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Figure 4. Selected screen candidates: modify mutant. Htt-
induced toxicity in the fly eye. GMR-Gal4-driven expression: of
UAS-Nhtt(152Q)EGFP, UAS-Nhtt(48Q)"° in the compourid eye results in
a progressive loss of pigmentation’ compared to expression of UAS-
Ntt(18Q)EGFP, UAS-Nhtt(18Q)""> (A). Carrying an extra UAS transgene
does: not' nioticeably. alter this: phenotype (B).: Female flies carrying a
UAS-CG1109 RNAi transgene on the: X chromosome show: a clear
suppression of the mutant Htt-induced toxicity phenotype, whereas no
clear modification is seen in: male flies: lacking. the UAS-CG1109 RNAI
transgene. (C). Expression of UAS-CG5537 RNAi on the X' chromsome
(D),-and an-autosomal UAS-CG4738 RNAi transgene (E) also suppress
the-mutant 'Htt-induced  degenerative: phenotype,  with a“rescue ' of
pigmentation in these flies. Note: both males and females carry a: copy
of the for the UAS-CG5537 RNAI transgene as explained in Materials and
Methods. Flies carrying: a: UAS-hiw: RNAI- transgene: showed 'a slight
rough eye phenotype that was also observed when coexpressed with
normal Htt " (F).. Overexpression of Rheb' resulted in 2 drastic
enhancement of the Htt phenotype with an increase in black necrotic
patches, further loss of pigmentation and: a-rough-eye with: bristle
disorganization (G). Overexpression. of Rheb:in: flies expressing normal
Htt also. resulted: in' a rough - eye. phenotype: with a._mild: loss . of
pigmentation. The chaperone molecule; dhdJ1 clearly suppressed. Htt-
induced: loss. of pigmentation when overexpressed (H). All flies were
aged between 21 and 22 days.
doi:10.1371/journal.pone.0007275.9004
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consistent results with this candidate. However, a slight rough eye
with disruption to eye bristles was observed in a mutant Hu-
independent manner (Figure 4F). Overexpression of Rheb
enhanced the phenotype of mutant Htt flies, with a severe rough
eye phenotype and enhancement of pigment cell loss (Figure 4G
right panels). However; overexpression of Rheb in flies expressing
our NhttEGFP transgenie with' a normal length polyQ) repeat
(Figure 4G left panels) or expression of UAS-Rheb alone (data not
shown) also’ resulted in" a rough eye phenotype with bristle
disorganization: As a control; we used the overexpression of the
Drosophila homologue of heat shack protein 40, dhd]1, to suppress
the mutant Htt eye phenotype (Figure 4H).

Validation of RNAI screen candidates in aged adult fly
brain

We further confirmed the validity of CG5537 and CG4738
RNAiP by quantification of mutant Nhtt(98Q)EGFP brain
aggregates. 4 week old male brains, from' Elav-Gal4, UAS-
Nhtt(98Q)EGFP recombinant lines were dissected and stained
with anti-elav antibody and Hoechst 33345, We quantified the
number and size of brain aggregates from stacked images of 5 pm
confocal sections, using Image] software. We observed a significant
decrease in the average number of visible inclusions in each brain
by expression of UAS-CG4738 RNAi and UAS-CG5537 RNAi
(Figure 5B and 5C). Although Rheb overexpression did not
significantly increase the number of brain inclusions or the
inclusion load, the average aggregate size was increased
(Figure 5C).

In summary, by using various i viwe models of HD we have
validated the effect of several candidate genes identified through a
large-scale RNAi screen for modifiers of mutant Htt aggregation.

Discussion

To make use of the amenability of cultured Drosophila cells to
gene knockdown by RNAI; we aimed to screen a library of dsRNA
molecules covering around half of the {ly'genome ‘and enriched for
fly ‘genes. with -~ mammalian homologues, ~for modifiers of
Hit(62Q)EGFP. aggregation.:We' carried out several rounds. of
screening to  identify  such “modifier- dsRNAs and " carefully
confirmed our screen results. by addressing’ issues: suchas non-
specific. transcript reduction’ and potential gene . off-targeting.
Following our stringent screening method, our final 3 groups of
candidates were assessed biochemically by-Western Blot analysis
and visually by confocal microscopy.

Our candidates. fell into- several functional groups, the most
notable: being transport molecules, including: those involved in
nuclear : transport; and - nucleotide  processing - including RNA
metabolism. Nuclear transport has been reported to be important
in- mutant Htt pathogenesis, with Htt ‘itself reportedly shuttling
between the nucleus and the cytoplasm [10,13]. RNA metabolic
processés are receiving increasing attention in the neurodegener-
ative- field-and RINA: binding: proteins- have: beenidentified  as
polyglutamine aggregate-interacting proteins and contributing to
polyglutamine disease pathogenesis. [14,15]. Although we identi-
fied  many genes. through RNAI screening . with: predicted
involvement in the” Ubiquitin Proteasome.. System: (UPS), most
were aggregation-suppressing. This. may be-due to the:essential
role of many of these’ genes, most of which ‘were-eliminated by
OTE pruning and ' secondary: screening: for: reduction  of
Nhtt(18Q)EGFP; although we cannot exclude the possibility that
some. eliminated dsRNAs. might reduce Nhtt((18Q)EGFP expres-
sion by renhancing ;. cellular proteolytic: activities,. Loss- of - the
ubiquitin: ligase highwire consistenitly resulted-in- an' increase. in
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Figure 5. CG5537 and CG4738 RNAIi transgenese suppress
Htt(93Q)EGFP aggregation in aged Drosophila brain. 4-week old
(28=29 days) fly brains were dissected from male flies and stained with
a-elav antibody (magenta), imaged by confocal microscopy and 5-um z
stacks projected into one'image (A). Compared  to elav-Gal4, UAS-
Nhtt(93Q)EGFP/wt: flies, flies. carrying: a: UAS-CG5537: RNAI  or: UAS-
CG4738 RNAI transgene show  a: significant. reduction in” the: mean
number of ‘inclusions (B) and the mean overall. inclusion: load. (#
inclusions X mean inclusion’ size) (D). with no significant reduction in
inclusion ‘size observed (€)." UAS-hiw. RNAi and UAS-dhdJ1" had no
significant ' effect. on- the number, size or ‘load of inclusions: (B-D
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respectively). UAS-Rheb significantly increased the mean inclusion size
(C), however there was an insignificant reduction in inclusion number
(A) with no significant change in overall inclusion load (D). Error bars
represent +/— SEM. The total number of brains imaged and scored
from 1 to 3 experiments are indicated in the data box. ** p=0.0008,
* p=0.008, Student’s t test.

doi:10.1371/journal.pone.0007275.9005

mutant Htt inclusion number and size in our cell culture model of
HD and appeared to enhance the eye degeneration phenotype of
mutant Hitt, although the high degree of phenotypic variability
with the UAS-hiw RNAI lines used made it difficult to reach a sure
conclusion on the role of this gene in HD pathogenesis.
Furthermore, no significant difference was found in the number
or size of inclusions in- aged adult brains expressing’ UAS-hiw
RNAi (Figure 3).

Our screen was biased towards detecting suppressors due to the
high aggregation propensity” of our-cell line: Investigation of
aggregation-enhancing dsRNAs with z scores slightly below our
+28D cut-off (z scores between 1.5 and 2) revealed several UPS
dsRINAs of the ubiquitin-ligase class.. This is consistent with the
role played by the UPS system in' targeting mutant Hit for
degradation. This group of enhancers can be viewed as an excel
spreadsheet in Data S1.

To further validate our high-confidence candidates, we' estab-
lished in vizo models of HD to investigate whether or not these genes
are likely to be involved in'mutant Hitt toxicity and/or modification
of mutant Htt aggregation in vivo. The Drosophila compound eye has
long been utilized to assess potential genetic interactions particularly
in the fields of apoptosis and degeneration in part because the eye is
sensitive to cell loss and: produces a visible: phenotype when the
highly organized ommatidial structure is disrupted. Furthermore,
the eye is not essential for viability, allowing genetic interactions to
be investigated in the adult, even with highly toxic gene products.
We were able to validate the role of several of our gene candidates
using the fly eye as a model system, Expression of UAS-CG4738
RNAi and UAS-CG5537 RINAI transgenes resulted in a noticeable
and consistent suppression of the loss of pigmentation phenotype
caused by heterozygous expression: of Nht{48Q)EGFP™ and
Nhtt(152Q)EGFP (Figure 4). We also observed a strong suppression
of this " phenotype with UAS:CG1109:-RNAi ‘and -a strong
enhancement of the phenotype. by overexpression, of ‘Rheb,
consistent with the role of autophagy in Htt aggregation {16,17].

Limiting our. i vivo validation of candidates to’ the eye raised
several problems. Although the eye is valuable as a toxicity model,
the relationship between polyglutamine aggregation: and toxicity is
not clear in the eye. Overexpression of the heat shock protein 40
homologue; dhd] 1, demonstrates a drastic suppression of ataxin 1-
induced toxicity: [18] and in our hands, this same’ transgene
resulted in suppression’ of mutant Htt-induced toxicity. However,
suppression of polyglutamine toxicity was independent of a visible
change in ataxin-1 aggregation [18]. We therefore set out to assess
the role of selected’ candidates: in aggregation of mutant Htt in
aged adult {ly brain. Our aggregation model, expressing one copy
of ‘a: UAS-Nhtt(93Q)EGFP: transgene "using' the  pan-neuronal
driver; elav-Gal4, formed visible inclusions in the brain and optic
lobes {Figure 5A): Although all progeny differed in age by no more
than 24 Hours; there was a high degree of variation in the number
and size of visible inclusions. Nevertheless, we found a significant
reduction in the number of inclusions and overall inclusion load by
expression of UAS-CG4738 RNAiand UAS-CG5537 RNAL We
could niot obtain a clear brain aggregation result for CG1109 due
to poor brain quality for all progeny from this cross. CG1109is a
novel gene, recently identified in a primary neuronal RNAi screen
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for genes required for neurogenesis [19]. CG1109 may therefore
be essential for neuron function and pan-neuronal expression of an
RNAI construct may be toxic.

We were unable to detect a significant reduction in mutant Hu
inclusions in the brain by overexpression of dhdjl. It is possible
that dhd]1 requires some cofactor for its function as a heat shock
protein that may be lacking in elav-positive neurons in the fly
brain. However, given that so many studies use the eye for
validation of polyglutamine modifiers, it should be noted that
perhaps not all such modifiers will prove valid in models for
mutant Htt aggregation. Our strongest candidates, CG4738 and
CG5537 were validated by two independent RINAi stocks in the
eye model (Figure 4 and data not shown).

Although some corresponding results were observed between
suppressor activity in the cellular system and reducing toxicity in eye,
the discrepancy is not unexpected. Even in our cellular system, based
on the inclusion formation and cell viability, a distinct correlation was
not confirmed (Table 1, Figure S7). Previously, drugs have been
screened for their effect on polyglutamine aggregate formation using
cellular models. One drug inhibited aggregation and suppressed
neurodegeration {20,21]. Another compound was reported to
promote inclusion formation and prevent the huntingtin-mediated
proteasome dysfunction, which is related to cell toxicity [22,23].
These results and the existence of heterogeneous aggregate species
such as fibrils and oligomers suggest that the decrease of inclusions
might correlate to the change of some specific toxic species of
aggregates depending on the system used.

‘We further examined the functional relationship among mouse
homologues of the selected candidates (Figure S8). The main gene
group includes nucleotide processing, nucleoporin and signaling.
The signaling genes are related to the autophagy: system, which
could degrade polyglutamine aggregates. The role of other major
groups. on -aggregdaie formation, such: as. genes. for. nucleotide
processing . and - nucleoporin, is- unknown.. Since the  main
localization of these gene products is nucleus, their function may
be related to the formation of nuclear inclusions. Reduction of the
nucleoporin 160 protein (CG4738). consistenty: rescued Hit-
induced toxicity and aggrégation in our cell line and m vivo. It is
feasible, however, that'a nucleoporin may act as a docking site for
the: accumulation and aggregation: of mutant Htt. Further work
remains to. elucidate the role of our candidates in the mammalian
system and their mechanism of action.

