium alone, or poly-L-lysine alone,
respectively.

Electrophysiology - The fEPSPs were recorded
from the CAl region of acute hippocampal
slices derived from C57BL/6 mice (male, 4-5
wk of age). The procedures for slice preparation
and electrophysiological recording were
described previously (28). Briefly, 300 pm
thickness transverse hippocampal slices were
placed in a physiological chamber perfused with
artificial cerebrospinal fluid (ACSF; 125 mM
NaCl, 3.5 mM KCl, 1.25 mM NaH,PO,, 25 mM
NaHCO;, 2.0 mM MgSO,, 2.0 mM CaCl, and
20 mM glucose, aerated with a mixture of 95%
0, and 5% CO,) at a rate of 1 ml/min at 30°C.
Shaffer collaterals/commissural bundle in the
CA3 hippocampal subfield were stimulated
using a bipolar stainless steel wire electrode at
20-sec intervals throughout the experiment. The
fEPSPs were recorded from the stratum
radiatum in the CA1 hippocampal subfield using
a sharp glass electrode (2-6 M2, filled with 2 M
NaCl). LTP was induced by tetanic stimulation
delivered at 100 Hz for 1 sec. LTD was induced
by low frequency 450 paired-pulse stimulation
(50 msec paired-pulse interval, 1 Hz) for 7.5 min.
LTD was induced only under the presence of
cross-linked Af42 oligomer in this condition
(see Results in detail). Each AP42 sample (500
nM in 0.3 mM NaOH in ACSF) or vehicle (0.3
mM NaOH in ACSF) was applied for 20 min so
that  AP42  sample/vehicle”  application
overlapped and coterminated with conditioning
stimulation for LTP or LTD. The evoked
potential was amplified (x1000), filtered

~ (0.1-1000 Hz), digitized (20 kHz) and stored in a

computer for off-line analysis using PowerLab
system (AD Instruments, Colorado Springs, CO).
LTP and LTD values were presented as the
percentage of average fEPSPs slope relative to
the mean value of the baseline before
conditioning stimulation.

Statistical analysis - One-way factorial ANOVA
followed by Tukey-Kramer post hoc
comparisons were used to determine statistical



