Praja1 ubiquitin ligase facilitates degradation
of polyglutamine proteins and suppresses
polyglutamine-mediated toxicity

Baijayanti Ghosh?, Susnata Karmakar®, Mohit Prasad®, and Atin K. Mandal>*

Division of Molecular Medicine, Bose Institute, Kolkata 700054, India; PDepartment of Biological Sciences, Indian

Institute of Science Education and Research Kolkata, Mohanpur, Nadia 741246, West Bengal, India

ABSTRACT A network of chaperones and ubiquitin ligases sustain intracellular proteostasis
and is integral in preventing aggregation of misfolded proteins associated with various neu-
rodegenerative diseases. Using cell-based studies of polyglutamine (polyQ) diseases, spino-
cerebellar ataxia type 3 (SCA3) and Huntington's disease (HD), we aimed to identify crucial
ubiquitin ligases that protect against polyQ aggregation. We report here that Praja1 (PJA1),
a Ring-H2 ubiquitin ligase abundantly expressed in the brain, is diminished when polyQ re-
peat proteins (ataxin-3/huntingtin) are expressed in cells. PJA1 interacts with polyQ proteins
and enhances their degradation, resulting in reduced aggregate formation. Down-regulation
of PJA1 in neuronal cells increases polyQ protein levels vis-a-vis their aggregates, rendering
the cells vulnerable to cytotoxic stress. Finally, PJA1 suppresses polyQ toxicity in yeast and
rescues eye degeneration in a transgenic Drosophila model of SCA3. Thus, our findings es-
tablish PJA1 as a robust ubiquitin ligase of polyQ proteins and induction of which might serve
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as an alternative therapeutic strategy in handling cytotoxic polyQ aggregates.

INTRODUCTION

Polyglutamine (polyQ) diseases are neurodegenerative disorders
arising from CAG trinucleotide repeat expansion in the protein-cod-
ing region of the respective disease gene. Currently, nine such
polyQ disorders have been identified: spinocerebellar ataxia (SCA)
types 1, 2, 3, 6, 7, and 17; Huntington’s disease (HD); dentatorubral
pallidoluysian atrophy (DRPLA); and spinal and bulbar muscular at-
rophy (SBMA), which are progressive and dominantly inherited (ex-
cept SBMA) (Zoghbi and Orr, 2000; Stoyas and La Spada, 2018). The
most common among these neurodegenerative disorders with dis-
tinct pathological and clinical attributes, SCA3 and HD, are charac-
terized by formation of amyloid-like toxic intracellular aggregates,
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which are hallmarks of all polyQ diseases. These insoluble intraneu-
ronal aggregates and/or inclusions are formed at the cerebellar Pur-
kinje neurons, brain stem, and spinocerebellar tracts and are caused
as a result of a gain-of-function effect of polyQ expansion of the
ataxin-3/huntingtin proteins causing neuronal dysfunction and
death (Zoghbi and Orr, 2000; Paulson, 2012; Paulson et al., 2017).
These inclusions are immunoreactive for ubiquitin and sequester
components of the ubiquitin proteasome system (UPS), molecular
chaperones, and several transcription factors (Suhr et al., 2001;
Waelter et al., 2001). The association of polyQ aggregates with the
components of the protein quality control (PQC) machinery induces
cellular response to manage the accumulation of misfolded proteins
either by refolding them by molecular chaperones or degrading
them by the degradation machinery. Multiple lines of evidence have
demonstrated the function of selective molecular chaperones, the
proteasome system, and autophagy in suppression of aggregate
formation and modulation of polyQ pathogenesis (Chai et al., 1999;
Brehme et al., 2014, Djajadikerta et al., 2020).

Cellular proteostasis is finely orchestrated by the two arms of the
PQC system: molecular chaperones and degradation machinery.
Apart from their role in protein folding, chaperones hand over mis-
folded proteins to ubiquitin ligases for tagging them with ubiquitin
for their degradation via the proteasome or autophagic pathway.
The presence of approximately 600 ubiquitin ligases in the
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mammalian system (Deshaies and Joazeiro, 2009) suggests a cohort
of ubiquitin ligases laboring in unison to protect cells from accumu-
lation of misfolded proteins and their aggregates and subsequent
cytotoxic stress (Theodoraki et al., 2012; Kuang et al., 2013). PolyQ-
expanded ataxin-3 and huntingtin are similarly degraded by multi-
ple ubiquitin ligases, such as the carboxy-terminus of Hsp70-inter-
acting protein (CHIP), which promotes degradation of polyQ
proteins and reduces their aggregation in cell and animal models of
SCA3 and HD (Jana et al., 2005; Miller et al., 2005). Endoplasmic
reticulum-associated E3 ubiquitin ligase autocrine motility factor
receptor (AMFR) or Gp78 and Eé6-associated protein (E6-AP) pro-
vides cytoprotection against mutant SOD1 and mutant ataxin-3-
mediated toxicity (Ying et al., 2009; Mishra et al., 2013). Parkin is
impaired in Parkinson’s disease (PD) and interacts with expanded
polyQ proteins and promotes their degradation (Tsai et al., 2003).
Recent studies also establish the role of Mahogunin RING finger-1
(MGRN1) and Itchy E3 ubiquitin ligase (ITCH) in promoting the deg-
radation of expanded polyQ proteins and suppression of polyQ-
mediated toxicity (Chhangani and Mishra, 2013; Chhangani et al.,
2014). Because polyQ disorders are age-onset neurodegenerative
disorders where the cellular machinery eventually loses the robust-
ness and efficiency of the PQC, stimulating the components of the
PQC has been commonly used as a therapeutic strategy to amelio-
rate the pathogenesis of these disorders. Interestingly, ataxin-3 is a
deubiquitinating enzyme (DUB) that tightly regulates the activity of
CHIP and Parkin, E3 partners of ataxin-3 (Durcan and Fon, 2011,
2013; Durcan et al., 2011; Scaglione et al., 2011). Moreover, re-
duced levels of CHIP and Parkin in mouse models of SCA3 imply the
involvement of other robust E3 ligases restricting disease pathogen-
esis (Durcan and Fon, 2011; Durcan et al., 2011; Scaglione et al.,
2011).

