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Abstract

The presence of aggregates of abnormally expanded polyglutamine (polyQ)-containing proteins
are a pathological hallmark of a number of neurodegenerative diseases including Huntington’s
disease (HD) and spinocerebellar ataxia-3 (SCA3). Previous studies in cellular, Drosophila, and
mouse models of HD and SCA have shown that neurodegeneration can be prevented by
manipulations that inhibit polyQ aggregation. We have shown that the UL97 kinase of the human
cytomegalovirus (HCMV) prevents aggregation of the pp71 and pp65 viral tegument proteins. To
explore whether UL97 may act as a general antiaggregation factor, we examined whether UL97
prevents aggregation of cellular non-polyQ and polyQ proteins. We report that UL97 prevents the
deposition of aggregates of two non-polyQ proteins: a protein chimera (GFP170*) composed of
the green fluorescent protein and a fragment of the Golgi Complex protein (GCP-170) and a
chimera composed of the red fluorescent protein (RFP) fused to the Werner syndrome protein
(WRN), a RecQ helicase and exonuclease involved in DNA repair. Furthermore, we show that
UL97 inhibits aggregate deposition in cellular models of HD and SCA3. UL97 prevents the
deposition of aggregates of the mutant huntingtin exon 1 containing 82 glutamine repeats
(HttExon1-Q82) or full length ataxin-3 containing a 72 polyQ track (AT3-72Q). The kinase
activity of UL97 appears critical, as the kinase-dead UL97 mutant (K335M) fails to prevent
aggregate formation. We further show that UL97 disrupts nuclear PML bodies and decreases p53-
mediated transcription. The universality of the antiaggregation effect of UL97 suggests that UL97
targets a key cellular factor that regulates cellular aggregation mechanisms. Our results identify
UL97 as a novel means to modulate polyQ aggregation and suggest that UL97 can serve as a
novel tool to probe the cellular mechanisms that contribute to the formation of aggregates in
polyglutamine disorders.
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Introduction

The expansion of trinucleotide CAG repeats encoding glutamines within specific cellular
proteins is the cause of inherited neurodegenerative diseases termed polyglutamine
disorders. Huntington’s disease, spinobulbar muscular atrophy (SBMA), dentatorubral—
pallidoluysian atrophy (DRPLA), and spinocerebellar ataxias (SCA) 1, 2, 3, 6, 7, and 17 are
all caused by an abnormally expanded polyQ domain (reviewed in Cummings and Zoghbi,
2000; McCampbell et al., 2001; Orr and Zoghbi, 2007). A striking neuropathological
hallmark of these polyQ diseases is the presence of neuronal insoluble cytoplasmic
aggregates and nuclear insoluble inclusions (NI1s) formed by mutant polyQ proteins
(reviewed in Ross, 2002). The role Nlls and cytoplasmic aggregates in the pathological
processes of polyQ diseases remains contentious. While some consider the NIlIs/cytoplasmic
aggregates as direct toxic intermediates, some have proposed that NIls/cytoplasmic
aggregates are a point of sequestration of a toxic product and thereby beneficial to a neuron
(Arrasate et al., 2004; Ross et al., 1999).

Multiple lines of evidence support the view that protein aggregation is a complex process
that is initiated by the accumulation of misfolded polyQ-containing proteins into a variety of
higher-order intermediate conformational assemblies that ultimately form insoluble
inclusion bodies. Conformational rearrangements of these mutated proteins likely change
their biological activities and contribute to their toxicities. Importantly, recent reports
suggest that the toxicity of mutant polyQ-containing proteins might be not related to the
insoluble inclusion bodies but rather to soluble oligomeric or other intermediate
conformations (Kayed et al., 2003, 2004). In support of this idea, polyQ-induced
neurodegeneration can be prevented by pharmacological and molecular manipulations that
target processes leading to oligomerization and aggregation. For instance, inhibition of
polyglutamine oligomerization in a transgenic mouse model of HD has a marked protective
effect on survival, weight loss, and motor function (Sanchez et al., 2003), supporting the
idea that oligomerization of expanded polyglutamine may play a pivotal role in the protein’s
toxicity. Similarly, the green tea polyphenol epi-gallocatechin-3-gallate (EGCG) inhibits
aggregation of polyQ Httex1 in vitro and reduces polyQ-induced cytotoxicity in yeast cells
and Drosophila models of the disease (Ehrnhoefer et al., 2006).

In addition to pharmacological approaches, modulations of cellular pathways that prevent
aggregation also reverse neurotoxicity. Molecular chaperones are the first line of defense
against protein aggregation, and numerous studies have shown that overexpression of
chaperones prevents polyQ aggregation and reduces the pathology of neurodegenerative
diseases (Muchowski and Wacker, 2005). In cultured cells, the chaperones heat shock
protein 40 kDa (Hsp40) and 70 kDa (Hsp70) have been found to prevent the formation of
spherical and annular oligomeric structures by a polyQ Httex1 (Wacker et al., 2004).
Significantly, overexpression of Hsp70 in SCAL transgenic mice decreases
neurodegeneration and improves motor coordination (Cummings et al., 2001). Similarly,
inhibiting polyQ aggregation by overexpressing Hsp70 (Warrick et al., 1999, 2005) and
Hsp40 (Chan et al., 2000) rescues neurodegeneration in Drosophila models of SCA3.
Altogether, these findings strongly suggest that specific polyQ conformational structures
confer the cellular toxicity of the mutated proteins and that the identification of novel
pharmacological, molecular, or genetic means to prevent polyQ aggregation is likely to have
direct impact on developing therapeutic strategies for neurodegenerative diseases such as
HD and SCA3.