In summary,. we  have carried: out: a thorough: screen for
modifiers of mutant human. Htt aggregation using new models of
HD: established in cultured Drosophila cells and in:the fly. Further
investigation : of ‘our: candidates;. particularly those- involved. in
nuclectide: ‘processesing - and - intracellular : transport; including
nuclear: transport- may- uncover,: as" yet, unexplored - pathways
relevant to human: Huntington: Disease pathogenesis.

Methods

Cloning: of Drosophila constructs

We cloned N-terminal Htt exon 1 with: 18Q), 62Q or 152Q) as
fusions with EGFP and containing a C terminal NLS and MYC
tag into Drosophila expression vectors: as: described: in' Supporting
Information.

Establishment of stable, inducible Drosophila cells
expressing Htt exon 1-EGFP

We established stable, single: colony-isolated: BG2 cell lines
using the: DES® system (Invitrogen) as per: the manufacturer’s
instructions. - Briefly, - larval - central - nervous - system-derived
parental  cells;: BG2-c2 : cells::[24] were  cotransfected  with
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copper-inducible pRMHa3-NhttEGFP encoding either an 18Q)
or a 62Q repeat together with pCoBlast to confer Blasticidin-
resistance. Stably-integrated heterogeneous cells were selected in
the presence of 25 ug/mi Blasticidin. 1-3 cells were seeded into
96 well plates and isolated colonies were picked and expanded.
Individual clones were checked for expression of the NhttEGFP
transgene by microscopy and Western blot analysis following
induction with CuSO,. Cells were cultured in Schneider’s
Drosophila Medium (Invitrogen) supplemented with 10% heat-
inactivated FBS (Sigma) and 10 pg/ml insulin (Sigma). Medium
was supplemented with 0.5 mM CuSO, for induction of
NhttEGFP expression. Following initial selection, HD cell lines
were not maintained in Blasticidin.

dsRNA library synthesis

In vitro transcription reactions were set up in 96 well U-bottom
plates (Cellstar) using Ambion T7 megascript kits to simultaneous-
ly synthesize sense and antisense RNA strands in one reaction and
purified as described in Text Si.

ArrayScan® analysis

Fixed, stained cells were analyzed by ArrayScan®V?' High
Content Screening (HSC) Reader (Cellomics, Pittsburgh, PA,
USA} using Target Activation Bio Application (TABa). TABa
analyzes images acquired by an HSC Reader and provides
measurements of the intracellular fluorescence intensity and
localization on a cell-by-cell basis.

In each well, several thousand cells were counted and quantified
for the number and size of Nhtt(62)EGFP inclusions. Nuclei stained
by Hoechst 33285 provided the autofocus target and scored the
number of quantified cells. Screening consisted of two scans using
Hoechst and FITC (for EGFP) fluorescence. At first, the number of
aggregates was calculated. Fluorescent spots of at least 5 pixels in
size (magnification 40x) with an average EGFP intensity of more
than 1500 were labeled as inclusions. Secondly, nuclei were defined
as the objects of interest and their number was determined. EGFP
intensity in each cell was calculated in the perinuclear region within
the: distance. of 3 pixels from the nucleus: and. when, the average
intensity. exceeded 250, the cell was considered as EGFP-positive,
The percentage of the cells with aggregates was calculated.

ArrayScan® data was used to calculate the numberof inclusions
per cell (inclusion #/cell) and the inclusion load per cell (inclusion
load/cell), which takes into. account the. inclusion size (inclusion
number multiplied - by inclusion size  and ~divided: by the. total
number of cells).

Large scale RNAi screening
Detailed methods- of our large-scale: RNAi screen” including
methodology can be found in Text S1.

Fly stocks

NhttEGFP transgenes with either an 18Q: or' 152¢ polygluta-
mine repeat and either with or without a nuclear localization signal
(NLS): were - subcloned - into pUAST ‘plasmid  and: injected by
standard methods into w'''® embryos to establish transgenic flies.
Driver: lines used: in - our "analysis were ~obtained “from' the
Bloomington' ' stock: centre 'and' were  recombined - with " our
transgene(s) for stable expression: Due to' CAG: repeat instability,
some fly stocks were: injected with' constructs: with: répeat lengths
other than 152Q); In such cases; where expressed protein sizes
assessed by Western blotting were inconsistent with a-152Q repeat,
the: transgene was: amplified by RT-PCR ‘and the: CAG repeat
sequenced.. UAS-dhd] 1" have been previously described and were
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kindly provided by Prof. Kazemi-Esfarjani [18]. RNAI flies were
obtained from the VDR stock centre [12] in Vienna and the NIG
stock centre in Mishima. UAS-Rheb flies and the GMR-Gal4 and
elav-Gal4 driver lines were obtained from the Bloomington stock
centre. For all autosomal insertion lines and UAS-CG1109 RNAj,
sve set up crosses with virgin females carrying our Htt transgenes to
males carrying the candidate transgenc. For crosses with UAS-
(!G3537 RNA, virgin females were crossed to HD males.

Prediction of Off-Target Effects

The amplicon sequence for ecach dsRNA in the Open
Biosystems library was automatically rewrieved from the FLIGHT
database and entered into the Drosophila Resource Screening
Center (DRSC) OTE search tool to predict the number of
potential Off-Target Effects with a 19 nt match.

De novo design of amplicons for RNAi

The transcript sequences for the final candidates were retrieved
from FlyBase and the region targeted by the Open Biosystems
dsRNA was manually highlighted. Transcript sequence not
targeted by the library was used to design T7-tagged oligos for
amplication of de novo RNAi probes using the E-RNAi tool
(Heidlberg, Germany). Where possible, probes were selected to
target all possible transcripts of a given gene and had no predicted
21 nt OTEs.

Synthesis of de novo RNAI probes

To prepare the template for PCR amplification of the target
regions for in vitro transcription (IVT), total RNA was prepared
from 200 liquid Ny freeze-dried whole w'''® flies using TRIZol®
reagent (Invitrogen). Oligo d(T)-primed cDNA-was synthesized
from 2 pg total RNA, using First Strand cDNA synthesis kit
according to the Manufacturer’s directions (Novagen). 3 pl were
used'in a - standard PCR " reaction - using *KODPlus: DNA
polymerase (TOYOBO, " Japan) - and "using - the - primer  pairs
designed as- described above-and synthesized by Operon. PCR
products iere purified using the Vacuum Manifold® system
(Millipore) and a sample was checked by agarose gel electropor-
esis. Purified PCR products containing T7 promoters at each end
were used as templates for i vifro transcription. using’ the
Megascript - T7 kit (Ambion) ‘according' to the ‘manufacturer’s
directions. -dsRNA ~is -automatically - made -as. ‘each. strand ' is
synthesized in a single reaction. dsRNAs were purified using the
Millipore’ Vacuum  Manifold " system: and - the 'concentration
calculated by spectrophotometry. In cases where multiple bands
were observed in the PCR product, the band of the correct size
was excised and purified using the Wizard® Gel and PCR Clean-
Up kit (Promiega) before being used as'a template: for IVT.

Tertiary Screening using de hovo dsRNAs

Based on calculations of Clemens e¢f al; 2000 we brought each
dsRNA to 860'nM stock and aliquoted: the. appropriate ‘amotuints
for 43 nM and 108 nM treatments into 96 well plates. Cells were
treated with each de novo dsRNA probe in duplicate on: separate
experimental days and in different well positions: Each plate was
arrayed with controls against NewLacZ, diapl and dhdJ1 (hsp40).
Scores were normalized by dividing: the: inclusions/cell value by
the: NewLacZ control value. Averaged, normalized scores for: #
inclusions/cell and inclusion load/cell:were calculated.

Western Blot analysis

BG2-Nhtt(62Q)EGFP cells' were treated with 43 nM dsRNAs
for: 48 hours in 12 well- plates ‘and - the  culture’ mediumwas

B, PLoS ONE | www.plosone.org

10

20

Modifiers of Aggregation

replaced with induction medium containing 0.5 mM CuSO, for
16 hours. Cells were washed in PBS and then harvested in 1%
SDS/PBS supplemented with Complete® Protcase Inhibitor
Cocktail (Roche), and divided into two for WB analysis and
prepareation of total RNA. Cells for WB analysis were lysed by
sonication, gently centrifuged and the protein concentration
measured by BCA assay. 3 pg of whole cell lysates were boiled
in LDS sample buffer/DTT and electrophoresed at 200 V
through a 4-12% NuPAGE gel (Invitrogen) in MOPS buffer.
Proteins were transferred wet onto PVDF (Millipore) membrane,
blocked in 10% skim milk and blotted with EM48 MAB5374
Huntingtin primary antibody (Millipore) and Mouse IgG Perox-
idase (GE healthcare) secondary antibody before detection using
ECL. Images were captured using LAS-1000 (Fujifilm). Blots were
stripped and re-probed with E7 B-tubulin antibody (Hybridoma
Bank) and Mouse IgG Peroxidase (GE). The presence of
aggregates in whole cell lysates makes quantification difficult,
resulting in some apparent loading differences between samples.

Imaging of adult fly eyes

Fly progeny were collected every 24 hours over a 5 day period
and aged for 3 weeks (21-22 days). Flies were randomly selected,
anesthetized with GOy and decapitated. Fly heads were aligned on
a slide for imaging the left eye and viewed using an Olympus
SZX16 - dissecting microscope and an external light source
(Kenko). Images were captured using a NIKON digital sight
DS-LI camera.

In vivo scoring of aggregation

For quantification of inclusions in the adult brain, brains from
male flies aged for 4 weeks (28-29 days) were dissected in PBS and
immediately fixed in 4% PFA for 30-60 minutes. Brains were
fited in paraformialdehyde and" stained with elav “antibody
(Developmental” Hybridoma Bank, Towa, USA)." Using 'a 10X
objective lens; 5 pm z sectionis were imaged using a SP2nLeica
Confocal ‘and images were converted to greyscale’ JPEG  images
using Photoshop and' then opened in Image] {25] for quantifica-
tion of aggregation. In some cases, highly fluorescent areas clearly
not inclusions; were removed to avoid artificial inclusion courits.
The number and size of Hit(93Q)EGFP inclusions were quantified
using “Image] software on greyscale brain images captured: by
confocal microscopy using the green channel only. Threshold
settings were set to a minimum ‘of 100 and' the default maximum
(255). Using the ‘Analyze Particles’ option, the inclusion number
and average: inclusion’ size were calculated. We were unable to
confirm “expression. levels' of ‘our candidates in adult brain by
RTPCR, probably because contribution of non-RINAi targeted
cell types contributing to the total RNA prepared could mask any
reduction inelav-positive - cells. We “were “able: ‘to: detect the
overexpression of dhdJ1 and Rheb in the eye model, suggesting
that these transgenes are effectively overexpressing these” genes
{data not shown).

Supporting Information

Text S1.Supporting Materials and Methods
Found at: doi:10.1371/journal.pone.0007275.5001  (0.03 . MB
DOC)

Figure ' S1° RNAi screening’ validation - and - overview. ' The
efficacy of RNAI treatment in a Drosophila cell culture model of
HD was tested using dsRNA against GFP. Cells expressing BG2-
Nhtt(I8Q)EGFP cells - treated " with - 37 nM ' GFP “ dsRNA" for
48 hours and visualized by fluorescence microscopy show ablation
of GFP {A), BG2-Nhtt(62Q)EGFP. cells were treated: with GFP
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dsRNA and analyzed by ArmrayScan®. Reduction of
Nhtt(62Q)EGFP by GFP dsRNA reduced the number of EGFP-
positive cells (B) and the number of EGFP-positive intracellular
inclusions (C) detected by ArrayScan®. Screening in 96 well plate
format was validated using a screen plate arrayed with random
dsRNAs including dsRNA against diapl. Loss of diapl results in
widespread apoptosis as shown by the reduced viability in celis
treated with diapl dsRNA (D). An overview of our approach to
screening for modifiers of mutant Hrt aggregation, including
several rounds of screening in vitro, followed by validation in vivo,
is shown (E).