Analyzing the interactome of ataxin-3 protein by String 9.0 and
BIOGRID databases, we came across a particular ubiquitin ligase,
Prajal (PJA1), a RING-H2 ubiquitin ligase that had predictive inter-
action with ataxin-3, but its function was unknown. PJA1 is ex-
pressed ubiquitously in various tissues, although the highest expres-
sion is observed in the brain. Interestingly, the PJA1 gene is located
in a specific region of the X-chromosome, which is associated with
numerous X-linked cognitive disorders, and a contiguous gene de-
letion results in craniofrontonasal disorder (Mishra et al., 1997;
Wieland et al., 2007). Moreover, a loss-of-function PJA1 variant was
linked to neurodevelopmental disorders associated with epilepsy
or/and craniofacial abnormalities (Suzuki et al., 2020). Notably,
among 29 other genes (linked to neurodegenerative disorders) the
PJA1 gene is down-regulated in PR5 mutant Tau transgenic mice
(Alzheimer's disease [AD]) amygdala (Ke et al., 2012). In several
other studies, PJA1 has been shown to be differentially regulated in
a HD mouse model, amyloid precursor protein (APP)-treated organ-
otypic hippocampal slice cultures, and the bipolar disorder-affected
orbitofrontal cortex (Stein et al., 2004; Cui et al., 2006; Ryan et al.,
2006). In a recent study, PJA1 has also been shown to suppress cy-
toplasmic TDP-43 inclusions (Watabe et al., 2020).

We report here that PJA1 acts as an ubiquitin ligase of polyQ
proteins, ataxin-3 and huntingtin, and inhibits their accumulation as
toxic aggregates. Thereby, PJA1 suppresses polyQ-mediated toxic-
ity in yeast and a Drosophila SCA3 transgenic model. Additionally,
PJA1 silencing in mouse neuronal cells shows a marked increase in
SCA3 and HD aggregates, indicating the crucial role of PJAT in dis-
ease pathogenesis when its function is compromised at old age.
Thus, we demonstrate PJA1’s function as a critical ubiquitin ligase
present in the brain, the levels of which can be manipulated to strat-
egize a potential therapy against polyQ disorders in general.
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RESULTS

PJA1 is dysregulated by polyQ proteins, ataxin-3 and
huntingtin

Reduced efficiency of PQC machinery leads to the development of
age-onset neurodegenerative disorders that result in the accumula-
tion of terminally misfolded toxic proteins (Bence et al., 2001;
Bennett etal., 2005; Thibaudeau et al., 2018). For instance, Ubiquitin
ligases, viz., MGRN1, CHIP, and Parkin, levels and their functions are
compromised in neurodegenerative diseases including polyQ disor-
ders such as SCA3 and HD (Durcan and Fon, 2011, 2013; Durcan
et al., 2011; Scaglione et al., 2011; Chhangani and Mishra, 2013).
Because PJA1 ubiquitin ligase is highly enriched in brain tissue in-
cluding regions of the cerebellum, cerebral cortex, medulla, occipi-
tal lobe, frontal temporal lobe, and the putamen (Yu et al., 2002), we
speculated that its level might be reduced in neurodegeneration
and result in the accumulation of misfolded polyQ proteins. To
check our hypothesis, we examined the level of endogenous PJA1
upon overexpression of polyQ-expanded proteins ataxin-3 and hun-
tingtin in mouse neuroblastoma Neuro2A (N2A) cells. Truncated
20Q and 80Q ataxin-3 in pEGFP-N1 (henceforth 20QT and 80QT)
and N-terminal fragment of HTT 16Q in the pEGFP-C1 and 83Q in
the pDsRed (16Q HTT and 83Q HTT) vector and the corresponding
empty vectors were transfected in N2A cells, and PJAT transcripts
were analyzed. Interestingly, the mRNA levels of PJA1 in both
ataxin-3 (20QT and 80QT) and huntingtin (16Q and 83Q)-overex-
pressed N2A cells were decreased by approximately 0.6- and 0.5-
fold, respectively, as compared with control cells (Figure 1, A and C).
However, no reduction of PJAT transcripts was noticed in the case of
empty vectors. The reduction in the mRNA transcripts was also re-
flected in the endogenous protein levels of PJAT in both ataxin-3
and huntingtin overexpressed N2A cells (Figure 1, B and D). The
diminution of PJA1 levels during polyQ disorders is consistent with
the decline in its levels in PR5 mutant Tau transgenic mice amyg-
dala, bipolar disorder—affected orbitofrontal cortex, and other cog-
nitive disorders (Stein et al., 2004; Cui et al., 2006; Ryan et al., 2006;
Wieland et al., 2007).