We have recently documented that the UL97 kinase of HCMV prevents the aggregation of
viral components during infection (Prichard et al., 2008). UL97 is a ~80-kDa tegument
protein composed of 707 amino acids that is expressed during HCMYV infection (Michel et
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al., 1998). UL97 contains a nuclear localization signal within its N-terminal domain and is
targeted to the nucleus in infected or transfected cells (Prichard et al., 2005). UL97 is a
kinase and shows homology to cellular serine/threonine kinases within conserved
subdomains involved in substrate and ATP binding (Michel et al., 1998). The kinase activity
of UL97 requires the invariant lysine at position 355, and the K355M mutant is inactive
(Marschall et al., 2001). UL97 is important for viral replication, and a recombinant virus
with a large deletion in UL97 replicates poorly and contains abnormal aggregates of viral
proteins within the nuclei (Prichard et al., 1999, 2005). One of the aggregated proteins is the
pp65 viral tegument protein, which also forms nuclear aggregates when expressed in
transfected mammalian cells. Importantly, UL97, but not the catalytically inactive UL97
K355M, prevents pp65 aggregation (Prichard et al., 2005), suggesting that UL97 has
antiaggregation activity and that the antiaggregation effect of UL97 is dependent on its
kinase activity.

In addition to viral proteins, UL97 also prevents aggregation of GFP170*, a protein chimera
formed by fusing an internal segment (amino acids 566-1375) of the Golgi protein GCP-170
to the C-terminus of GFP (Misumi et al., 2001; Hicks and Machamer, 2002; Prichard et al.,
2008). We have shown previously that GFP170* forms nuclear aggregates similar in
structure to those formed by the viral pp65 and also deposits in large ribbon-like aggregates
within the cytoplasm (Fu et al., 2005a). UL97 prevents the formation of both the nuclear and
the cytoplasmic GFP170* aggregates (Prichard et al., 2008). As with pp65, the catalytically
inactive UL97/K355M mutant is unable to prevent GFP170* aggregation. Thus, UL97
prevents the aggregation of both a viral and a cellular protein. Herein, we examined the
possibility that UL97 may possess a general antiaggregation activity and may serve as a tool
for understanding and inhibiting the mechanisms that contribute to aggregation in polyQ
diseases.

We report that UL97 has a strong antiaggregation effect on non-polyQ proteins as well as
polyQ-expanded proteins associated with HD and SCA3. We show that UL97 prevents the
deposition of aggregates of the non-polyQ Werner protein (WRN) that causes the premature
aging disease Werner syndrome. We also show that UL97 prevents aggregation of a
pathogenic construct that encodes the full-length ataxin-3 containing a 72-glutamine
expansion (AT3-72Q), and of a pathogenic N-terminal huntingtin domain corresponding to
the exonl of this protein and containing an expanded track of 82 glutamine residues
(HttExon1-82Q). In all cases, the catalytically inactive UL97/ K355M mutant does not
prevent aggregation. The similarity of the UL97 effect on the viral pp65 protein, the non-
polyQ GFP170* and WRN proteins, and the polyQ AT3-72Q and HttExon1-82Q proteins
suggests that UL97 has general antiaggregation effect. This similarity is also consistent with
the hypothesis that aggregation of diverse proteins may occur through a common
mechanism that is targeted by the UL97 kinase. In agreement, we show that UL97 disperses
nuclear PML bodies and causes a decrease in p53-mediated transcription.

Our results identify UL97 as a novel means to inhibit the aggregation of polyQ proteins.
They also designate UL97 as a new molecular tool to further examine the cellular
mechanisms that lead to polyQ aggregation and neurodegeneration in HD and SCA3.

Materials and methods

Antibodies and reagents

Monoclonal antibody to the VV5-epitope was purchased from Invitrogen (catalogue no.
R960-25; Carlsbad, CA). Polyclonal anti-GFP antibody was purchased from Abcam
(catalogue no. ab290-50; Cambridge, MA). Anti-myc monoclonal antibody was purchased
from Covance (catalogue no. PRB-150B; Denver, PA). Anti-myc (A-14) (catalogue no.
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sc-789) polyclonal antibody, anti-PML (PG-M3) (catalogue no. sc-966) monoclonal
antibody, and anti-PML (H-238) (sc-5621) polyclonal antibody were from Santa Cruz
(Santa Cruz, CA). Fugene 6 transfection reagent was purchased from Roche (catalogue no.
11814443001; Indianapolis, IN), and was used in luciferase experiments, Mirus IT-LTI
transfection reagent (catalogue no. MIR2300; Madison,WI) was used for transfection of
cells for immunoflourescence microscopy. BCA protein assay kit was purchased from
Thermo Scientific (catalogue no. 23225; Rockford, 10). Alexa Fluor 594-labeled goat anti-
rabbit, Alexa Fluor 488-labeled goat anti-mouse, and Hoechst 33258 were from Invitrogen
Molecular Probes, Inc (Eugene, OR).

DNA constructs

The construction of the GFP-GCP170* chimera has been previously described (Fu et al.,
2005b). UL97 and K355M V5-epitope tagged plasmids have been previously described
(Prichard et al., 2005). Plasmids encoding pGL2-p21A luciferase have been previously
described (Chinery et al., 1997) and were a generous gift from Dr. Xinbin Chen (UC Davis
School of Veterinary Medicine). HttExon1-8299Q-GFP plasmid has been described in Chun
et al. (2001). The AT3-72Q plasmid was generously provided by Dr. Randall Pittman
(University of Pennsylvania School of Medicine). The mRFP-Werner construct has been
described previously (Vaitiekunaite et al., 2007) and was a gift from Dr. Marek Rusin
(Maria Sklodowska-Curie Memorial Institute, Gliwice, Poland).