Found at: doi:10.1371/journal.pone.0007275.5002 (2.33 MB TIF)

Figure §2 OTE pruning following primary screening. Top pie
charts show the functional categorization of all candidates
following primary screening in BG2-Nhu(62)EGFP cells. These
candidates were pruned to eliminated dsRNAs with more than 10
predicted OTEs. The Specific Transcription category, including
many transcription factors (TFs) was the most drastically reduced
following OTE pruning, consistent with the fact that many
TFs have repetitive trinucleotide repeats that are sensitive to
off-targeting.

Found at: doi:10.1371/journal.pone.0007275.5003 (1.81 MB TIF)

Figure 83 Off-target effects reduce cell viability and contribute
to false positive candidates. The mean cell viability values for
candidates following primary screening were plotted against the
number of predicted 19 nt OTEs, demonstrating a significant
negative correlation between cell viability and the number of
potential OTEs (A). dsRINAs with multiple predicted OTEs are
over-represented amongst our candidates following the primary
screen. 54% of the dsRNA target sequences in the Open
Biosystems library have no predicted 19 nt OTEs, with only
5.7% having more than 10 predicted OTEs (B). In contrast, 30%
of our candidates lacked any predicted OTEs, with 44% having
greater than 10 potential off-targets (C). The presence of off-target
sequences causes inconsistencies in assay results: The percentage of
candidates that modified Nhtt(62Q)EGFP consistenitly from' the
primary screen, using library dsRNAs, and the tertary screen,
using de novo designed dsRNAs are shown in yellow. The
percentage of candidates producing an opposite effect is shown in
green, while pink shows the percentage of candidates that gave
inconsistent results within the tertiary screen duplicates using de
novo dsRINAs with no 21 nt OTEs. The majority of candidates
with no more than 1 OTE consistently modified mutant Hit
aggregation in vitro. Increasing OTEs increased the likelihood of
inconsistent results (D).

Found at: doi:10.1371/journal.pone.0007275.5004 (2.19 MB TIF)

Figure 84 de novo RNAi probes. Target sequences were
amplified with primers harboring the T7 promoter sequence.
PCR products were purified using the Millipore Vacuum manifold
system and checked for size and product specificity by agarose gel
electrophoresis (top panel). In cases where more than one product
was amplified, the product of the correct size was excised from the
gel and purified. These products were then checked again by
agarose gel electrophoresis (top right panel). To confirm the
mtegrity of dsRINA synthesized in viro from the PCR product
templates, we ran 1 pg dsRNA on a denaturing formaldehyde gel
(lower panel). Predominant bands are consistent with the predicted
size for denatured RNA. We suspect the minor slower-migrating
bands are non-denatured dsRNAs (A). By using RTPCR in BG2-
Nhtt(62Q)EGFP cells treated with candidate groups 1-3 dsRNAs,
we confirmed that in each case, the target gene was réduced upon
dsRNA treatment. All results were from the same experiment
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except ATPsyn-b (boxed), which was from a different experiment
(B).
Found at: doi:10.1371/journal.pone.0007275.5005 (1.59 MB TIF)

Figure 85 Confocal microscopy of RNAi-treated cells. BG2-
Nhtt(62Q)EGFP cells treated with candidate groups 1-3 aggrega-
ton-suppressing (A) and aggregation-enhancing (B) dsRNAs. To
demonstrate the increase in diffuse-expressing cells among
aggregation-suppressors, the EGFP gain was increased to 400
compared with a gain setting of 300 for imaging the aggregation-
enhancing dsRINAs.

Found at: doi:10.1371/journal.pone.0007275.5006 (6.00 MB TIF)

Figure 86 Confocal projection images of 3rd instar larval eye
imaginal discs. Wandering 3rd instar larval eye discs were
dissected in PBS, fixed in 4% PFA, stained with Hoechst and
mounted onto a microscope slide in 80% glycerol for imaging
using a Leica SP2 confocal microscope. Flies expressing
Nhtt(I18Q)EGFP together with Nhit{18QJEGFPNLS show local-
ization of the protein in the nucleus (white arrow heads) and in the
cytoplasm (white arrows) (left panels). Flies expressing mutant
Nhtt(152Q)EGFP together with Nhtt(48Q)EGFPNLS show the
presence of EGFP-positive nuclear (arrow heads) and cytoplasmic
(white arrows) inclusions in larval eye imaginal discs (right panels).
Images represent projection stacks of 3 im z sections.

Found at: doi:10.1371/journal.pone.0007275.5s007 (2.47 MB TIF)

Figure 87 Correlation between inclusion number/load and cell
viability. Based on the data shown in Table 1, the values of %
viability were plotted against those of fold change in the number of
inclusions or inclusion load for all candidate genes. A weak positive
correlation was observed between cell viability and both number
of inclusions (r=0.436, P =0.048) and inclusion load (r=0.444,
P=0.044).

Found at: doi:10.1371/journal.pone.0007275.5008 (2.46 MB TIF)

Figure 88 Functional grouping of mammalian orthologues of
the candidate genes. The mammalian orthologues of the candidate
genes (Table 1) identified by RNAI screening were categorized
according to their known or predicted functions manually
retrieved from the public databases such as PUBMED, Entrez
Gene, and HomoloGene. Mammalian orthologues of enhancers
and suppressors dsRNAs in the fly are shown by red- and blue-
colored circles, respectively.

Found at: doi:10.1371/journal.pone.0007275.5009 (3.79 MB TIF)

Data 81 Excel file: Full List Functonal Assign Worksheet: 28Ds
full list All candidates with z scores of greater than 2 or less than
—2 are shown in this worksheet, with data for Gene Ontology
categorization and manual functional grouping. The effect on
mutant Htt aggregation is abbreviated as either enhancing
aggregation (en) or suppressing aggregation (su). The predicted
number of 19 nt OTEs and the mean % viability values are
shown. Given the continual updating of public databases, current
information may differ from information obtained at the time this
spreadsheet was made. Worksheet: en 1.5 to 2 Weaker enhancer
dsRNAs with z scores between 1.5 and 2 are shown with all the
data entries as above.

Found at: doi:10.1371/journal.pone.0007275.5010 (0.51 MB
XLS)
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Huntington disease (HD) is a fatal hereditary neurodegenera-
tive disease caused by an expansion of the polyglutamine
(polyQ) stretch in huntingtin (htt). Whereas the pathological
significance of the expanded polyQ has been clearly established
and a tremendous effort to develop therapeutic tools for HD has
been exerted, there is yet no effective cure. Whereas many mol-
ecules able to reduce the polyQ accumulation and aggregation
have been identified, including several Rho kinase (ROCK)
inhibitors, it remains very important to determine the mecha-
nism of action of the potential drugs. ROCK inhibitors, includ-
ing Y-27632 were reported to decrease aggregation of htt and
androgen receptor (AR) through ROCK1 and protein kinase
C-related protein kinase-2 (PRK-2). A downstream effector of
ROCK1,; actin-binding factor profilin, was shown to inhibit the
mutant htt aggregation but not AR by direct interaction. We
found that the anti-aggregation effect of ROCK inhibitors was
not limited to the mutant htt and AR and that Y-27632 was also
able to reduce the aggregation of ataxin-3 and atrophin-1 with
expanded polyQ. These results suggested that in addition to the
mechanism reported for htt and AR; there might also be other
common mediators involved in the reduced aggregation of dif-
ferent polyQ proteins. In this study, we show that Y-27632 not
only reduced the mutant htt aggregation by enhancing its deg-
radation, but surprisingly was able to activate the main cellular
degradation pathways, proteasome; and macroautophagy. We
also show that this unique effect was mediated by ROCK1 and
ROCK2:

Huntington disease (HD)® is a dominantly transmitted neu-
rodegenerative disorder involving the basal ganglia and cere-
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bral cortex that typically strikes in midlife, where survival from
onset to death averages 17-20 years. Its prevalence is around
5-10 cases per 100,000 worldwide, which makes it one of the
most common inherited neurodegenerative disorders. The
characteristic symptoms of HD are involuntary choreiform
movements, cognitive impairment, mood disorders, and
behavioral changes that are chronic and progressive over the
course of the illness. The underlying gene defect was proved to
be a CAG repeat encoding polyglutamine (polyQ) inexon 1 ofa
348-kDa protein named huntingtin (htt) (1, 2). In the unaf-
fected population, the number of CAG repeats varies from 6 to
34 while repeats of 36 or more define an HD allele. The varia-
bility of the pathological alleles is quite wide, ranging from 36 to
121 repeats; displaying an inverse correlation with onset age (3).

Endogenous wild-type htt was shown to be essential for the
normal development. and health of the individual, but its
mutated: form confers. a toxic: gain-of-function (4). In 1997,
polyQ aggregates were reported in the brains of transgenic mice
and in the postmortem brains from. patients with HD in the
form of nuclear inclusions (5, 6).

Several models have been proposed to.explain the mecha-
nism by which the mutant htt causes neuronal degeneration (7),
for example impairment of transcription and gene expression
(8-11), impairment of axonal transport and synaptic transmis-
sion (12-14), suppression of energy metabolism (15, 16), and
induction of apoptosis (17). Although controversial, mutanthtt
has also been proposed to impair the ubiquitin proteasome sys-
tem (UPS) (18 -21). Despite enormous progress in elucidating
the molecular pathology of HD, the prognosis for patients has
improved little sinice the first description of this disease, thus no
effective treatments for HD patients have been developed.

Rho-associated - kinases  (ROCKs) . are. Ser/Thr . protein
kinases;: which were found. to be downstream targets of the
small GTPase RhoA GTPase (22-24). In the mammalian sys-
tem, ROCKs consist’ of : two  isoforms.. ROCKIL:  (ROKB,
p160ROCK]) is located on chromosome 18 and encodes a 1,354~
amino acid protein (22). ROCK2 (ROKua); is located on chro-
mosome 12 and contains 1,388 amino acids (25).

The ROCKSs are important regulators of cell growth; migra-
tion; and apoptosis via control of actin cytoskeletal assembly.
They regulate cell contraction through serine-threonine phos-

enosine-3',5'-cyclic: monophosphate sodium: salt; ' RT-PCR; ' ‘reverse
transcriptase PCR; ponA, ponasterone A; FTA, filter trap assay; PBS, phos-
phate-buffered saline; shRNA, short hairpin RNA; PGPH, peptidyl glutamyl
peptide hydrolase; UPS, ubiquitin proteasome system; PEA, phosphati-
dylethanolamine; 'PRK-2, - protein - kinase - C-related protein - kinase-2;
ANOVA, analysis of variance.
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phorylation of adducin, ezrin-radixin-moesin (ERM) proteins,
LIM kinase, myosin light chain phosphatase (MLCP), and Na/H
exchanger 1 (NHE-1) {25, 26). RhoA/ROCK was shown to reg-
ulate the intracellular localization and phosphorylation of
phosphatase and tensin homolog (PTEN), and RhoA/ROCK-
mediated phosphorylation of PTEN is required for the phos-
pholipid phosphatase activity of PTEN that antagonizes PI3K-
mediated Akt signaling (27).