PJA1 interacts with normal and polyQ-expanded proteins
and colocalizes with polyQ aggregates

Because overexpression of polyQ-expanded proteins leads to a
marked reduction in PJA1 levels, we hypothesized a physical inter-
action between PJAT ubiquitin ligase and polyQ proteins. Intracel-
lular aggregates tend to sequester several proteins, including chap-
erones, ubiquitin ligases, and proteasomal subunits (Stenoien et al.,
1999). Hence, we inspected whether PJAT was recruited to the ag-
gregates formed by the polyQ proteins. To investigate that, DsRed-
PJAT was cotransfected with green fluorescent protein (GFP)-
tagged ataxin-3 constructs in HEK293T cells. Expression of
polyQ-expanded ataxin-3 (80QT and 130QF) shows large cytoplas-
mic aggregates, and these aggregates indubitably associated with
PJA1 as observed by confocal microscopy (Figure 2, A and B). How-
ever, small aggregates of 20QT ataxin-3 were observed in very few
cells, which also colocalized with PJA1 (Figure 2C). Likewise, polyQ-
expanded huntingtin (83Q HTT) aggregates colocalized with PJA1
(Figure 2Dii).

Predictive interactions between PJA1 and ataxin-3 were also in-
dicated by in silico studies using STRING and BIOGRID databases.
To ascertain the interaction between PJAT ubiquitin ligase and
ataxin-3 proteins, coimmunoprecipitation was next performed with
GFP-ataxin-3 and HA-PJA1. To rule out the nonspecific interaction
with GFP and PJA1, an initial control experiment was carried out by
immunoprecipitating GFP and then probing for PJA1 or vice versa
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PJA1 is dysregulated by polyQ proteins. (A. C) PJA1 transcript level was decreased
upon overexpression of ataxin-3 and huntingtin protein. Normal and polyQ-expanded ataxin-3
(A) and huntingtin (C) plasmids and their corresponding empty vectors pEGFP-C1 and
pDsRed-C1 were transfected in N2A cells. Seventy-two hours after transfection, total RNA was
isolated from the cells and subjected to quantitative RT-PCR. Data were collected from three
separate experiments and normalized to the levels of GAPDH. Values are the mean + SD.
Significance of the data was calculated by t test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared
with nontransfected cells. (B, D) PJA1 protein level is reduced in ataxin-3 and huntingtin
transformed cells. The lysates from A and C overexpressing ataxin-3 and huntingtin,
respectively, were immunoblotted with PJA1 and GAPDH antibody. Lysate shows the expression
of ataxin-3 and huntingtin protein by GFP and DsRed antibody. The bands were quantified,
normalized with GAPDH, and plotted as bar diagrams. Error bar represents SD of three
independent experiments. Significance was calculated by t test. * p < 0.05, ** p < 0.01, *** p <

0.001. NT stands for nontransfected cells.

in HEK293T cells. No interaction was observed between GFP pro-
tein expressed from empty vector and PJA1 (Supplemental Figure
S1C). Subsequently, coimmunoprecipitation was carried out by im-
munoprecipitating PJAT and probing for ataxin-3 or vice versa in
both HEK293T cells (Figure 3A and Supplemental Figure S1A) and
N2A cells (Supplemental Figure S1, D and E). Robust interaction not
only with normal ataxin-3 protein but also with 80QT or full-length
130Q protein was observed with PJA1. Moreover, to further confirm
the specificity of interaction between PJA1 and ataxin-3, we per-
formed coimmunoprecipitation experiments between overex-
pressed PJA1, RING domain-deleted PJA1, and endogenous
ataxin-3 in HEK293T cells by immunoprecipitating ataxin-3 (Figure
3D). Interaction between endogenous ataxin-3 with PJA1, but not
with its RING deletion counterpart, was observed, indicating speci-
ficity of association of PJA1 and ataxin-3. Experiments checking the
interaction between PJA1 with another polyQ protein, huntingtin,
also produced similar results. PJAT coimmunoprecipitated with nor-
mal (16Q HTT) and polyQ-expanded (83Q HTT) huntingtin proteins,
and not with GFP and DsRed protein expressed from the respective
empty vectors (Figure 3, B and C, and Supplemental Figure S1B).

PJA1 suppresses formation of polyQ-expanded aggregates

PJAT1 is a Ring-H2 finger ubiquitin ligase abundantly expressed in
the brain (Yu et al., 2002). With its RING finger motif, it promotes
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075 (Sasaki et al., 2002; Consalvi et al., 2017).
PJA1 induces learning in the basolateral

0.50 e % amygdala during formation of fear memory,
025 which is in agreement with a study establish-
ing the role of PJA1 in cognitive disorders