Cell culture and transfections

HeLa cells were purchased from ATCC (Manassas, VA). HeLa cells were cultured in
minimum essential medium (MEM) supplemented with glucose, and glutamine (Mediatech,
Comprehensive Cancer Center of the University of Alabama at Birmingham, AL). Media
were supplemented with 10% fetal bovine serum (FBS, Life Technologies, Grand Island,
NY), 100 U/ml of penicillin and streptomycin (Invitrogen Corporation, Grand Island, NY),
nonessential amino acids, and 1 mM sodium pyruvate. HT1080 cells were a gift from Dr.
Susan Nozell (University of Alabama at Birmingham). HT1080 cells were maintained in
MEM plus L-glutamine and 10% fetal bovine serum. These cells express endogenous wild-
type p53 and were used for luciferase assays. All cells were grown in incubator with 95% air
in the atmosphere and 5% carbon dioxide (CO,) at 37 °C.

HelLa cells were grown in monolayers on coverslips in six-well plates, and cells were
transfected with TransLTI (Mirus) or FUGENE 6 (Roche) reagents or with Lipofectin
(Invitrogen), according to the manufacturers’ protocols.

Cell viability assays were performed as follows: cells were cotransfected with AT3-72Q and
either a vector lacking UL97, a vector encoding UL97, or a vector encoding UL97/K355M.
After 24 or 48 h of culture, cells were treated with 15 mg/ml of fluorescein diacetate for 5
min, washed 1x in phosphate-buffered saline (PBS), and processed for immunofluorescence
microscopy.

Immunofluorescence microscopy and quantification

At 48 to 72 h after transfection, cells were washed three times in PBS, fixed in 3%
paraformaldehyde for 10 min and then quenched with 10 mM ammonium chloride. The cells
were permeabilized in 0.2% Triton X-100 in PBS for 7 min and washed 3 times in PBS. The
coverslips were blocked in PBS,2.5% goat serum,0.2% Tween-20 for 5 min followed by
blocking in PBS, 0.4% fish skin gelatin, and 0.2% Tween-20. Cells were incubated with
primary antibody for 1 h at room temperature. Cover-slips were washed with PBS, 0.2%
Tween-20 5 times for 5 min and incubated with secondary antibodies for 45 min. Coverslips
were washed as described above and the nucleus was stained with Hoechst 33258. The
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coverslips were mounted on slides in 9:1 glycerol/PBS with 0.1% p-phenylenediamine
(Sigma-Aldrich; St. Louis, MO).

Fluorescence patterns were visualized with a Leitz Orthoplan microscope with
epifluorescence and Hoffman Modulation Contrast optics from Chroma Technology
(Brattleboro, VT, USA). Optical sections were captured with a CCD high-resolution camera
from Roper Scientific (Tucson, AZ, USA) equipped with a camera/computer interface.
Images were analyzed with a power Mac using IPLab Spectrum software (Scanalytics,
Fairfax, VA, USA). A Perkin Elmer ERS6FE FRAP Spinning Disc Confocal was used to
capture images to visualize the association of polyQ aggregates with PML Bodies. Images
were analyzed in Volocity software.

For quantitation of aggresome patterns (diffuse staining versus aggresome localization), 100
cells were counted from randomly selected fields. Counting was performed in a “blind”
manner by different members of the Sztul laboratory for GCP170*, mRFP-Werner,
AT3-72Qmyc, and HttExon1-82Q-GFP. Data are presented as mean+ SD. The Student’s t-
test was used to determine statistical significance, and a p value less than 0.05 was
considered significant.

Luciferase reporter assays

Results

HT1080 cells were seeded in two 12-well plates and were grown for 24 h before
transfection. The cells were cotransfected in triplicate with 500 ng of pGL2-p21A luciferase
reporter construct and 350 ng of pcDNA3 (empty vector), or UL97-V5, or K355M-V5.
Cells were washed once in PBS and lysed in 200 pl of luciferase lysis buffer (25 mM Tris-
phosphate (pH 7.8), 2 mM DTT, 2 mM 1,2-diaminocyclohexane-N,N,N", N”-tetraacetic
acid, 10% glycerol,1%Triton X-100) with rocking for 5 min at room temperature. Then, 40
ul of lysate was added to 100 pl of luciferin substrate (20 mM Tricine, 1 mM MgCOs, 2.67
mM MgSQOyq, 0.1 MMEDTA,33.3 mMDTT,270 pMcoenzymeA,470 pMLuciferin,and 530
UM ATP). The lucifirase activity in each sample was measured in a Luminometer from
Promega. The settings for the luminometer were a delay time of 3 sec with an integration
time of 10 sec. Each experiment was done in triplicate.