The RhoA/ROCK pathway was also reported to be impli-
cated in the Af,, processing (28). Using APPswe-expressing
Neuro2a mouse neuroblastoma cells, it was demonstrated that
ROCK modulates shedding of sAPPa induced by statins. Con-
stitutively active ROCK mutant attenuated sAPPa shedding
from both untreated and statin-treated cells, whereas a ROCK
mutant without kinase activity activated sAPP« shedding (29).
Calorie restriction (CR)-induced SIRT1 expression promotes
a-secretase activity, sAPPa generation, and diminishes AS
generation by neurons from 7g2576 mice and CHO cells
expressing APPswe. This effect of SIRT1 appears to be depend-
ent on ROCK1 (30). The inhibition of ROCK activation was
reported to be also an efficacious approach for the treatment of
acute ischemic stroke (31).

Blocking the RhoA/ROCK pathway has been shown to mark-
edly inhibit the polyQ protein aggregation and decrease its tox-
icity in celtular and Drosophila model of HD (32). ROCKT and
protein kinase C-related protein kinase-2 (PRK-2) have been
identified to be the mediators’of aggregation inhibition by
Y-27632 (33). Moreover, a downstream effector of ROCK1,
actin-binding factor profilin, was reported to inhibit the mutant
htt aggregation by direct intéraction via its polyproline-binding
domain (34). Unlike htt, the inhibition of the mutant androgen
receptor (AR) aggregation' by profilin was not mediated by
direct interaction (34):

We tested the effect of Y-27632 on' séveral proteins with
expanded polyQ and it was able to efficiently reduce the aggre-
gation of these proteins. In addition to htt and AR, the tested
proteins included mutant full-length and truncated ataxin-3
and. full-length atrophin-1- with expanded polyQ (Fig. 1).
Therefore in this study we investigated whether there might be
acommon mechanism by which the chemical ROCK inhibition
leads to the reduced polyQ aggregation: We found that
enhanced degradation of expanded polyQ protein largely con-
tributes to this effect. Surprisingly, both major degradation sys-
tems, UPS and macroautophagy (hereafter referred to asauto-
phagy), -appeared to be activated by ROCK inhibition, and
involved in reducing the polyQ aggregation:

EXPERIMENTAL PROCEDURES

Materials—The ROCK inhibitors Y-27632, HA1077, and
H89 were obtained from Sigma. H-1152; propidium iodide (PI),
and the autophagy activator, rapamycin (35) were from Calbio-
chem. Fluorescent nucleic acid stain Hoechst 33258 was from
Molecular Probes. MG-132 (Z-Leu-Leu-Leu-aldehyde) was
from Wako Chemicals and 3-methyladenine (3MA}) was from
Sigma.

Mouse monoclonal antibody specific for N-terminal of hun-
tingtin (EM48) and rat monoclonal anti-B-tubulin antibodies
were from Chemicon. Anti-LC3, anti-GFP, and anti-RFP anti-

13154 - JOURNAL OF BIOLOGICAL CHEMISTRY

bodies were from MBL and anti-ubiquitin antibody was from
DAKQO. Mouse monoclonal anti-ROCK1 and anti-ROCK2
antibodies were purchased from BD Transduction Laborato-
ries and anti-ATG5 antibody was kindly provided by Dr.
Mizushima. All other chemicals were from Sigma or Nacalai
tesque unless otherwise specified.

Plasmids—Plasmids encoding the truncated N-terminal of
human huntingtin (téNhtt) with 16, 60, and 150 glutamine
repeats were introduced in pEGFP-N1 vector as previously
described (36). The construction of plasmids encoding
human truncated or full-length ataxin-3 containing 130Q (in
pEGFP-N1 vector) was described previously (37). Human
androgen receptor with 23Q (AR23Q) was amplified from
human brain ¢cDNA library by PCR using a set of primers Bglil-
AR-Fw (5'-AAAAGATCTATGGAAGTGCAGTTAGGGCT-
3"} and Sall-AR-Rv (5'-AAAAAAGTCGACCTGGGTGTGG-
AAATAGATGG-3'), cleaved by Bglil and Sall, and introduced
into the Bglil-Sall sites of the pEGFP-C1 vector (EGFP-
AR23QQ). The CAG repeat tract of EGFP-AR23Q was expanded
via a method previously described (38). A primer set, Bglll-
AR-Fw and Mmel-AR-exp-Rv (CATCCTCACCCTGCTGCT-
GCTCCAACTGCCTGGGG) was used to amplify the 5'-cod-
ing sequence including the CAG repeat tract. Another primer
set, Mmel-AR:exp-Fw (AGGCCGCGAGCGCAGCACCTTC-
CGACGCCAGTTTG) and AR-630Rv (TCTCCCGCTGCTG-
CTGCCTT) was used to amplify the CAG tractand its 3'-flank-
ing region. These two fragments were digested by Mmel (New
England Biolabs), gel-purified; and treated with T4 DNA ligase
to connect them at their CAG repeat tracts. The ligated frag-
ment was gel-purified and amplified by PCR using BglII-AR-Fw
and AR-630Rv primers, and digested by Bglll and AflIl: The
resulting fragment was ligated with EGFP-AR. By two cycles of
expansion; EGFP-AR45Q and EGFP-ARY99Q were obtained.
The N terminus fragment of AR99Q), was amplified by PCR
using primers BglII-AR-Fwand Sall-AR-396Rv (AAAAAAGT-
CGACGACGCAACCTCTCTCGGGGT), cleaved by Bglll and
Sall, and subcloned into the BgllI-Sall sites of the pEGFP-C1.
EGFP-DRPLA construct encoding atrophin-1 with Gln-71 was
described previously (39) and was kindly provided by Dr. Masao
Yamada. To prepare pcDNA3.1-tNhtt-60Q-EGEP for transient
transfection; tNhtt-polyQ-EGFP fragment was cut from pIND-
tNhtt-polyQ-EGFP (40) with HindI1I-Xbal digestion, and the
resulting fragment was inserted into pcDNA3.1-v5/His plas-
mid: The monomeric red fluorescence protein (mRFP).(41) and
the ubiquitinated. (Ub) Discosoma Red: fluorescent: protein
(dsRed)2/N1 plasmids (42) were previously described.

Cell Culture and Treatment—Mouse neuroblastoma (NeuroZa;
N2a) cells lines stably transfected with inducible expression of
tNhtt-16Q-EGFP; tNhtt-60Q-EGFP, tNhtt-150Q-EGFP; and
tNhtt-150Q-NLS-EGFP, which express a cDNA encoding htt
exon 1 containing 16, 60 or 150 CAG repeats and fused with
EGFP and eventually nuclear localization signal (NLS) (43),
were  previously ~established - using  the ecdysone-inducible
mammalian expression system (Invitrogen) (36, 40). Neuro2a
and mouse embryonic fibroblasts (MEFs) were maintained in
Dulbecco’s modified Eagle’s medium  (Invitrogen). supple-
mented with 10% heat-inactivated fetal bovine serum (Sigma),
100 units/ml penicillin, and 100 ug/ml streptomycin (Invitro-
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gen) at 37 °C in an atmosphere containing 5% CO, and 95% air.
Neuro2a cells were induced to express tNhtt-polyQ with 1 pum
ponasterone A (ponA, Invitrogen) and differentiated to neuro-
nal phenotype with 5 mM N°,2’-O-dibutyryladenosine-3',5'-cy-
clic monophosphate sodium salt (dbcAMP) (Nacalai tesque).
The differentiation status of the Neuro2 cells treated with
dbcAMP is shown in supplemental Fig. S1. Except for the chase
experiments, the cells were incubated with drugs at the time of
differentiation and induction. MEFs were induced to
ATGS5(—/—) phenotype with 10 ng/ml doxycycline for 5 days as
previously described (44).

Cells were transfected when they reached about 70-80%
confluence. Transfection by Lipofectamine 2000 (Invitrogen)
was done in accordance to the manufacturer’s protocol in
24-well plates. Cells were used for experiments at indicated
times after transfection.

Cell Death Assay—For quantification of cell death, 5 ug/ml
each of Hoechst 33342 and PI were added to differentiated and
induced Neuro2a cultures incubated with ROCKinhibitors.
After 10 min at 37 °C, the PI-positive cells were quantified with
ArrayScan (Cellomics).

RNA Interference—Each sense and antisense template short
hairpin RNA (shRNA) for ROCK1 and ROCK2 was purchased
from Operon, annealed and ligated into pSilencerl.0 vector
with U6 promotor according to the manufacturer’s instruc-
tions (Ambion). The: target sequences were as follows:
ROCK1, 5 -AAGTAGTGACATTGATACTAG-3'; ROCK2,
5'-AACAATAGAGATCTACAAGAT-3'. The plasmids con-
taining shRNA were sequence-verified. Plasmids were trans-
fected into Neuro2a cells using Lipofectamine 2000. Ater 2 days
of silencing, cells were induced.

ArrayScan Quantification—For the inclusions (visible aggre-
gates) quantification, cells were grown in 24-well plates for
indicated periods, fixed in 4% paraformaldehyde, washed, and
incubated with Hoechst 33258 at 1:1000 dilution in PBS. Cells
were analyzed with ArrayScan®V™' High Content Screening
(HCS) Reader using Target:Activation BioApplication (TABA).
TABA analyzes images acquired with an HCS Reader and pro-
vides measurements of the intracellular fluorescence intensity
and localization on a cell-by-cell basis.

In each well, more than 10,000 cells were counted and quan-
tified for the presence of the inclusions. Nuclei stained by
Hoechst 33285 provided the autofocus target and a count gave
the exact number of the quantified cells. The screening itself
consisted of two scans using Hoechst and fluorescein isothio-
cyanate (for GFP) fluorescence. First, the number of inclusions
was calculated when fluorescent spots of at least 5 pixels (mag-
nification 20X for cytoplasmic and 40X for nuclear aggregates)
and an average GFP intensity of more than 1500 were labeled as
inclusions. Nuclei were then defined as the objects of interest
and their number determined. The percentage of the cells with
inclusions was then calculated. The reliability of the inclusion
quantification by ArraScan was validated by test-counting of
inclusions by eyes (supplemental Fig. S2). The number of
mRFP- or Ub-dsRED-positive cells and fluorescent intensity
was quantified by single scan by detecting the red fluorescence
of each cell in the perinuclear region within a distance of 3
pixels from the nucleus. When the average intensity exceeded
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50, the cell was considered mRFP/Ub-dsRED-positive. Scan-
ning was performed with three or four times in each experi-
mental condition. Data were generated from the quantification
of more than 250,000 cells in each experimental set-up.

TagMan Reverse Transcriptase-PCR (RT-PCR)—Total RNA
and cDNAs were prepared from Neuro2a cells as described
previously (45). The TagMan primer and probe sets were
designed and synthesized based on Primer Express Software
(Applied Biosystems). The nucleotide sequences of the primers
for EGFP were as follows: forward 5'-AGCAAAGACCCCAA-
CGAGAA-3’, reverse 5'-GGCGGCGGTCACGAA-3', Tag-
Man probe 5'-CGCGATCACATGGTCCTGCTGG-3"; Tag-
Man RT-PCR was performed as described previously (46). All
values obtained were normalized against the levels of B-actin
using the following primers: forward 5'-TCTTTGCAGCTCC-
TTCGTTG-3', reverse 5'-ATCGTCATCCATGGCGAAC-3/,
TagMan probe 5'-CGGTCCACACCCGCCACC-3".

Chase Experimenis—To determine whether soluble tNhtt-
polyQ degrades faster in the presence of ROCK inhibitors,
chase experiments were performed. Neuro2a cells were first
differentiated and induced to express tNhtt-polyQ for 24 h in
case of 16Q and 60Q and 16 h in case of 150Q cells. Thereafter,
ponA was removed, the cells were washed, and incubated in a
medium containing dbcAMP (for maintaining differentiation
status) with either water (control) or ROCK inhibitors at 20 um
concentration for 4 or 5 days. Medium was replaced every 2
days with the same concentration of the drugs, and cells were
collected everyday. The cells were subsequently lysed, and the
levels of tNhtt-polyQ analyzed using Western blotting.