0.00 like X-linked mental retardation (Stork et al.,
%&(\90(5’ %Q& 2001; Yu et al., 2002). One prominent clini-

cal manifestation of polyQ disorders is cog-
nitive defect (Gardiner et al., 2019), which
could be due to dysregulation of PJAT ulti-
mately leading to the toxic accumulation of
misfolded polyQ proteins. To examine
whether PJAT1 can mobilize polyQ aggre-
gates, we checked the formation of ataxin-3
(80QT/130QF) aggregates upon ectopic ex-
pression of PJAT in HEK293T cells by fluo-
rescence microscopy. We noticed a 60-70%
reduction in the number of 80QT and
130QF (Figure 4Ai) aggregates counted per
100 GFP-positive cells coexpressing ataxin-3
and PJAT. A similar result was obtained for
83QHTT when PJA1 was overexpressed
(Figure 4C). Notably, reduced overall fluo-
rescence intensity of 16QHTT was observed
in the PJAT-expressing condition. These
data were further supported by decreased
levels of ataxin-3 (Figure 4Aii) and hunting-
tin proteins as seen in the Western blot
analysis (Figure 4Cii). The above results
suggest a probable role of PJA1 in mediat-
ing degradation of polyQ proteins by utiliz-
ing its ubiquitin ligase activity. To confirm
that possibility, we deleted the RING finger
motif of PJAT or mutated its conserved His
residue (H553) to Ser and checked its capac-
ity to reduce ataxin-3 aggregates. Our result
showed that RING-deleted PJAT was unable to reduce 80QT
ataxin-3 aggregates and its protein level, whereas RING mutant
(H553S) PJA1 was able to reduce the same, although to a lesser
extent in comparison to wild-type (WT) PJA1 (Figure 4B). This obser-
vation suggests that reduction of polyQ aggregates is linked with
PJAT ubiquitin ligase activity mediated by its RING finger motif.

To further confirm PJA1-driven reduction of polyQ aggregates,
we used baker's yeast Saccharomyces cerevisiae, which is devoid of
both the proteins. Being a eukaryote, S. cerevisiae serves as an ef-
fective model and is widely used for many protein misfolding dis-
eases, including neurodegenerative diseases (Miller-Fleming et al.,
2008). We cloned ataxin-3 and PJA1 in yeast under galactose- and
copper-inducible promoters, respectively. PJA1 expression was pro-
moted by the addition of 300 uM copper before ataxin-3 expression
with 2% galactose. The status of the ataxin-3 aggregates was then
checked by fluorescence microscopy. We noticed an overall de-
crease in the number of ataxin-3 aggregates in yeast cells express-
ing PJAT which was further supported by a significant reduction in
the protein level as well (Supplemental Figure S2). Furthermore, a
reduction of the endogenous level of ataxin-3 protein was observed
upon PJAT expression in HEK293 cells (Figure 4D). On the contrary,
when endogenous PJAT1 was silenced using short hairpin RNA
(shRNA) targeted to PJAT (as shown by real-time [RT]-PCR due to
poor sensitivity in detecting endogenous PJA1 with antibodly)
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PJA1 colocalizes with polyQ aggregates. (A-C) Colocalization of PJA1 with ataxin-3. PJA1 cloned in the
pDsRed vector was cotransfected with 80QT (Aii), 130QF (B), and 20QT (C) ataxin-3 in HEK293T cells. Cells were
processed as described in Materials and Methods for visualization under a confocal microscope. Arrows indicate the
recruitment of PJA1 to ataxin-3 aggregates. (D) PJA1 colocalizes with 83QHTT aggregate. PJA1 cloned in the
pPEGFP-C1 vector was transiently transfected with pDsRed-83QHTT in HEK293T cells. At 24 h, cells were processed for
confocal microscopy. Colocalization of PJAT with HTT aggregates is indicated. (E) pEGFP-C1/pDsRed empty vector (EV)
and PJA1 alone showed diffused localization in HEK293T cells. (F) Pearson’s correlation coefficients for colocalization
between polyQ proteins and PJA1. The plot depicts Pearson’s correlation coefficients for colocalization analysis. The
Rp values for 20QT and PJA1 (0.78, Interquartile range [IQR] 0.6-0.8), 80QT and PJA1 (0.77, IQR 0.62-0.95), 130QF and
PJA1 (0.86, IQR 0.67-0.94), 83QHTT and PJA1 (0.88, IQR 0.62-0.95), 80QT and DsRed (0.46, IQR 0.43-0.53), and
83QHTT and GFP (0.36, IQR 0.20-0.52) indicate the extent of colocalization of polyQ proteins and PJA1 and show that
PJA1 and polyQ proteins significantly colocalized with each other. Significance was calculated by t test. ** p < 0.01.
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FIGURE 3: PJAT1 interacts with normal and polyQ-expanded proteins. (A) PJAT interacts with ataxin-3 proteins.

(A) 20Q truncated (20QT), 20Q full-length (20QF), 80Q truncated (80QT), and 130Q full-length (130QF) ataxin-3 in the
pPEGFP-N1 vector were cotransfected with HA-tagged PJA1 (pCMV-HA-PJA1) in HEK293T cells. Twenty-four hours after
transfection, cells were lysed and subjected to immunoprecipitation with anti-GFP antibody. The blots were
consecutively probed with anti-HA and anti-GFP antibody for detection of PJA1 and ataxin-3, respectively. The total
lysate shows the expression of the respective proteins. (B, C) PJA1 interacts with huntingtin protein. N-terminal
fragments of 16Q huntingtin (16QHTT) protein in the pEGFP-C1 vector (B) and 83QHTT in the pDsRed vector (C) were
cotransfected with HA-PJA1 in HEK293T cells. Cells were harvested and processed for immunoprecipitation with
anti-GFP (B) and anti-HA (C) antibodies. The blots were successively probed with anti-GFP/anti-DsRed and anti-HA
antibodies. (D) PJA1 interacts with endogenous ataxin-3 protein. HA-tagged PJA1 and ARING-PJA1 were transfected in
HEK293T cells. Twenty-four hours after transfection, cells were lysed and subjected to immunoprecipitation using
anti-SCA3 antibody. The blots were consecutively probed with respective antibodies. The total lysate shows the
expression of the respective proteins. GAPDH is the loading control for all the experiments. Results are representative

of three independent experiments.