UL97 prevents aggregation of the non-polyQ proteins GFP170* and WRN

We have shown previously that GFP170* is an aggregation-prone protein that can be used to
explore cellular mechanisms involved in the formation of aggresomes (Fu et al., 2005b). To
test whether UL97 might affect deposition of GFP170* aggregates, we compared GFP170*
localization in cells transfected with GCP170* in the presence of either an empty plasmid, a
plasmid encoding UL97 or a plasmid encoding the catalytically inactive UL97/K355M.
Consistent with our previous findings, cellular expression of GFP170* in the presence of an
empty plasmid resulted in the presence of large ribbon-like aggregates within the cytoplasm,
and large spherical inclusions within the nucleus (Supplemental Fig. 1A). In clear contrast
with these observations, when GFP170* was expressed in the presence of UL97, large
cytoplasmic and nuclear GFP170* aggregates were rarely observed, and instead, GFP170*
appeared diffuse throughout the cytoplasm and the nucleoplasm (Supplemental Fig. 1B). To
determine whether the effect of UL97 on the formation of GFP170* aggregates was
dependent on its kinase activity, HeLa cells were transfected with plasmids encoding
GFP170* and the kinase-dead UL97/K355M. Expression of the kinase-dead UL97 did not
prevent the formation of cytoplasmic or nuclear GFP170* aggregates (Supplemental Fig.
1C). Interestingly, UL97/K355M colocalizes with cytoplasmic GCP170* aggregates but
does not associate with nuclear inclusions. This is consistent with the predominantly
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cytoplasmic localization of UL97/K355M observed in transfected cells (Prichard et al., 2005
and Supplemental Fig. 2). It is unknown why the kinase-dead UL97/K355M remains within
the cytoplasm while the wild-type UL97 shuttle into the nucleus.

Quantitative analysis revealed that the frequency of cells with large nuclear GFP170*
aggregates is significantly decreased in cells transfected with UL97 (~10%) as compared to
cells transfected with the empty plasmid (~79%) (Supplemental Fig. 1D). Expression of the
kinase-dead UL97/K355M did not significantly affect the frequency of cells with aggregates
(~73%) when compared to cells transfected with the empty plasmid (Supplemental Fig. 1D).
These observations suggest that UL97 prevents GFP170* aggregation by a mechanism
dependent on its kinase activity.

To further examine UL97 effects on protein aggregation, we tested whether UL97 can
prevent aggregation of the WRN protein that when mutated causes the adult progeria disease
Werner syndrome. WRN is a RecQ helicase and exonuclease (Gray et al., 1997; Huang et
al., 1998) involved in DNA repair and telomere maintenance (Kamath-Loeb et al., 2000,
2004). Endogenous WRN exhibits a diffuse nuclear pattern, sometimes interspersed with
nuclear or nucleolar foci (Marciniak et al., 1998; Opresko et al., 2003). When WRN is
tagged at the N-terminus with monomeric red fluorescent protein (WRN-RFP), the protein
forms multiple nuclear aggregates (Vaitiekunaite et al., 2007).

To test the effect of UL97 on the formation of WRN aggregates, cells were transfected with
WRN-RFP in the presence of either an empty plasmid, a plasmid encoding UL97 or a
plasmid encoding the kinase-dead UL97/K355M. Consistent with previous studies
(Vaitiekunaite et al., 2007), expression of the WRN-RFP protein resulted in the presence of
numerous “donut-shaped” nuclear inclusions (Fig. 1A). In clear contrast to these
observations, when WRN-RFP was expressed in the presence of UL97, nuclear WRN-RFP
aggregates were rarely observed but instead WRN-RFP fluorescence appeared diffuse
throughout the nucleoplasm (Fig. 1B). Expression of UL97 had no effect on the nuclear
localization of WRN-RFP, suggesting that the mechanism preventing the formation of
WRN-RFP aggregates does not involve its nuclear import and/or retention. Expression of
the kinase-dead UL97/K355M does not prevent the formation of nuclear WRN-RFP
aggregates (Fig. 1C). Thus, UL97 prevents the formation of WRN-RFP nuclear aggregates
in a kinase-dependent manner.

Quantitative analysis revealed that in the absence of UL97 a majority (~80%) of cells
expressing WRN-RFP contained nuclear aggregates, whereas expression of UL97 resulted
in significantly decreased frequency of cells with aggregates (~7%) (Fig. 1D). Expression of
the kinase-dead UL97/K355M did not significantly affect the frequency of cells with
aggregates (~70%) when compared to cells transfected with the empty plasmid (Fig. 1D).
However, we did notice that the size of WRN-RFP aggregates was consistently reduced in
the presence of the UL97/K355M kinase-dead mutant.

The finding that UL97 exerts antiaggregation effect on the pp65 and pp71 viral proteins
(Prichard et al., 2008) and on two nonviral proteins, GFP170* and WRN (this study),
suggests that UL97 has a general antiaggregation property. To test this hypothesis, we next
explored the possibility that UL97 prevents the aggregation of polyQ-expanded proteins
linked to the neurodegenerative diseases SCA3 and HD.

UL97 prevents the aggregation of Ataxin-3 containing an expanded polyQ domain

We used a Hel a cell-based assay to examine the formation of aggregates after transfecting
cells with a plasmid encoding full-length ataxin-3 containing 72 glutamine residues
(AT3-72Q) and tagged at its C-terminus domain with myc (Zhong and Pittman, 2006).To
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assess the effect of UL97 on AT3-72Q aggregation, cells were transfected with AT3-72Q in
the presence of either an empty plasmid, a plasmid encoding UL97, or a plasmid encoding
the catalytically inactive UL97/ K355M. In agreement with previous studies (Burnett et al.,
2003; Burnett and Pittman, 2005), expression of AT3-72Q and the empty vector resulted in
the presence of large aggregates that were localized within the nucleus (Fig. 2A). In contrast,
expression of AT3-72Q in the presence of UL97 prevented the formation of aggregates, and
AT3-72Q localized in small punctate structures scattered throughout the cytoplasm and the
nucleoplasm (Fig. 2B). Expression of AT3-72Q in the presence of the kinase-dead UL97/
K355M did not prevent the formation of large AT3-72Q aggregates (Fig. 2C). The kinase-
dead mutant UL97/K355M colocalizes with cytoplasmic AT3-72Q aggregates but not with
the nuclear aggregates. This is consistent with the cytoplasmic localization of UL97/K355M
(Supplemental Figs. 1 and 2).