Western Blot Analysis—Cells were washed twice with ice-
cold PBS, scraped, and resuspended in lysis buffer (0.5% Triton
X-100in PBS; 0.5 mm phenylmethylsulfonyl fluoride, Complete
protease inhibitor mixture (Roche Applied: Sciences). After
incubating on ice for 30 min Iysates were briefly sonicated. Pro-
tein concentrations were determined according to the method
of Bradford using Bio-Rad protein assay reagent (Bio-Rad).
Equal amounts of protein were boiled for 5 min in 2X SDS-
sample buffer and then separated by 5-12% gradient SDS-
PAGE and electrophoretically transferred to a polyvinylidene
difluoride (polyvinylidene difluoride) membrane. The mem-
branes: were blocked in: 5% skim milk: in’ 0.05% Tween
20/Tris-buffered saline (TBS-T) and then: incubated with
primary antibody (dilutions in accordance with manufactur-
er’s recommendations) overnight ‘at 4.°C. The membranes
were washed three times in TBS-T and incubated for 1 h with
horseradish- peroxidase-conjugated . secondary - antibody
(dilution 1:5000). Immunoreactive proteins were detected
with enhanced chemiluminescence reagents (Amersham
Biosciences).

Filter Trap Assay (FTA)—FTA was performed using a Hybri-
Dot manifold (Bio-Rad) and cellulose acetate membrane filter
with a pore size of 0.2 uM (Advantec). The cell lysates: were
prepared as for Western blotting. The same amount of protein
from each experimental condition was diluted to.100- il of PBS
with 2% SDS and applied to the membrane. Soluble proteins
were removed by vacuum: suction while: the SDS-resistant
aggregates stayed trapped. Wells were washed three times with
2% SDS/PBS, and suction was maintained for 20 min to allow
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thorough and complete trapping of
SDS insoluble material. Membranes
were subsequently blocked with 5%
skim milk, and immunostaining was
performed.

In Vitro UPS Activity Assay—
Neuro2a cells were transfected with
ROCKI1 and/or ROCK2 shRNA and
2 days later, 10 pm MG-132 was
added. Eighteen hours later, cells
were collected, and 5 pg of total
protein from each lysate was pipet-
ted to 96-well plate and 100 ul of
fluorogenic UPS substrate 1 (tryp-
sin-like activity) or II (peptidyl glu-
tamy! peptide hydrolase (PGPH)-
like activity) (Calbiochem). Plates
were placed in the Arvo MX 1420
Multilabel Counter (Perkin Elmer),
and absorbance was detected at
460 nm.

Statistical Analysis—We used the
unpaired Student’s ¢ test for com-
parison between two samples. One-
way ANOVA Fisher's test followed
by Tukey's HSD test or two-way
ANOVA test with pairwise contrast
were performed using XLSTAT or
Partek Genomic Solution Software.
The - statistical - significance - was
confirmed by the' non-parametric
Mann-Whitney  test where indi-
cated. We considered the difference
between comparisons to be signifi-
cant whenp < 0.05 for all the statis-
tical analyses.

RESULTS

ROCK Inhibitors Inhibit : PolyQ
Aggregation—First, we investigated
whether the effect of Y-27632 on
polyQ aggregation is limited to htt
and AR or if it is also able to inhibit
theaggregation of other polyQ-con-
taining * proteins.. We  found  that
beside ‘htt ‘and “AR; Y-27632  de-
creased: the aggregation of trun-
cated and full-length ataxin-3 and
atrophin-1 ina dose-dependent
manner (Fig. 1). To test whether the
polyQ aggregation is decreased by
more ROCK inhibitors or whether it
is-a specific effect of Y-27632, we
examined = four - different = drugs
inhibiting ' ROCK.: The ‘ArrayScan
analysis revealed that all of them
were able to decrease the polyQ
aggregation in 150Q and 150Q-NLS
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FIGURE 2. ROCK inhibitors decrease the cytoplasmic and nuclear polyQ aggregation and toxicity
in 150Q and 150Q-NLS Neuro2a cells. Cells were plated into 24- (for ArrayScan analysis) or 12-well
plates (for Western blot analysis). On the following day, cells were differentiated with 5 mm dbcAMP and
induced with 1 um ponA for different time periods as indicated in the figure and below. Cells were fixed
with 49 PFA and nuclei stained with Hoechst 33258, A, composite image generated by ArrayScan (20X
magnification) shows a clear decrease in polyQ aggregation in 150Q Neuro2a cells after 24 and 48 h by 20
(M Y-27632.8B-D,;ROCK inhibitors Y-27632, H-1152, HA1077, and H89 significantly decreased the inclusion
formation rate in 150Q N2a cells-24 h (B} or 48 h () after induction and treatment and in 150Q-NLS N2a
cells 48 h (D) after induction and treatment in dose-dependent manner. £, 150Q Neuro2a cells were plated
into 12-well tissue culture plates, and the next day the cells were differentiated with 5 msm dbcAMP,
induced with 1 um ponA; and treated with Y-27632 or H-1152. Cells were collected 24-h later and pro-
cessed for immunoblot analysis 'using-anti-GFP and anti-g-tubulin' antibodies. Western blot analysis
showed a reduction of the'soluble and insoluble 150Q in Neuro2a cells by Y-27632 and H-1152 treatment
in a dose-dependent manner. F, cell death in 150Q and 150Q-NLS Neuro2a cells: Cells were plated into
24-well tissue culture plates, and the following day, the cells were differentiated, induced; and treated
with: 20 um Y-27632. After 3 days, Pl and Hoechst 33258 were added to the medium in final concentrations
of 5 ug/ml. Cells were incubated for.10 min at 37 °C before ArrayScan analysis was performed. Y-27632

reduced the Pl-positive cells by 31% in'150Q and 36% in 150Q-NLS Neuro2a cells (n = 3} as compared with
untreated cells: Bars in B=Drepresent the relative mean values = 5.D. from four different experiments. The
control value of 1 represents the control conditions with no:ROCK inhibitor added to the cells. *, p < 0.05;
**Up < 0.005; ¥*% p- < 0.001; p.< 0.05 by non-parametric. Mann-Whitney test for significant data
by ANOVA,

Neuro2a cells after 1 or 2 days of dif-
ferentiation and inductioninadose-
dependent manner (Fig. 2, A-D).
The 150Q-NLS cell line was exam-
ined after 2 days because the nuclear
inclusion formation sufficient for
ArrayScan analysis did not appear
earlier. Y-27632, H-1152, and
HA1077 were very efficient in both
cell lines, while H89 did not have so
strong effect after 2 days of treat-
ment. These results were confirmed
by Western blot, as shown in a rep-
resentative Western blot in Fig. 2E
for Y-27632 and H-1152. Next, we
examined the effect of Y-27632 on
the polyQ-mediated cytotoxicity.
After 3 days of 150Q and 150Q-
NLS expression in Neuro2a cells,
Y-27632 was able to decrease the
percentage of propidium iodide-
positive cells in both cell lines (Fig.
2F). These data confirmed the
inhibitory effect of ROCK inhibitors
on polyQ aggregation and polyQ
cytotoxicity.

Y-27632 Decreases the Level of
PolyQ Protein—DBecause the de-
crease in insoluble form of polyQ on
gel top was not accompanied by an
increase in the monomeric polyQ
protein (Fig. 2E), we investigated
the rate of htt expression. In 16Q
Neuro2a - cells, - treatment  with
Y-27632 did not have significant
effect on the protein level after 8,12,
and 24 hofinduction (Fig.3,Aand B
(left panel)). On the other hand, the
level ‘of 150Q  protein. decreased
drastically when cells ‘were incu-
bated with the drug (Fig. 3, A and B
(right. panel)). The TagMan' real-
time PCR showed no difference at
the transcriptional” level between
treated and untreated cells (Fig. 3C).

/-27632 Enliances the Expanded
PolyQ Degradation by UPS: and
Autophagy—We performed a set of
chase ' experiments to’ investigate

FIGURE 1. ¥-27632 reduced aggregation of different proteins with expanded polyQ. Neuro2a cells were platediinto 24- (for ArrayScan analysis) or
12-well plates (for Western blot analysis), transfected and 4-h later differentiated and treated with.Y-27632. A, C, E, G, and I, ArrayScan analyses of the
inclusion formation in Neuro2a cells transfected by plasmids coding different polyQ-containing proteins and treated with increasing concentrations of
Y-27632 (10, 20, and 50 um). Y-27632 reduced the inclusion formation of all tested proteins in a dose-dependent manner. Bars represent the relative
mean values £ S.D: from three independent experiments. 0’ um values represent the contral conditions (0/umM = 1). ¥, p < 0.05;**, p < 0.005; ***, p <
0.001. B; D, F, H, and J, Western blot analyses showed that Y-27632 reduced the levels of soluble and insoluble {ge/ top) forms of all tested proteins with
expanded polyQ in a dose-dependent manner. A; and B, iNhtt-60Q; 24 h after transfection. C; and D, AR with 99Q, 24 h after transfection. E, and F,
truncated ataxin-3 (trATX-3) with 130Q, 24 h after transfection. G and H, full-length ataxin-3 (FL ATX-3) with:130Q; 48 h aftertransfection. /;and J, DRPLA
protein (atrophin-1) with:71Q, 48.h after transfection.
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A 18Q 150Q

Next we examined which of the

Biubulin 50 =~

s main degradation pathways is
* involved. We blocked autophagy
and the UPS with 10 mum 3-methy-
ladenine  (3MA). and 10 puMm
MG-132, respectively (Fig. 5). The
inhibition- of the UPS, but not of
autophagy, alleviated the effect of
the drug on the soluble polyQ levels.
Aggregation: inhibition was partly
abated when the cells were treated
with 3MA: or MG-132. When we
blocked both pathways, the effect of

insoluble form

anti-GFp

soluble 180Q

f-tubulin

B 18Q protein levels (WB) 150Q protein levels (WB) Y-27632 on the soluble polyQ pro-
85 s - “r tein levels and aggregation was

. 54 " P almost completely - eliminated as
- : ; e observed using FTA (Fig. 5, A-C)
£ ., § \ I /,i and ArrayScan analysis (Fig. 5, D
) o [ ) 1 - ) /”;m andAE). To confirm this observation,
o , &“Y-i?G%Z(ZﬁpM}; \ i - V27632 (204} we erduced the ATGE(—:/ —) geno-

o a2t 240 ’ g type in MEF 5-7 cells with doxycy-

& 12h 24n cline to block autophagy (Fig.

C 16Q mRNA fevels {TagMan) 150G mRNA levets {TagMany) 5F). After 5 days, the cells were
L transfected with 150Q-EGFP and

- zg 2:227632 0uM) ¥ £ 4 1w ¥ 27632 (20pm) 4 treated. The effect of Y-27632 on
g 24 5‘? g3 ] polyQ aggregation was eliminated
:&: 1'? i ’ § b ‘;’,—“,,..*;v:‘_-a'—m‘”fd’ only upon the absence of autophagy
] °~g : , ;‘ B (ATG5(—/—) cells) and treatment
s o mn ah o . with 10 um MG-132 (Fig. 5, F and

FIGURE 3.Y-27632 decreases the levels of htt with expanded polyQ without affecting the transcription.
16Q and 150Q Neuro2a cell were plated into 12-well plates. On the following day, cells were differentiated,
induced, and treated with 20 um Y-27632 for different time periods as indicated in the figure. Cells were
collected, and total RNA for quantitative TagMan RT-PCR or proteins for imimunoblot analysis were prepared.
4 representative Western biot showing the htt protein levels in 16Q and 150Q Neuro2a cells at different time
points after induction and treatment using anti-GFP and anti-B-tubulin antibodies. B, quantification of band
intensities of the anti-GFP immunaoblots representing soluble forms of the proteins for 16Q (left panel) and
150Q Netiro2a cells (right panel) collected from three independent experiments. Levels of 16Q protein showed
no significant difference between untreated and Y-27632-treated cells. Levels of soluble 150Q were signifi-
cantly rediiced upon Y-27632 treatment starting 12 h after induction. Data were normalized using g-tubulin.
C, quantitative TagMan RT-PCR analysis. of the 16Q- {left panel) and 150Q-EGFP. (right panel) mRNA levels
showed no significant transcription alterations by 20 pwm Y-27632 treatment at any time point in three inde-
pendent experiments. Data were normalized using actin mRNA levels, Values in Band Care mean = 5.D. %, p <

0.05; *%, p < 0.005.

the 'mechanistic - platform- of ‘the "decreased. expression  of
expanded htt. First, we induced the expression of htt in thel6Q
and 60Q Neuro2a cells for 24 h, and after ponA removal, we
collected the cells every 24 h: Y-27632 increased the turnover of
expanded polyQ protein about 2.5 times compared with the
control cells and markedly reduced the aggregation (Fig. 4, A
and B). In case of 150Q), the effect on soluble form of the protein
was not obvious; but the SDS-insoluble material was signifi-
cantly decreased upon Y-27632 treatment (Fig. 4, D~F), This
effect of Y-27632 was specific for expanded polyQ, because the
levels of normal protein in 16Q Neuro2a cells were not affected
(Fig. 4, G and H).-Moreover, the drug was able to efficiently
inhibit the accumulation of polyubiquitinated proteins after
day 2 of the experiment (Fig. 44 (bottom panel) and C) suggest-
ing the preservation of the UPS function. This data indicated
that Y-27632 enhanced the degradation of mutant htt with
expanded polyQ.