(Figure 5A) in N2A cells overexpressing normal and polyQ-ex-
panded ataxin-3, an approximately five- to six-fold increment in pro-
tein levels of the respective ataxin-3 proteins was detected (Figure
5B). The knockdown of endogenous PJAT levels also resulted in a
significant increase in the number of polyQ-expanded ataxin-3/hun-
tingtin aggregates (Figure 5, C and D). Similar results were obtained
by using small interfering RNA (siRNA) targeted to PJAT in N2A cells
(Figure 5, E-G). Silencing of PJA1 enhances 20QT and 80QT
ataxin-3 protein levels as seen by Western blot analysis and also by
fluorescence microscopy. Altogether, these results suggest that
PJAT modulates polyQ proteins and their aggregates by utilizing its
ubiquitin ligase activity.

PJA1 facilitates degradation of wild-type and
polyQ-expanded ataxin-3 by promoting ubiquitination

On the basis of previous reports of substrate degradation by PJA1
ubiquitin ligase (Sasaki et al., 2002; Consalvi et al., 2017) and dimi-
nution of steady state expression of ataxin-3 and huntingtin proteins
in mammalian and yeast cells in the presence of PJA1 (Figure 4, A,
C, and D), we wanted to investigate whether PJA1 aided in the deg-
radation of polyQ proteins. Moreover, the unaltered endogenous
ataxin-3 mRNA level in PJA1-overexpressed cells ruled out possible
transcriptional down-regulation of ataxin-3 by PJA1 (Supplemental
Figure S3), which further supports PJA1's function in reducing
ataxin-3 at the posttranslational level. Tracking the turnover of
polyQ proteins in mammalian cells was not pursued as PJAT is a
short-lived protein promoting self-ubiquitination (Zoabi et al., 2011).
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Instead, substitute experiments in mammalian cells (N2A) were per-
formed wherein PJAT was overexpressed in ascending concentra-
tions and ataxin-3 was found to be reduced in a concentration-de-
pendent manner (Figure 6, A and B). Furthermore, temporal
expression of PJAT showed a gradual decrease in ataxin-3 protein
levels over time (Figure 6C). These results suggest a correlation be-
tween PJA1 overexpression and reduction of ataxin-3 level. To con-
firm this, we pursued a galactose shutoff chase of 80QT ataxin-3 in
a yeast system upon expression of PJA1 from an inducible copper
promoter. Enhanced turnover of ataxin-3 was observed until 4 h of
chase when adequate amount of PJA1 is present, which suggests
PJA1-mediated degradation of ataxin-3 (Figure 6D). Furthermore,
stabilization of 80QT ataxin-3 was observed in cycloheximide chase
upon silencing of PJAT in N2A cells (Figure 6E).

Because degradation is accompanied by tagging substrate
molecules with ubiquitin moieties by ubiquitin ligase, we next as-
sessed whether PJA1 was capable of ubiquitinylating ataxin-3 in a
yeast system. We noticed an increased ubiquitination of 80QT
ataxin-3 when PJA1 was expressed in yeast cells from a copper-in-
ducible promoter (Figure 6F). Similarly, ubiquitination of 20QT
ataxin-3 was drastically increased in atg8 knockout yeast cells ex-
pressing PJA1 (Figure 6G). On the contrary, silencing of PJA1 by
shRNA or siRNA (validated by RT-PCR) targeted to PJA1 reduces
polyubiquitination of 80QT ataxin-3 in N2A cells (Figure 6H). To-
gether, these results corroborate the fact that PJA1 is an E3 ubiqui-
tin ligase that ubiquitinates ataxin-3 and hence promotes its
degradation.
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cells. Transfected cells were viewed under fluorescence microscope. Aggregates were counted per 100 GFP-positive
cells from 10 fields randomly chosen and plotted in a bar graph. Values are the mean + SD. Significance was calculated
by t test. * p < 0.05, *** p < 0.001. (i) The lysates from i were subjected to immunoblotting with anti-GFP and anti-HA
antibodies for detection of ataxin-3 and PJA1, respectively. The bands were quantified, normalized with GAPDH, and
plotted as bar diagrams. Error bar represents SD of three independent experiments. Significance was calculated by
ttest. *, ** p < 0.05 and p < 0.01, respectively. (B) Impaired PJA1 is unable to suppress aggregation of ataxin-3. 80QT
ataxin-3 was transfected alone or in combination with WT, H553S, and ARING-PJA1 in HEK293T cells. Formation of
ataxin-3 aggregates was viewed under a fluorescence microscope (i). The aggregates were counted as described earlier,
and the quantification was plotted in a bar graph (ii). *, ** p < 0.05 and p < 0.01, respectively. The same cells were
subjected to immunoblotting with anti-GFP, anti-HA, and anti-GAPDH antibodies for expression of the corresponding
proteins (iii). (C) PJA1 reduces the aggregation of HTT protein. HA-PJA1 was transfected with pDsRed-83QHTT/
PEGFP-C1-16QHTT in HEK293T cells (i). The 83QHTT aggregates were quantified and plotted as a bar diagram (ii).
Error bar represents SD, p < 0.01. Western blot analysis shows the expression of the respective protein in cell lysates
with anti-GFP, anti-DsRed, and anti-HA antibodies (iii). GAPDH serves as loading control. The bands were quantified,
normalized with GAPDH, and plotted as a bar diagram. Error bar represents SD of three independent experiments.
Significance was calculated by t test. p < 0.01. (D) PJA1 reduces endogenous ataxin-3 levels. PJA1 was transfected into
HEK293 cells. Cell lysates were subjected to Western blotting, and endogenous ataxin-3 was detected with anti-SCA3
1H9 antibody. Tubulin was used as the loading control. The bar diagram was plotted from band intensities calculated