Quantitative analysis reveals that the frequency of cells with AT3-72Q aggregates is
significantly decreased in cells transfected with UL97 (~6%) as compared to cells
transfected with the empty plasmid (~71%) (Fig. 2D). Expression of the kinase-dead UL97/
K355M did not significantly affect the frequency of cells with aggregates (~73%) when
compared to cells transfected with AT3-72Q and an empty plasmid (Fig. 2D). Thus, UL97
prevents the formation of AT3-72Q aggregates in a kinase-dependent manner.

UL97 prevents the aggregation of the huntingtin exon-1 fragment containing an expanded
polyQ domain

We next examined the effects of UL97 on the formation of polyQ aggregates in an HD
cellular model. HelLa cells were transfected with a plasmid encoding the huntingtin exonl
containing 82 glutamines residues and a GFP tag at its N-terminus domain (HttExon1-82Q)
(Chun et al., 2001). In agreement with our previous studies (Chun et al., 2001), expression
of HttExon1-82Q resulted in the formation of large aggregates in the perinuclear area of
cells expressing HttExon1-82Q and the empty vector (Fig. 3A). In contrast, aggregates were
not detected in cells expressing HttExon1-82Q in the presence of UL97, and instead
HttExon1-82Q presented a diffuse cytoplasmic staining (Fig. 3B). UL97 prevents the
formation of HttExon1-82Q in a kinase dependent manner as the dead kinase UL97/K355M
did not prevent the formation of Htt Exon1-82Q aggregates (Fig. 3C). In cells coexpressing
Htt Exon1-82Q aggregates and UL97/K355M, the mutant kinase colocalize with Htt
Exon1-82Q cytoplasmic aggregates (analysis of multiple confocal planes indicate all
structures containing UL97/K355M are outside the nucleus). This is consistent with the
cytoplasmic distribution of UL97/K355M and the preferential association of this mutant
with cytoplasmic GCP170* and AT-372Q aggregates (Supplemental Figs. 1 and 2; Fig. 2C).

Quantification of these results reveals that the number of HttExon1-82Q aggregates is
significantly lower in cells transfected with UL97 (~10%) when compared to cells
transfected with the empty vector (~69%) (Fig. 3D). In contrast, expression of the kinase-
dead UL97/K355M did not significantly affect the frequency of cells with aggregates
(~67%) when compared to cells transfected with HttExon1-82Q and an empty plasmid (Fig.
3D).

UL97 coordinately disrupts PML bodies and prevents polyQ aggregation

PML bodies have been linked to the aggregation of various viral and cellular proteins
(Bernardi and Pandolfi, 2007; Bonilla et al., 2002; Nichol et al., 2009). We have reported
recently that UL97 disrupt PML bodies, as monitored by the dispersion of the Sp100
component of PML bodies (Prichard et al., 2008). This suggests that the UL97
antiaggregation activity may be linked to PML disruption. To test this possibility, we
examined the effect of UL97 on the integrity of PML bodies by following the localization of
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the defining component of PML bodies, the PML protein (pPML). pPML is required for
nucleating and maintaining PML bodies, and cells devoid of pPML do not assemble PML
bodies (Shen et al., 2006). In control cells, pPML is detected in 15— 30 discrete nuclear foci
(Fig. 4A). Expression of UL97 has a dramatic effect and causes the disappearance of PML
bodies, with the number of PML bodies decreasing to only few (sometimes larger) structures
(Fig. 4B). UL97 localizes in a diffuse nuclear pattern in transfected cells, as previously
reported (Prichard et al., 1999, 2008). Interestingly, although UL97 localizes to the nucleus,
it does not appear to target to PML bodies, even when they become enlarged. In contrast, the
inactive UL97/K355M mutant does not cause pPML mislocalization (Fig. 4C). UL97/
K355M is detected in the cytoplasm and appears largely restricted from the nucleus. It is
likely that the mutant cannot enter or be retained within the nucleus. This might explain the
inability of UL97/K355M to disrupt PML bodies.

The disruptive effect of UL97 on PML bodies might be linked to its antiaggregation
property. To test this hypothesis, we explored the relationship between UL97 effects on
PML bodies and UL97 antiaggregation property in cells expressing AT3-72Q or
HttExon1-82Q. The integrity of PML bodies was assessed in cells expressing mutant
AT3-72Q and either a vector lacking UL97, a vector encoding UL97, or a vector encoding
the catalytically inactive UL97/K355M. Cells expressing AT3-72Q and the empty vector
contain multiple nuclear and cytoplasmic AT3-72Q aggregates (Fig. 5A). The cells also
contain multiple PML bodies within the nucleus. There appears to be a close spatial
association between the AT3-72Q aggregates and PML bodies, as most PML bodies lie
adjacent to an aggregate (arrowheads). Cells coexpressing AT3-72Q and UL97 show diffuse
cytoplasmic and nuclear staining of AT3-72Q, confirming the antiaggregation effect of
UL97 (Fig. 5B). The cells contain drastically reduced number of PML bodies. The few
remaining PML bodies colocalize with the small AT3-72Q aggregates detected in the
nucleus (arrowheads). Cells coexpressing AT3-72Q and the inactive UL97/K355M contain a
number of large nuclear and cytoplasmic AT3-72Q aggregates (Fig. 5C). PML bodies are
present in these cells and appear to be extensively remodeled. The PML bodies are recruited
to the aggregates to form a “beaded necklace” pattern around the aggregates (arrowheads).
Thus, UL97 appears to coordinately disrupt PML bodies and prevents aggregation of
AT3-72Q.