13158 JOURNAL OF BIOLOGICAL CHEMISTRY

G). These results confirmed that the
effect of Y-27632 on polyQ turnover
is' mediated by both the UPS and
autophagy:

Y-27632 Increases. the Activity of
UPS and Autophagy—To: investi-
gate how the degradation systems
are modulated by Y-27632, we first
examined UPS activity using tran-
sient . transfection of * ubiquitin-
dsRED (Ub-dsRED) and mRFP as a
control. Y-27632 reduced the accu-
mulation of Ub-dsRED in Neuro2a cells while it did not have an
effect on mREP levels (Fig. 6,4 ‘and: B). When the UPS was
blocked with MG-132; the levels of Ub-dsRED more than dou-
bled over that of the control cells; and the effect of Y-27632 fell
(Fig. 6, A and B). Quantification of the Ub-dsRED- or mRFP-
positive 163 60Q;, and 150Q Neuro2a cells by ArrayScan re-
vealed that Y-27832 treatment significantly reduced the num-
ber of Ub-dsRED-positive cells as well as average fluorescent
intensity, while it had no effect on cells transfected with mRFP
(Fig. 6, Cand D). These results showed that Y-27632 was able to
activate the UPS in Neuro2a cells lacking mutant protein and
that it-alleviated the UPS block caused by expanded polyQ in
60Q and 150 Neuro2a cells.

During autophagy, the cytosolic form:of microtubule-as-
sociated protein 1 light chain 3 (LC3-I} is conjugated to
phosphatidylethanolamine (PEA) to form LC3-PEA conju-
gate (LC3-II), which'is recruited to autophagosomal mem-
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branes. Thus, lysosomal turnover of the autophagosomal
marker LC3-1I reflects autophagic activity (47). Y-27632
treatment of Neuro2a cells resulted in increased LC3-11/
LC3-1 ratio as observed by Western blot analysis (Fig. 6, £
and F). The presented data suggested that Y-27632 is able to
activate UPS and autophagy in Neuro2a cells.

ROCK1 and/or ROCK2 Knockdown Caused Activation of
Degradation Systems—Knockdown of ROCKs in 150Q
Neuro2a cells by shRNA resulted in reduction of polyQ aggre-
gation (Fig. 7, A and B). ROCK1 silencing had stronger effect as
compared with ROCK2 on visible aggregate formation (Fig.
7B). Although the knockdown of ROCK2 significantly
decreased the amount of visible aggregates, we did not observe
a marked decrease in insoluble fraction of 150Q on the gel top,
probably because many of the large aggregates were removed by
centrifugation during cell lysate preparation (Fig. 74). Treat-
ment with 20 uMm Y-27632 produced additional effect at all
knockdown conditions, suggesting that ROCKs are not the only
targets of Y-27632 with antiaggregational activity.

Next, we investigated whether ROCKs influence the activity
of the UPS and autophagy. The autophagy activity increased
only when both isoforms of ROCK were silenced. Knockdown
of a single ROCK had no effect on LC3-1 to LC3-II conversion
(Fig. 7, A and C). In vitro UPS activity analysis revealed that the
knockdown of ROCKSs activated the UPS (Fig. 7, D and E). The
knockdown of ROCK1 significantly increased the trypsin-like
activity, and that of ROCK2 increased the PGPH-like activity of
the UPS. These results confirmed the involvement of ROCKs in
the regulation of the cellular degradation pathways.

DISCUSSION

While the effect of Y-27632 on polyQ aggregation was previ-
ously identified in a screening study (32), the involvement of
ROCKSs was not confirmed until more recently (33, 34). In one
of these reports, ROCK1 and PRK-2 were reported to be the
effectors of Y-27632 in polyQ aggregation inhibition (33). The
second study showed that the inhibition of profilin phosphoryl-
ation at Ser-137 by ROCK1 enhanced the direct binding of pro-
filin to the polyproline region of htt. This interaction may
sequester htt or stabilize it'in a less aggregation-prone confor-
mation. ROCK inhibitors were able to reduce the aggregation of
AR as well, although the G-actin binding ability of profilin
rather than direct interaction with AR appeared to be impor-
tant (34).

In this report, we report on a novel effect of the ROCK inhib-
itor Y-27632 enhancing the clearance of mutant htt. We inves-
tigated the impact of Y-27632 on htt, AR, ataxin-3, and atro-
phin-1 with expanded polyQ and found a profound reduction
of polyQ aggregation following Y-27632 treatment in‘all tested
proteins. We hypothesize that in addition to previously pub-
lished facts there might be yet unknown common mechanism
responsible for this effect.

Therefore we investigated how mutant htt is processed after
treatment with ROCK inhibitors; and found that the enhanced
clearance of the expanded polyQ protein significantly contrib-
uted to the reduced polyQ aggregation. The levels of mutant htt
fell markedly especially during the early phases after the induc-
tion of 150Q Neuro2a cells (Fig. 3). This change was nota con-
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sequence of modified transcription, since the TagMan analysis
showed no difference between the control and Y-27632-treated
cells.

To investigate whether the decreased levels were caused by a
higher turnover of the polyQQ protein, we performed a set of
chase experiments, which confirmed the enhanced degradation
of htt (Fig. 4). Blocking of either the UPS or autophagy by
MG-132 and 3MA, respectively, did not reverse the effect of
Y-27632 completely. UPS inhibition suppressed the effect of
the drug on the soluble form of 150Q and partially on the insol-
uble form. Autophagy inhibition had similar effect on the insol-
uble form of 150Q while the soluble form remained almost
unchanged. Only simultaneous blockage of both main degrada-
tion systems reversed the effect of Y-27632 on both forms of
150Q (Fig. 5). When we overexpressed Ub-dsRED in wild type,
150Q, 60Q, or 16QQ Neuro2a cell lines and treated them with
Y-27632, the accumulation of Ub-dsRED markedly decreased
as compared with untreated cells, suggesting the increased
activity of the UPS (Fig. 6). Treatment of Neuro2a cells with
Y-27832 caused enhanced conversion of LC3-1to LC3-11 which
suggested increased autophagy activity (Fig. 6). Our data show
that the promotion of mutant htt degradation contributed in
great extent to aggregation inhibition by Y-27632.

Reducing the intracellular levels of the mutant protein is the
goal of many therapeutic approaches for polyQ diseases. This
can be achieved by enhancing its degradation. The degradation
of misfolded and damaged proteins by the UPS is essential to
maintaining protein quality control, and the malfunctioning of
the UPS has been linked to several neurodegenerative disorders
(48). Mutant htt is a substrate of the UPS, but the presence of
expanded polyQ inhibits the UPS, which results in further accu-
mulation of htt (19-21, 41). We recently reported two drugs,
amiloride ;:and benzamil, as able to activate the UPS and
enhance the clearance of mutant htt to reduce polyQ aggrega-
tion and toxicity in both the cellular and mouse models of HD
(49). As well; attempts to increase the autophagic clearance of
mutant htt resulted in reduced htt toxicity. Reports on several
small molecules with therapeutic potential for HD activating
autophagy, including rapamycin and lithium have been pub-
lished (35; 50, 51). To the best of our knowledge, Y-27632 is the
first chemical compound that is capable of enhancing both UPS
and autophagy activity, though the effect on autophagy
appeared weaker.

To investigate the direct involvement of ROCKs in: the
Y-27632 effect, we silenced ROCK1 and/or ROCK2. Surpris-
ingly; both isoforms were able to reduce polyQ aggregation
though the effect of ROCK1 appeared stronger (Fig. 7). Y-27632
had an additional effect in all knockdown conditions which is in
agreement with the recent study identifying PRK-2 as another
Y-27632 target (33). On the other hand, the effect of ROCK2
shRNA contradicts the study, which showed ROCK2 ineffec-
tive in inhibiting aggregation (33). This can be'a consequence of
using different methods for the aggregation detection. While
the authors of the previous report utilized fluorescence reso-
nance energy transfer (FRET), we counted visible aggregates
using ArrayScan, or used immunoblotting (WB, FT'A) to detect
insoluble material. Further work will be necessary to clarify this
discrepancy.

JOURNAL OF BIOLOGICAL CHEMISTRY - 13159

6002 ‘S 4oqWia0ag uo ‘gl NI 1e Bio gl mmm woy papeojumog



Supplemental Material can be found at.
http://www.jbc.org/content/suppl/2009/03/12/M809229200.0C 1. htmi

inhibition of ROCK Enhances htt Degradation

As well, identification of downstream effectors of ROCKs
influencing degradation pathways will be necessary for the
development of more effective therapies. ROCK regulates the
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activities of many target proteins by its kinase activity. Through
some proteins, such as the myosin light chain (MLC), it induces
actomyosin contraction which is an important step in cytoskel-
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FIGURE 5. Inhibition of UPS and/or autophagy ameliorates the effects of Y-27632. A, 150Q Neuro2a cells were plated into 12-well plates. On the following
day, cells were differentiated, induced, and treated with different combinations of 20 um Y-27632, 10 um MG-132, and 10 mm 3MA. Cells were collected 24 h
later, and Western blot and FTA analysis were performed using anti-GFP, anti-B-tubulin, and EM48 antibodies. B, quantification of the 150Q band intensities in
Western blot revealed that the inhibition of UPS but not that of autophagy ameliorated the effect of Y-27632 on soluble protein. C, densitometric quantification
of FTA showed that the combination of the UPS and macroautophgy blockage was necessary to abolish the effect of Y-27632 on the accumulation of the
insoluble form of 150Q. Inhibition of each of the degradation pathways separately ameliorated only partly the effect of Y-27632. Densitometric data were
normalized using B-tubulin. D, 150Q Neuro2a cells were treated as described above and processed for the ArrayScan analysis: Compound images generated
by ArrayScan show the effect of degradation pathways block on Y-27632-mediated polyQ aggregation. £, ArrayScan analysis quantification supported the data
obtained by FTA analysis. F, MEF 5=7 cells were treated with 10 ng/mi doxycycline for 5 days to knockdown Atg5 and inhibit autophagy. To demonstrate the
UPS inhibition by 10 um MG-132 (MG), cells were transfected with ubiquitinated dsRED (Ub-dsRED) or mRFP and treated with MG for 1 day. Western blot analysis
using anti-Atg5 antibody showed almost complete absence of Atg5 protein (in complex with Atg12) in doxycycline-treated cells. Anti-LC3 immunoblot
revealed the consequent lack of autophagy activity in these cells. The levels of polyubiquitinated proteins and Ub-dsRED increased in cells treated with MG,
while mRFP levels remained unchanged. G, untreated and doxycycline-treated MEF 5-7 cells were plated into 6-well plates and next day transfected with
tNhtt-150Q-EGFP. Cells were then treated with 20 m Y-27632 or 0.2 pum rapamycin and/or 10 um MG-132 for 24 h: ArrayScan analysis confirmed that only the
simultaneous inhibition of both UPS and autophagy negated the effect of Y-27632 (in dox +/Atg5- cells treated with MG-132 (MG)). Rapamycin, an mTOR
inhibitor, activates autophagy and was used as a control. Bars represent the relative mean values * 5.D. from three independent experiments. The control value
of 1 represents the control conditions without Y-27632 (B, C, and E) or without Y-27632 and rapamycin treatment (G). %, p < 0.05; %%, p < 0.005; **¥, p < 0.001.

etal rearrangements (52). ROCK phosphorylates LIM kinases
enhancing their activity, and the subsequent phosphorylation
of cofilin proteins blocks their F-actin-severing activity (53—
55).: Another ROCK substrate, collapsin response mediator
protein-2. (CRMP-2), is also involved in the regulation of
cytoskeletal reorganization (56, 57). Taken together, ROCK
activation leads directly to a number of actin-myosin-mediated
processes including cell motility, adhesion, phagocytosis; neu-
rite retraction, and smooth muscle contraction. These ques-
tions are thus raised: how does the cytoskeleton affect the activ-

ity of UPS and/or autophagy? Which of the ROCK targets are
involved in this process?