and normalized with loading control from two independent experiments.

Ubiquitin ligase-mediated clearance of protein aggregates is
powered preferentially by the autophagy pathway (Nixon, 2013).
Previously PJA1 function has been shown in degradation of
MAGED1 and EZH2 proteins by the UPS (Sasaki et al., 2002;
Consalvi et al., 2017). Aligning this result, we also found rescue
of EZH2 protein upon inhibition of proteasome by lactacystin in
PJA1-expressing HEK293T cells (Figure 7A). Here, we wanted to
check whether PJAT shuttles ubiquitinated polyQ proteins via
UPS or autophagy. Interestingly, PJA1-mediated reduction of
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ataxin-3 protein was rescued when the proteasome or autoph-
agy pathway is blocked (Figure 7, B and C). This result suggests
proteasomal as well as autophagic clearance of ataxin-3
facilitated by PJA1. To further validate autophagy-mediated
degradation of ataxin-3 by PJA1, yeast knockout strain
atg8A was used. Levels of 20QT ataxin-3 were restored in
atg8A cells, confirming the role of PJA1 in promoting
degradation of ataxin-3 also through the autophagy pathway
(Figure 7D).
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PJAT1 silencing in N2A cells enhances the formation of polyQ aggregate. (A) shRNA-mediated down-
regulation of PJA1 transcript level. N2A cells were transiently transfected with shRNA targeted to PJA1. Cells were
harvested after 48 h. Total RNA was isolated and subjected to quantitative RT-PCR. Data were collected from three
independent experiments and normalized to the levels of GAPDH. Values are the mean + SD. Significance was
calculated by t test. p < 0.01. (B) PJA1 downregulation enhances the level of ataxin-3 proteins in N2A cells. The protein
levels of 20QT, 80QT, and 130QF ataxin-3 were assayed in the PJA1-silenced condition by Western blot analysis. The
blots were probed with anti-GFP antibody for detection of ataxin-3. GAPDH is the loading control. The bands were
quantified, normalized with GAPDH, and plotted as a bar diagram. Error bar represents SD of three independent
experiments. Significance was calculated by t test. *, ** p < 0.05 and p < 0.01, respectively. (C, D) Down-regulation of
PJA1 enhances ataxin-3 and HTT aggregates. 80QT ataxin-3 (C) or 83QHTT (D) plasmids were transfected in N2A cells
upon silencing of PJA1 with shRNA. After 48 h, cells were viewed under fluorescence microscope. The aggregates were
counted and plotted in a bar graph. Values are the mean * SD. Significance was calculated by t test, p < 0.01. The same
cells were processed for immunoblotting, and the blots were probed with anti-GFP, anti-DsRed, and anti-GAPDH
antibodies. The 83QHTT bands were similarly quantified and plotted as bar diagram, the error bar representing SD of
three independent experiments. Significance was calculated by t test. p < 0.05. (E) siRNA-mediated down-regulation of
PJA1 transcript level. N2A cells were transiently transfected with scramble or siRNA targeted to PJA1. Cells were
harvested after 48 h. Total RNA was isolated and subjected to quantitative RT-PCR. Data were collected from three
independent experiments and normalized to the levels of GAPDH. Values are the mean + SD. Significance was
calculated by t test. p < 0.01. (F) siRNA-mediated down-regulation of PJA1 enhances the ataxin-3 protein level in N2A
cells. The protein levels of 20QT and 80QT ataxin-3 were assayed in the PJA1-silenced condition by Western blot
analysis. The blots were probed with anti-GFP antibody for detection of ataxin-3. GAPDH is the loading control. The
bands were quantified and normalized with GAPDH and plotted as a bar diagram. Error bars represent a cumulation of
three experiments performed independently. Significance was calculated by t test. p < 0.05. (G) The same cells were
viewed under a fluorescence microscope, where enhanced overall fluorescence and aggregation in the PJA1-silenced
condition were observed for 20QT and 80QT ataxin-3, respectively.
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FIGURE 6: PJA1 promotes the degradation of ataxin-3 by promoting its ubiquitination. (A-C) Time- and dose-
dependent expression of PJA1 enhances the degradation of ataxin-3 protein. N2A cells were transiently transfected
with 80QT (A) and 130QF (B) with various concentrations of PJA1 as indicated. Twenty-four hours after transfection, the
ataxin-3 level was detected in cell lysates by Western blotting with anti-GFP antibody. (C) 80QT ataxin-3 and PJA1 (3 pg)
were cotransfected in N2A cells, and the cells were collected at various times as indicated. Western blot analysis shows
the ataxin-3 level. GAPDH and tubulin were used as loading controls. (D, E) PJA1 facilitates the degradation of 80QT
ataxin-3 in mammalian and yeast systems. (D) GAL-shutoff chase was performed to measure the turnover of ataxin-3.
PJA1 expression was carried out with the addition of copper followed by induction of ataxin-3 with 2% galactose for 2
h. The expression of ataxin-3 was shut off using 2% glucose and chased for the indicated times. The ataxin-3 level was
detected by Western blotting with anti-GFP antibody. PGK1 is loading control. Data were collected from three separate
experiments and normalized to the levels of PGK1. The band intensities were quantified using ImageJ software and
plotted in the adjacent graph. Error bar indicates SD. (E) Cycloheximide chase of 80QT ataxin-3 was done upon
silencing of PJA1 with smartpool siRNA (Dharmacon) targeted to PJA1 in N2A cells as described in Materials and
Methods. Cycloheximide (10 pg/ml) was used to stop translation and chased for 10 h. The ataxin-3 level was detected
by Western blotting with anti-GFP antibody. GAPDH acts as the loading control. (F-H) PJA1 promotes the ubiquitination
of ataxin-3. (F, G) 80QT and 20QT ataxin-3 plasmids were transformed along with PJA1 and myc-ubiquitin into WT