We also explored the relationship between PMLs and inhibition of HttExon1-82Q
aggregation. Cells were cotransfected with HttExon1-82Q and either a vector lacking UL97,
a vector encoding UL97, or a vector encoding the catalytically inactive UL97/K355M. Cells
expressing HttExon1-82Q and the empty vector contain large cytoplasmic HttExon1-82Q
aggregates (Fig. 6A). The cells show multiple PML bodies within the nucleus in a pattern
indistinguishable from that in control cells (compare to Fig. 4A). In contrast, cells
coexpressing HttExon1-82Q and UL97 show diffuse staining of HttExon1-82Q throughout
the cytoplasm (Fig. 6B). The lack of HttExon1-82Q aggregates confirms the antiaggregation
effect of UL97. The cells contain dramatically reduced number of PML bodies, and the
remaining PMLs appear smaller than in control cells. Cells expressing HttExon1-82Q and
the inactive UL97/K355M contain large, irregularly shaped cytoplasmic aggregates of
HttExon1-82Q (Fig. 6C). The cells contain a normal complement of PML bodies within the
nucleus. Thus, expression of UL97 causes the disruption of PML bodies and prevents
aggregation of HttExon1-82Q.

The commonality of the regulatory effect of UL97 on PML integrity suggests that the
aggregation processes of polyQ proteins could be functionally coupled to the status of PML
bodies and that the dispersion of PML bodies by UL97 could be linked to antiaggregation.
The coordinated actions of UL97 in dispersal of PML bodies and prevention of aggregation
both require the kinase activity of UL97.
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UL97 inhibits p53-dependent transcription

PML bodies have been implicated in transcription, and they contain the transcriptional
regulators Sp100, pPML, CBP, and p53 (de Stanchina et al., 2004; Hofmann et al., 2002;
Moller et al., 2003; Pampin et al., 2006; Salomoni et al., 2006; reviewed in Bernardi and
Pandolfi, 2007). Thus, we explored the link between UL97 effects on PML bodies and p53-
mediated transcription. p53 activity was assessed in HT1080 fibrosarcoma cells by
measuring transcription from a reporter construct composed of firefly luciferase fused to the
p21 promoter that contains two p53 response elements (pGL2-p21A). Comparisons were
made between cells cotransfected with pGL2-p21A and either the empty vector (control), a
vector containing UL97 (UL97), or a vector containing UL97/K355M (UL97/K355M).
Basal transcription levels were quantified in cells transfected with pGL2-p21A and the
empty vector (Fig. 7A, control), and these are consistent with previously reported results.
Cells cotransfected with pGL2-p21A and UL97 showed a 30% reduction in p53 activity
(Fig. 7A, UL97). The inhibitory effect was dependent upon UL97 kinase activity, as cells
cotransfected with pGL2-p21A and the inactive UL97/K355M showed no changes in the
levels of p53-dependent transcription (Fig. 7A, UL97/K355M).

The HT1080 cells used in these experiments contain endogenous p53. To increase p53-
dependent transcription and thus increase the experimental signal, we performed additional
experiments in HT1080 cells transfected with exogenous p53. Comparisons were made
between cells cotransfected with p53, pGL2-p21A and either a vector lacking UL97
(p53+control), a vector encoding UL97 (p53+UL97), or a vector encoding UL97/K355M
(p53+UL97/K355M). As expected, cells expressing exogenous p53 showed a significantly
higher basal level of transcription (Fig. 7A, p53 and p53+control). Coexpression of UL97
decreased p53-mediated transcription by 50% (Fig. 7A, p53+ UL97). Coexpression of the
inactive UL97/K355M had no effect on p53-mediated transcription (Fig. 7A, p53+UL97/
K355M). These results indicate that UL97 represses the transcriptional activity of p53 in a
kinase-dependent manner and suggest a potential mechanism that links the effects of UL97
on aggregation, integrity of PML bodies, and p53-mediated transcription.

We assessed whether the UL97 kinase might rescue the cytotoxicity associated with
AT3-72Q polyQ aggregates. In these experiments, cells were cotransfected with AT3-73Q
and either a vector lacking UL97, a vector encoding UL97, or a vector encoding UL97/
K355M. After 24 or 48 h of culture, cell viability was measured by the uptake of fluorescein
diacetate. UL97 appears to increase the percentage of viable cells expressing AT3-72Q (data
not shown).

Discussion

The results of this study provide strong evidence for an antiaggregation effect of the UL97
viral kinase. UL97 prevents the aggregation of GFP170* and WRN proteins, and of two
polyQ-containing proteins, AT3-72Q and HttExon1-82Q that are associated with SCA3 and
Huntington disease, respectively. Remarkably, UL97 is able to prevent the formation of both
cytoplasmic and nuclear aggregates formed by these proteins. Consistent with previous
studies revealing that UL97 possesses a nuclear localization signal (Prichard et al., 2005),
we find that UL97 localizes preferentially within the nucleus. This suggests that the
antiaggregation properties of UL97 are likely to be mediated through events occurring
within the nucleus. Within the nucleus,the UL97 kinase may interact and phosphorylate
nuclear substrates to prevent aggregation. This model is consistent with our findings that the
UL97/K355M mutant defective in kinase activity is essentially restricted from the nucleus
and is unable to prevent protein aggregation. Further work will be required to dissect the
relative contributions of the nuclear localization and the kinase activity towards the
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antiaggregation function of UL97. Together, our studies document that UL97 localizes
within the nucleus and prevents protein aggregation in a kinase-dependent manner.