‘We have observed that chemical ROCK inhibition efficiently
disrupted aggresome formation in Neuro2a cells both in the
presence and- absence. of htt with expanded polyQ (data not
shown). Aggresome formation is a cellular response when UPS
is overloaded by the production of aggregation-prone. mis-
folded proteins (58) or UPS is chemiically inhibited (59). ROCK
has also been reported as a regulator of intracellular redistribu-
tion of lysosomes in invasive tumor cells (60), as we observed in

FIGURE 4.Y-27632 enhances the degradation of htt with expanded polyQ. 16Q, 60Q, and 150Q Neuro2a cells were plated into 12-well plates and 1-day later
differentiated with dbcAMP and induced with ponA. After 24 hin 16Q and 60Q cells and 16 h in 150Q NeuroZ2a cells; expression of htt polyQ was shut down by
ponA removal, and cells were treated with 20 um Y-27632 for the time periods indicated in the figure. Cells were collected and processed for immunoblot
analysis using EM48, anti-GFP; anti-8-tubulin, or anti-ubiquitin antibodies. A, Western blot and FTA analysis of the chase experiment in 60Q Neuro2a cells
showed enhanced degradation of soluble 60Q (anti-GFP) and reduced accumulation of the insoluble form of the protein (EM48; FTA) upoh treatment with
Y-27632.The top panel displays the experimental design of the chase experiments in 60Q and 16Q Neuro2a cells. B, densitometri¢ quantification of a Western
blot confirmed significant augmentation of soluble 60Q degradation in cells treated with Y-27632 comparing to untreated cells. ¢, quantification of ubiquitin
immunoreactivity showed no accumulation of polyubiquitinated proteins. in Y-27632-treated cells in contrast to untreated cells; D; Western blot and. FTA
analysis of the chase experiment in 150Q Neuro2a cellline revealed reduced accumulation of the insoluble form of the protein {anti-GFP, gel top in Western
blot; EM48, FTA) by Y-27632 treatment. The top panel displays the experimental design of the chase experiment in 150Q Neuro2a cells. E; densitometric
guantification of the soluble 150Q levels (anti-GFP, Western blot) revealed no significant difference between treated and untreated cells: F, quantifi-
cation of the SDS-insoluble (aggregated) 150Q (EM48, FTA) exhibited a marked increase of the insoluble protein clearance in Y-27632-treated cells.
G, Western blot analysis of the chase experimentin 16Q Neuro2a cell line. H, densitometric quantification revealed no difference of 16Q degradation
between treated and untreated cells: All data were normalized using B-tubulin. All presented values are mean * S.D. from three independent experi-
ments. ¥, p < 0.05; %%, p. < 0.005:
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FIGURE 6. Y-27632 increases the UPS and autophagy activity. A, wild type Neuro2a cells were plated into 12-well plates. On the following day, cells were
transfected with mRFP or Ub-dsRED and 4-h later differentiated and treated with 20 um Y-27632 and/or 10 um MG-132 for additional 24 h. Cells were then
processed for immunoblot with anti-RFP and anti-B-tubulin. 8, Western blot quantification confirmed that ¥-27632 significantly decreased the levels of
Ub-dsRED but not mRFP. C and D, 150Q, 60Q, and 16Q Neuro2a cells were plated into 24-well plates and transfected in'a similar manner as described in A, Four
hours later, the cells were differentiated, induced, and treated with drugs. ArrayScan analysis revealed that the percentage of Ub-dsRED-positive cells {C) and
average red fluorescence in the cells (D) decreased in Y-27632-treated cells, Y-27632 had no effect on mRFP fluorescence. £, wild type Neuro2a cells were plated
into 6-well plates, and 1-day later, cells were left untreated or treated with 20 umY-27632 for 24 h and processed for Western blotanalysis of the LC3 conversion.
F, densitometric quantification confirmed that Y-27632 significantly increased the conversion of LC3 representing increased autophagic activity in the treated
cells. Bars in B and F represent the relative mean values = S.D. from three independent experiments. The control value of 1 represents the control conditions
without Y-27632 treatment. Bars in C and D represent mean values * S.D. from three independent experiments. *, p < 0.05; *#, p < 0.005; ***, p << 0.001.
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FIGURE 7. Knockdown of ROCK 1 and/or ROCK2 reduces polyQ aggregation and activates the main degradation pathways in 150Q Neuro2a cells.
150Q Neuro2a cells were plated into 12-well plates and 1-day later transfected with different combinations of pSil vector, ROCK1 (R2) and ROCK2 (R2)
shRNA {+mRFP as the transfection marker). After 4 h, the cells were differentiated for 48 h; then induced, and eventually treated with 20 pum Y-27632.
Cells were processed 24 h'later for Western blot or: ArrayScan analysis. A, immunoblot using anti-GFP, anti-ROCK1, anti-ROCK2 antibodies showed
decreased levels of 150Q (especially the soluble form) upon ROCKs silencing. LC3 conversion was enhanced only in the absence of both ROCKs,
B, ArrayScan analysis showed a'significant reduction of 150Q inclusion formation by ROCKs silencing. Y-27632 treatment had an additional affect in'all
ROCK knockdown conditions. C, quantification of the band intensities of LC3 blotsrevealed enhanced conversion of LC3 when both ROCK isoforms were
knocked down. D and F, ROCKs knockdown was implemented in a similar manner as described above. After 2 days, cells were left untreated or treated
with 10 uM MG-132 {for assay control) and incubated for 18 h. Cell lysates were then prepared for in vitro UPS activity assays. Knockdown of ROCK1
caused activation of trypsin-like activity, while ROCK2 appeared to be responsible for the PGPH activity of the UPS. The'y axis represents the absorbance
at460 nm. Barsin B, D, and Erepresent mean values: = S.D.;and bars in C represent the relative mean values £ 5.0, from three independent experiments:
The control value of 1 in C represents the control cells transfected with'empty pSil vector. ¥, p < 0.05; %%, p < 0.005; ***, p < 0.001.

Neuro2a cells (data not shown), The treatment of Neuro2a cells. - shown to inhibit the mTOR-dependent autophagy activity in
with Y-27632 hindered subcellular spreading of the lysosomes . some cell lines including Neuro2Za (61-63).. Moreover, one
and promoted recruitment of the lysosomes in the perinu- recent study identified an actin-related protein (Arp2) tobe a
clear region. It is not clear however, if this redistribution  link between the actin cytoskeleton and autophagic machinery
contributes to the activation of -autophagy, a matter still = (64).
under investigation. The ‘downstreamy: substrates responsible. for degradation
Another possible link between ROCKs and autophagy is the ~ machinery activation are unknown and are the subjects of fur-
involvement of ROCKs in Akt signaling (27). Aktactivationwas  ther investigation. This may potentially lead to identification or
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development of more potent and specific inhibitors providing
effective treatment for polyQ-related discases.
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Cross-Seeding Fibrillation of Q/N-Rich Proteins Offers New
Pathomechanism of Polyglutamine Diseases

Yoshiaki Furukawa, Kumi Kaneko, Gen Matsumoto, Masaru Kurosawa, and Nobuyuki Nukina
Laboratory for Structural Nearopathology, Brain Science Institute, RIKEN, Wako, Saitama 351-0198, Japan

A pathological halimark of the Huntington’s disease (HD) is intracellular inclusions containing a huntingtin (Htt) protein with an
elongated polyglutamine tract. Aggregation of mutant Htt causes abnormal protein-protein interactions, and the functional dysregula-
tion of aggregate-interacting proteins (AIPs) has been proposed as a pathomechanism of HD. Despite this, a molecular mechanism
remains unknown how Htt aggregates sequester AIPs. We note an RNA-binding protein, TIA-1, as amodel of AIPs containing a Q/N-rich
sequence and suggest that in vitro and in vive Htt fibrillar aggregates function as a structural template for inducing insoluble fibrillation
of TIA-1. It is also plausible that such a cross-seeding activity of Htt aggregates represses the physiological function of TIA-1. We thus
propose that Htt aggregates act as an intracellular hub for the cross-seeded fibrillation of Q/N-rich ATPs and that a cross-seeding reaction
is a molecular origin to cause diverse pathologies in a polyglutamine disease.

Introduction

Huntington’s - disease (HD) is- a* neurodegenerative disorder
caused by an abnormal expansion of CAG repeatslocated in'exon
1 of the HD gene (Zoghbi and Orr,:2000). The CAG repeat en-
codes a polyglutamine [poly(Q)] stretch in the HD gene product,
huntingtin (Htt), and is highly polymorphic; 634 repeats in
unaffected individuals, but >36 repeats in HD patients (Zoghbi
and Orr, 2000). Compared with other neurodegenerative dis-
eases such as Alzheimer’s disease, a disease pathology seem more
diverse in HD: namely, a wider variety of cellular systems includ-
ing protein degradation, transcription, and RNA metabolisim be-
come dysfunctional (Zoghbi and Orr,;2000).

Several pathomechanisms of HD have been proposed based
on a high propensity of an expanded poly(Q) for aggregation,
which'is evidenced by the observation that mutant Htt is depos-
ited as inclusion bodies inside affected neurons (Davies et al,,
1997). Although it remains unclear whether Htt aggregates them-
selves exert neurotoxicity, mutant Htt has been proposed to se-
quester many other proteins [aggregate-interacting. proteins
(AIPs)] including glutamine (Q)/asparagine (N)-rich proteins,
leading to cellular dysfunction (Nucifora et al,, 2001; Schaffar et
al., 2004). Given some of these AIPs remain entrapped in Htt
aggregates even after harsh treatment with a strong ionic deter-
gent (Mitsui et al:, 2002), irreversible interactions with mutant
Htt will be detrimental to physiological functions of AIPs: It is
thus tempting to speculate that dysfunction of various AIPs on
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coaggregation with Htt produces pathological diversity of HD.
Despite this, a molecular mechanism underlying coaggregation
of AIPs with mutant Htt remains an open question.