(F) and atg8A (G) yeast cells, respectively. Expression of PJA1 was induced with 300 pM copper for 2 h before ataxin-3
induction with 2% galactose for 4 h. Yeast cells were then harvested, and immunoprecipitation was performed using
anti-GFP antibody. The blots were probed with anti-myc and anti-GFP antibody for detection of ubiquitinated ataxin-3
and the amount of immunoprecipitated ataxin-3 respectively. Lysate shows the expression of the proteins. PGK1 was
the loading control. (H) Silencing of PJA1 reduces ubiquitination of 80QT ataxin-3. PJA1 was silenced in N2A cells with
either shRNA or siRNA targeted to PJA1. GFP-80QT ataxin-3 and HA-ubiquitin plasmids were cotransfected, and the
ubiquitination of 80QT ataxin-3 was detected upon immunoprecipitating ataxin-3 with anti-GFP antibody followed by
Western blotting with anti-HA antibody. Lysates show the expression of respective proteins. GAPDH is the loading
control. *, heavy chain.
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PJA1 suppresses polyQ toxicity in yeast and Drosophila
model of SCA3

Accumulation of expanded polyQ proteins causes neuronal vulner-
ability, although the principal reason for its toxicity is currently un-
known (Paulson et al., 2017). Evidence suggests polyQ expansion—
driven acceleration of neuronal aging with altered nuclear integrity
and nucleocytoplasmic transport in HD (Gasset-Rosa et al., 2017).
Because PJA1 promoted degradation of ataxin-3 protein (Figures 5
and 6), it might lead to decreased proteotoxicity associated with ac-
cumulation of mutant ataxin-3. To test this, we have initially chosen
yeast as a model to study polyQ-mediated toxicity. Expression of
80QT ataxin-3 from a galactose-inducible promoter in yeast causes
growth retardation of yeast cells as evident from a spot assay. How-
ever, expression of PJA1 in these cells rescues yeast toxicity suggest-
ing suppression of polyQ pathogenesis by PJA1 (Figure 8A). We
further validated this result in a Drosophila model of SCA3. The
transgenic models used in this study take advantage of the GAL4-
UAS system, in which cDNAs encoding human mutant ataxin-3 (trun-
cated 78Q; Bloomington ID-8150) are under the control of the het-
erologous yeast upstream activating sequence (UAS) promoter
element that responds to driver lines expressing the GAL4 transcrip-
tion factor. 78QT ataxin-3 under the GMR-GAL4 system shows a se-
vere degenerative external eye phenotype; however, the GMR-
GAL4-PJA1 transgenic fly was embryonically lethal. Thus, the
Rhodopsin1-GAL4 (Rh1) line that is expressed following photorecep-
tor maturation and is active only after completion of eye develop-
ment beginning in late pupal stages was selected. The transgenic
PJA1 fly was stable under the GAL4-Rh1 system, and PJA1 expres-
sion levels under GAL4-Rh1 were checked (Supplemental Figure S4).
Cryosectioning of transgenic Drosophila eyes followed by hema-
toxylin/eosin staining was performed. In young Rh1-78QT (8-10 d)
or Rh1-PJA1, retinal sections did not exhibit specific defects in
ataxin-3- or PJA1-expressing flies respectively (Figure 8B). However,
in older Rh1-78QT flies (35-40 d), the retinas exhibited striking de-
generative phenotypes with disorganized ommatidia and tissue dis-
sociation associated with the appearance of vacuoles as mentioned
in previous studies (Sowa et al., 2018). The Rh1-78QT flies with over-
expressed PJA1 had, however, far less vacuole formation when com-
pared with the Rh1-78QT, establishing PJA1’s role in mitigating tox-
icity caused by polyQ-expanded ataxin-3 (Figure 8C). We additionally
performed immunofluorescence studies of these retinal cryosections
to confirm the expression of ataxin-3 and PJA1. We obtained similar
morphological differences, as observed in Figure 8C. Furthermore,
the aggregates formed in the case of Rh1-78QT flies were consider-
ably fewer in flies overexpressing PJA1, which reconfirms PJA1's role
in the degradation of polyQ proteins (Figure 8D, iii—v).