UL97 shows kinase activity towards a number of cellular substrates. For example, UL97
phosphorylates the myelin basic protein; histones H1, H2B, and H3; lamins A, B, and C; and
the largest subunit of RNA polymerase Il in vitro (Baek et al., 2002a,b, 2004; Marschall et
al., 2005). Whether any of these known UL97 substrates are linked to the antiaggregating
property of UL97 remains to be elucidated. However, recent studies suggest a role for the
retinoblastoma (Rb) protein, a recently identified UL97 substrate, in UL97-mediated
antiaggregation. Rb is a tumor-suppressor that controls cell cycle progression through Gq
phase (Hume et al., 2008; Prichard et al., 2008). Importantly, Rb localizes to PML bodies,
where it forms stable complexes with unphosphorylated pPML (Alcalay et al., 1998). The
identification of Rb as UL97 substrate seems especially relevant in the light of the apparent
relationship between PML bodies and aggregate formation, and the coordinate ability of
UL97 to disrupt PML bodies and prevent aggregation. The mechanisms by which UL97
causes disruption of PML bodies remains to be further characterized. However, our findings
are consistent with a model (Fig. 7B) in which UL97 causes changes in the architecture of
PML bodies through a phosphorylation dependent mechanism. Remodeling and disruption
of PML bodies would then lead to changes in the transcription of p53-responsive genes and
affect the formation of aggregates. In support of this model, we provide evidence that
GFP170*, WRN, and AT3-72Q deposit adjacent to PML bodies and cause the
rearrangement of PML bodies around the aggregates. Further, we show that UL97 disrupts
PML bodies. The UL97-mediated disruption of PML is likely to have important
consequences on transcriptional activity. In support, our study provides clear evidence that
UL97-mediated disruption of PML bodies results in the inhibition of p53-mediated
transcription. Whether the antiaggregation action of UL97 is linked to alterations in a larger
transcriptional repertoire remains to be explored. Importantly, UL97-induced disruption of
PML bodies and alteration in p53-dependent transcription are linked to UL97 ability to
prevent aggregation of AT3-72Q and HttExon1-82Q in cellular models of SCA3 and HD,
respectively.

Huntington’s disease, spinocerebellar ataxia 3, and several other polyglutamine disorders are
characterized by the accumulation of cytoplasmic and/or nuclear aggregates within the brain
of affected individuals (Davies et al., 1997; DiFiglia et al., 1997). In these diseases, a
mutated protein misfolds to undergo an alternative conformation that in most cases results in
its aggregation and accumulation as inclusion bodies in neurons. The role of these
aggregates in the etiology of misfolded diseases has been the subject of intense debate, with
models that consider the aggregates as harmful, benign, or beneficial (Ross and Poirier,
2005; Sisodia, 1998). A body of emerging evidence suggests that aggregates might be
cytoprotective. Initial clues came from postmortem studies that revealed a relatively poor
correlation between the neurons in which inclusion bodies are present and the neurons
preferentially vulnerable in specific neurodegenerative disorders (Kuemmerle et al., 1999;
reviewed in Ross, 2002). Further temporal studies of the appearance of aggregates and the
onset of clinical pathology suggest that tissue damage and pathology can manifest before
detection of aggregates (Saudou et al., 1998), raising the possibility that aggregates may
actually be protective. Additional studies by Arrasate et al. (2004) provided evidence that
the formation of inclusion bodies reduces the risk of neuronal death. A potential explanation
is that inclusion bodies and visible aggregates constitute a point of sequestration of
intermediate conformational assemblies that correlate more directly to the neuronal
vulnerability than the aggregates (Poirier et al., 2002, 2005; Ross et al., 2003). Indeed,
accumulating evidence supports the view that protein aggregation is a complex process,
thought to be initiated by the interactions between the misfolded proteins to generate a
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variety of higher-order intermediate assemblies that ultimately form insoluble inclusion
bodies (Poirier et al., 2002; Wetzel, 2006).

Using recombinant mutant huntingtin exon1 with an expanded polyQ track in /in vitro
studies, a number of studies have characterized the morphological and structural features of
aggregation and provided evidence of globular and protofibrillar intermediates rich in f3-
structure before the formation of fibrils and aggregates (Chen et al., 2001, 2002; Poirier et
al., 2002, 2005). Similar intermediate conformational assemblies have been identified for
other proteins capable of forming aggregates in various neurodegenerative disorders,
suggesting common mechanism of aggregation and potentially toxicity (Kayed et al., 2003).
In line with this model, accumulating evidence suggests that the toxicity of amyloidogenic
proteins involved in several neurodegenerative disorders may not be related to the insoluble
protein aggregates but rather to the soluble oligomeric or other intermediate assemblies. For
instance, soluble oligomeric or protofibrillar forms of amyloids are more potent toxins than
the mature fibrils of Ap (Dahlgren et al., 2002), a-synuclein (Conway et al., 2000), IAPP
(Anguiano et al., 2002), and polyQ (Kayed et al., 2003, 2004, 2009). In effect, the formation
of aggregates might be a protective mechanism to sequester and isolate these toxic
intermediate conformational species (Ross and Poirier, 2005).

In this study, we used cellular models of aggregation to show the efficacy of the UL97
kinase in preventing the deposition of non-polyQ and polyQ aggregates. Although it is clear
that UL97 targets cellular pathways that control aggregation, it remains to be determined
whether UL97 affects the formation and accumulation of potentially toxic soluble
oligomeric or protofibrillar conformations of the mutated proteins. The ability of UL97 to
inhibit aggregation of polyQ proteins in cellular models of diseases as diverse as HD and
SCA3 raises the possibility that UL97 might be a tool to dissect the aggregation mechanisms
in diseases associated with polyQ protein deposits. Thus, characterizing the molecular
mechanisms of UL97 action in preventing protein aggregation may reveal a novel rational
approach to prevent polyQ-mediated neurodegeneration.
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Fig. 1.