Htt with an expanded poly(Q) tract forms insoluble, amyloid-
like fibrillar aggregates (Scherzinger et al.,; 1997). A preformed
fibril can act as'a seed that significantly accelerates the transition
from a soluble protein into an insoluble fibril; and a seed accel-
erates fibrillation of the same protein molecule with a seed con-
stituent (Harper and Lansbury, 1997). Seeding reactions also oc-
cur between different kinds of protein ‘molecules with low
sequence identity, albeit with low efficiency in general, which is
called as a cross-seeding reaction (O’Nuallain etal., 2004). Unlike
a transient association with aggregates, we hypothesize that a
possible cross-seeding reaction of Htt integrates some of AlPs
into very rigid stricture of Htt fibrils, thereby resulting in the
functional inactivation of integrated AIPs. To understand the
coaggregation process at a molecular level, we note T-cell intra-
cellular antigen-1 (TIA-1) as a model of AIPs in poly(Q) diseases
(Waelter et al.; 2001).

In this study, we have revealed that TIA-1 is sequestered in
inclusions in'a HD model mouse. Although TIA-I contains no
poly(Q) tract (at most three consecutive glutamines) in its pri-
mary sequence, our results show that in vitro Htt aggregates effi-
ciently seed the fibrillation of TIA-1 through a C-terminal Q/N-
rich domain of TIA- 1. Using a cultured cell model, we also show
that the coaggregation of TIA-1 with: mutant Htt decreases
amounts of soluble TIA-1 and represses the TTA-1 functionas a
translational silencer. We thus propose that Htt aggregates act as
a hub for recruiting cellular components through a cross-seeding
mechanism.

Materials and Methods

Preparation: of recombinant proteins.. For facilitation of protein purifica-
tion, a 6X His tag was introduced at the N terminus of glutathione-5-
transferase (GST) (a pGEX6P-2:vector; GE Healthcare). GST-Hit42Q
was: expressed: in’ Escherichia coli (Rosetta) by 0.1 mn isopropyl B-p-
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thiogalactoside (IPTG) at 20°C for 2 d and purified with Proteus Midi
IMAC (Pro-Chem) and glutathione Sepharose (GE Healthcare}). TIA-1 ©
{Met 310 to Gln 406) was also N-terminally fused with a His-tagged GST
protein, and its expression in E. coli (Rosetta) was induced by 1 mmIPTG
at 37°C for 6 h. GST-TIA-1 € was obtained as inclusion bodies and puri-
fied with Proteus Midi IMAC in the presence of 8 M urea. Refolding of
GST-TIA-1€ was performed by 60-fold dilution in 20 mn Tris/100 mm
NaCl/s mm DTT/1 mm EDTA, pH 9, with stirring overnight at 4°C.
TIA-1T and TIA-1N (Met 1 to Asp 309) were cloned using a vector,
pET15b (Novagen), and the expression in E. coli (Rosetta) was induced
by 0.4 mm IPTG and 0.4% glucose at 30°C for 3 h. Both proteins remain
in a soluble fraction and were purified with Proteus Midi IMAC. Protein
concentration was determined spectroscopically: 42,860 cm™" a™
(GST-Htt42Q), 83,770 em™’ ™' (GST-TIA-1%), 80,330 cm™" m™'
(TIA-1¥"), and 39,420 cm ™! M~ ' (TIA-1N) of an extinction coefficient at
280 nm.

For modification with thiol-specific Alexa dyes, all four Cys residues in
GST are mutated to Ser (GST "), and a unique Cys residue was further
introduced at the N terminus of Htt42Q or TIA-1. In 50 mm Tris/8 M
urea/l mu tris(2-carboxyethyl)phosphine (TCEP)/1 mm EDTA, pH 7.0,
250 pat GST O Cys-Htt42Q or GST "¥*-Cys-TIA-1 < was incubated
with 1 mm Alexa 555 or Alexa 488 maleimide (Invitrogen) for t hatroom
temperature, respectively. Modified proteins were refolded with 60-fold
dilution and overnight stirring in 20 m» Tris/5 mu DTT/1 mum EDTA,
pH 9, at 4°C. Followed by buffer exchange to 50 mm Tris/1 ma EDTA, pH
7.0, additional purification was performed using glutathione Sepharose.

Biochemical characterization of protein fibrillation. Kinetics of protein
fibrillation was monitored by thioflavin T fluorescence using SpectraMax
M2 (Molecular Devices). In a 96-well plate, 150 pl of the sample solution
containing 5 pa proteins in 100 mu Na-Pi/100 my NaCl/16.7 i thio-
flavin T, pH 8.0, were set per well. A fibrillation reaction starts by adding
2 U of'a HRV3C protease (Novagen), which specifically cleaves the site
between GST and Httd2Q/TIA-1 <. A fluorescence signal was monitored
at 20°C at intervals of 2 min with 442 and 485 nm of excitation and
emission wavelength; respectively. The plate was shaken for 5 s before
each fluorescence reading. For a seeding reaction, no plate shaking was
performed before each measurement.

Protein aggregation was also examined in a 96-well plate using a Bio-
Shaker MBR-024 (TAITEC). One-hundred fifty microliters of 10 jinm
proteins in 100 ms Na-Pi/100 mm NaCl/1 my EDTA/5 my TCEP, pH
7.0, were set per well, which was shaken overnight at 1200 rpm, 37°C. For
a measurement of thioflavin T fluorescence, 10 ul of the sample solution
was mixed with 90 i of 100 mum Na-Pi/100 msm NaCl/T mm EDTA/25 pm
thioflavin: T, pH 7.0. A fluorescence signal was obtained using a plate
reader, ARVO MX (PerkinElmer), with a CW-lamp filter (440 nmcut-
off) aid an ‘emission: filter (486 nm ‘cutoff). For a Congo red binding
assay, a sample solution (150 ul; 10 ) was first ultracentrifuged
(TLAS55; Beckman Coulter) at: 50,000 rpm for 30 min at 4°C, and the
protein precipitate was then resuspended in 50 pl of 100 my Na-Pi/100
mn NaCl71 mm EDTA; pH 7.0. Ten microliters of the resuspended solu-
tion was mixed with 90 ul of 100 mm Na-Pi/100 ms NaCl/I mm EDTA/5
1M Congo red, pH 7.0, and electronic absorption spectra were recorded
using Shimadzu UV-2400PC.

To observe aggregate morphologies using an electron microscope,
protein aggregates were first adsorbed on 400-mesh grids coated by a
glow-charged supporting membrane.: For an immunoelectron micro-
scopic observation, the aggregates adsorbed on'the grids were further
incubated with mouse monoclonal anti-Htt (EM48; Millipore’ Bio-
science: Research Reagents) and tabbit polyclonal anti-hemagglutinin
(HA) (Y-11; Santa Cruz Biotechnology) antibodies in 1:250 dilution.
After being washed with 0.1 M phosphate buffer, the aggregates were then
incubated with colloidal gold-conjugated secondary antibodies (anti-
miouse with 5 nm gold particle and anti-rabbit with 10 nm gold particle;
British Biocell) in 1:250 dilution: After washing with 0.1 m phesphate
buffer and pure water, negative staining with neutralized 2% sodium
phosphotungstic acid was performed. Images were obtained using an
electron microscope (1200EX; JEOL).

Images of atomic force microscopy were acquired on a Digital Instru-
ments: - Multimode Nanoscope: Illa ‘scanning  microscope “using -a
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J-Scanner. Solution containing TIA-1€ aggregates (10 pl) were depos-
ited on freshly cleaved mica substrate and incubated for 1 min. Unbound
proteins and salt in the buffer solution were washed away with 50 ul of
H,O. Imaging was performed in tapping mode with RTESP (Veeco)
cantilevers and acquired at a scan rate of 1.0 Hz with 512 lines per image.

Transgenic nrice. The mouse experiments were approved by the animal
experiment committee of the RIKEN Brain Science Institute. Details of
transgenic mice, R6/2, have been published previously (Davies et al.,
1997). Brain homogenates were fractionated as previously described
(Dfaz-Herndndez et al., 2004), and an outline of the fractionation is also
shown in Figure 1D. Slight modifications of the fractionation were per-
formed as follows; after treatment with 1% Sarkosyl in PBS containing
1% B-mercaptoethanol, the pellet was washed with 4% Sarkosyl in PBS.
Additional wash of the pellet was done with 2% SDS in PBS. The pellet
was then dissolved by incubation in 100% formic acid at 37°C for 1 h,
dried up using SpeedVac, and redissolved in PBS containing 2% SDS.
Protein concentration was determined by a BCA assay using BSA as a
standard.

Plasmid construction for cell transfection. All plasmids including TIA-1
variants, Htt60Q-green fluorescent protein (GFP), Htt18Q-vellow fluo-
rescent protein (YFP), Htt62Q-YFP, Htt62Q-cyan fluorescent protein
(CFP), and Htt150Q-CFP were constructed using either pIRESneo3
(Clontech) or pcDNA3.1 (Invitrogen). YFP used in this study is an im-
proved version of YFP called Venus (Nagai et al., 2002), In some exper-
iments, coexpression of Htt18Q/62Q-YFP and TIA-1T'-HA was per-
formed by using a modified pIRESneo3 vector {pIRES-TIA-1), in which
a neomycin phosphotransferase coding sequence {Smal/Xbal) is re-
placed with TIA-1 F--HA, and Htt18Q/62Q-YFP was inserted in the mul-
tiple cloning site (Agel/BamHI) of pIRES-TIA-1.

A pre-micro-RNA (miRNA) sequence targeting a human TIA-1 gene
was cloned into a pcDNA6.2-GW/EmGFP-miR vector (Invitrogen). A
forward sequence. is. as. follows: 53'-TGCTGATGTGCTGCACTT-
TCATGGGAGTTTTGGCCACTGACTGACTCCCATGAGTGCAGC-
ACAT-3’. An miR-LacZ provided by Invitrogen was used as a negative
control for miRNA experiments.

Cell culture and sample preparations. Neuro2a cells as well as HEK293T
cells were maintained in DMEM containing 10% FBS and penicillin/
streptoniycin and transfected with plasmid(s) indicated in each experi-
ment using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions.

For preparation of Htt/TIA-1 coaggregates formed in cells; Neuro2a
cells in a six-well plate were transfected per well with 2 pg of pIRESneo3
containing Htt62Q-YFP together with:2 g of pIRESneo3 containing
either TIA<1TL-HA or TIA-15-HA. After 4 h of transfection, a medium
was ‘changed to. DMEM containing 10% FBS.and 5 mm N%2/-0O-
dibutyryl cAMP (dbcAMP) (Nacalai Tesque). The cells were further in-
cubated for a day and then lysed with 2% SDS in PBS with a Complete
protease inhibitor mixture (Roche), sonicated, and ultracentrifuged with
50,000 rpm for 30 min at 4°C (TLAS55; Beckman Coulter). Pellets were
washed once with 2% SDS/PBS and twice with PBS. After being resus-
pended. in PBS; the pellets: were immunodecorated by anti-Htt "and
dnti-HA antibodies with gold-conjugated secondary antibodies (5 and 10
nm, respectively) and observed by an electron microscope.

For functional analysis of TIA-1 in a cell, HEK293T cells in a six-well
plate were transfected with 2’ ug of pIRESneo3 or pIRES-TIA-1 contain-
ing Htt18/62Q-YFP ¢DNA and 2 ug of pPUR (Clontech). After 24 'h of
transfection, 1.5 pg/ml puromycin was added.

TIA-1 knockdown experiments. were: performed by transfecting
HEK293T cells with 4 ug of pcDNA6.2-GW/EmGFP-miR containing
miR-LacZ (negative control) or miR-TIA-1. After 24 h transfection, 10
jg/ml blasticidin was added.

In the functional analysis of TIA-1 as well as TIA-1 knockdown exper-
iments; the cells were further incubated for 2 d after addition of antibi-
otics and then lysed in: 150 pl of a radioimmunoprecipitation assay
(RIPA) buffer containing a Complete: protease inhibitor mixture with
sonication. “After. ultracentrifugation (TLAS55; Beckman Coulter) at
50,000 rpm for 30 min at 4°C, a supernatant was saved as a RIPA=soluble
fraction. The pellet was washed onice with a RIPA buffer; sonicated, and
incabated in 100 ul of formic acid at 37°C for I h.'After being dried up