UL97 prevents deposition of nuclear aggregates of WRN protein. HeLa cells were
cotransfected with mRFP-WRN and a vector either lacking UL97 (A), encoding UL97-V5
(B), or encoding UL97/K355M-V5 (C). After 24 h, cells were processed for IF with anti-
GFP antibodies to detect WRN and anti-V5 antibodies to detect UL97. Cells expressing
WRN were scored for aggregates in three independent experiments, and the graph represents
the percentage of cells containing aggregates (D). mRFP-WRN forms large donut-shaped
nuclear aggregates in control cells and in the presence of catalytically inactive UL97/
K355M. Aggregates are not detected in cells expressing UL97. The difference is significant
(p<0.0004). Bars, 19 pum.
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Fig. 2.

UL97 prevents aggregation of ataxin-3 containing expanded polyQ track. HeLa cells were
cotransfected with AT3-72Q-myc and either a vector lacking UL97 (A), a vector encoding
UL97-V5 (B), or a vector encoding UL97/K355M-V5 (C). After 72 h, cells were processed
for IF with anti-myc antibodies to detect AT3-72Q and anti-V5 antibodies to detect UL97.
Cells expressing AT3-72Q were scored for aggregates in three independent experiments,
and the graph represents the percentage of cells containing aggregates (D). AT3-72Q-myc
forms large cytoplasmic and nuclear aggregates in control cells and in cells expressing the
catalytically inactive UL97/K355M. Aggregates are not detected or greatly reduced in cells
that express UL97. The difference is significant (£<0.0007). Bars, 19 um.
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Fig. 3.

UL97 prevents aggregation of the polyQ expanded HttExon1-82Q. HeLa cells were
cotransfected with HttExon1-82Q-YFP and either a vector lacking UL97 (A), a vector
expressing UL97-V5 (B), or a vector expressing UL97/K355M-V5. After 48 h, cells were
processed for IF with anti-GFP antibodies to detect HttExon1-82Q and anti-V5 antibodies to
detect UL97. Cells expressing HttExon1-82Q were scored for aggregates in three
independent experiments, and the graph represents the percentage of cells containing
aggregates (D). Bars, 19 um. HttExon1-82Q-YFP forms large cytoplasmic and nuclear
aggregates in the absence of UL97 or in the presence of catalytically inactive UL97/K355M.
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Aggregates are not detected or greatly reduced in cells that express UL97. The difference is
significant (p<0.004).
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Fig. 4.

UL97 disrupts PML bodies. HeLa cells were transfected with an empty vector (A),
transfected with V5-tagged UL97 (B), or with V5-tagged inactive UL97/K355M (C). After
24 h, cells were processed for IF with anti-V5 antibodies to detect UL97 and anti-pPML
antibodies to detect PML bodies. In control cells, ~20 PML bodies are visible. Cells
expressing UL97 show reduced number of PML bodies. A normal PML pattern is visible in
cells expressing the inactive UL97/K355M.
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Fig. 5.

Disruption of PML bodies by UL97 is linked to inhibition in AT3-72Q aggregation. HelLa
cells were cotransfected with AT3-72Q-myc and either a vector lacking UL97 (A), encoding
UL97-V5 (B), or encoding UL97/K355M-V5 (C). At 72 h later, cells were processed for IF
with anti-myc antibodies to detect AT3-72Q and anti-pPML antibodies to detect PML
bodies. Cells transfected with an empty vector or the inactive UL97/K355M contain large
cytoplasmic and nuclear AT3-72Q aggregates. In such cells, PML bodies are associated with
the AT3-72Q aggregates (arrowheads in A and C). Cells transfected with UL97 lack
AT3-72Q aggregates and have a reduced number of PML bodies. Sometimes small
AT3-72Q aggregates are detected adjacent to the dispersed PML bodies (arrowheads in B).
Bars, 19 um.
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Disruption of PML bodies by UL97 is linked to inhibition in HttExon1-82Q aggregation.
HelLa cells were cotransfected with HttExon1-82Q-myc and either a vector lacking UL97
(A), encoding UL97-V5 (B), or encoding UL97/K355M-V5 (C). After 72 h, cells were
processed for IF with anti-myc antibodies to detect HttExon1-82Q and anti-pPML
antibodies to detect PML bodies. Cells transfected with an empty vector or the inactive
UL97/K355M contain large HttExon1-82Q aggregates and normal PML bodies. Cells
transfected with UL97 lack HttExon1-82Q aggregates and have dispersed PML bodies.
Bars, 19 um.
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Fig. 7.

UL97 decreases p53-mediated transcription. (A) A set of HT1080 cells was cotransfected
with pGL2-p21A (a p21-responsive luciferase reporter) and either a vector lacking UL97,
encoding UL97-V5, or encoding UL97/K355M-V5. Another set of HT1080 cells was
cotransfected with pGL2-p21A and p53, and either a vector lacking UL97, encoding UL97-
V5, or encoding UL97/K355M-V5. At 24 h after transfection, cells were assayed for
luciferase activity. Each transfection was done in triplicate and an average value of relative
luciferase units (RLUSs) is reported. (B) A model for UL97 action in modulating aggregation.
Control cells contain PML bodies and form aggregates. In cells expressing the UL97 kinase,
the Rb component of PML bodies is phosphorylated, PML bodies are dispersed and p53-
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mediated transcription is decreased. These changes correlate with inhibition in the formation
of aggregates.
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