DISCUSSION

Eukaryotic cells are equipped with PQC machinery that eliminates
damaged or misfolded proteins and relieves cells from proteotoxic
stress (McKinnon and Tabrizi, 2014). However, when misfolded pro-
teins overwhelm the capacity of the clearance machinery, they ac-
cumulate as intracellular aggregates that are toxic for the cell. PolyQ
repeat proteins undertake abnormal conformation when the polyQ
tract exceeds the threshold level and form intracellular inclusions/
aggregates, which account for cellular toxicity, characterized by mi-
crotubule destabilization, cytoskeleton collapse, transcriptional dys-
function, and finally cell death (Trushina et al., 2003). The compo-
nents of the PQC, the molecular chaperones, try to refold them, but
on failure, shuttle them to E3 ubiquitin ligases to be tagged by ubig-
uitin and eventually degraded by the ubiquitin proteasome pathway
or autophagy. There are several E3 ligases, viz., CHIP, Parkin, Gp78,
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E6-AP, MGRN1, ITCH, and Malin, that aid in the clearance of polyQ
proteins and their aggregates, hence mitigating cytotoxicity (Tsai
et al., 2003; Jana et al., 2005; Garyali et al., 2009; Ying et al., 2009;
Chhangani and Mishra, 2013; Mishra et al., 2013; Chhangani et al.,
2014). In the present study, we described the function of PJAT, a
RING-H2 ubiquitin ligase highly expressed in the brain, in the deg-
radation of polyQ proteins. PJA1 associates with polyQ proteins
and leads to reduction of polyQ aggregates and cytotoxicity in cel-
lular and Drosophila models of SCA3.

Proteostasis collapse or proteostatis network (PN) disruptions are
fundamental in several age-onset neurodegenerative disorders
(Hipp et al., 2014). However, the reason behind this collapse, and
how it contributes to disease onset or progression, is still elusive.
One hypothesis is that chronic expression of aggregation-prone
polyQ-expanded proteins, o-synuclein or AR leads to proteasomal
and autophagy impairment, which drive the cellular disruptions ob-
served in most neurodegenerative disorders such as HD, PD, and
AD (Gregori et al., 1995; Keller et al., 2000; McNaught and Jenner,
2001; Komatsu et al., 2006; Winslow et al., 2010; Hipp et al., 2012).
Our observation strengthens the hypothesis. We found reduced lev-
els of PJAT transcript and protein in cells expressing polyQ proteins.
The simple explanation could be the fact that polyQ aggregates se-
quester transcription factors such as nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB), CREB-binding protein (CBP),
and TATA box-binding protein (TBP), which as a consequence lose
their normal cellular functions (Shimohata et al., 2000; Dunah et al.,
2002; Schaffar et al., 2004; Goswami et al., 2006). The aberrant func-
tion of transcription factors thus contributes to enhanced pathogen-
esis of polyQ diseases. These findings also led us to speculate on the
interaction of PJAT with polyQ proteins as polyQ aggregates se-
quester components of the PQC, ubiquitin ligases such as MGRNT1,
CHIP, and Malin, and hence the unavailability of a functioning cellular
surveillance system may also be responsible for disease pathogenic-
ity. Likewise, we find PJAT interaction with wild-type as well as mu-
tant ataxin-3/huntingtin proteins and also their aggregates (Figures 2
and 3). A recent report establishing PJA1’s role in reducing TDP43
aggregate formation and pathogenesis associated with amyotrophic
lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD)
also supported our hypothesis (Watabe et al., 2020).

These results impelled us to identify PJA1’s functional role in
the proteostasis of polyQ proteins. Our observations established
a marked decrease in the number of polyQ aggregates by PJAT,
which was not detected in the case of the RING domain-deleted
PJA1 (Figure 4). The finding was confirmed by shRNA/siRNA-
mediated knockdown of PJA1, which resulted in an increase in
the polyQ aggregate count and their protein levels (Figures 5
and 6G). This led us to postulate PJA1’s role as an E3 ubiquitin
ligase in the degradation of ataxin-3 and hence the removal of
aggregates. Previously, PJA1's role had been established in the
degradation of proteins such as MAGE-D1/Dlxin-1 and EZH2 in-
volved in osteoblast differentiation and myogenesis, respectively
(Sasaki et al., 2002; Consalvi et al., 2017). Overexpression of
PJAT has been found in cancers such as glioblastomas and gas-
trointestinal cancer where the adaptor protein ELF of tumor sup-
pressor SMAD3 is degraded (Saha et al., 2006; Chen et al., 2020).
But the function of PJA1 in the degradation of polyQ proteins
had not been studied previously. Ubiquitin ligases work by tag-
ging ubiquitin to substrates for their recognition by the proteoso-
mal machinery/autophagy for their degradation (Deshaies and
Joazeiro, 2009). In line with that, we found enhanced ubiquitina-
tion of ataxin-3 in the presence of PJA1 but diminished ubiquiti-
nated ataxin-3 when PJA1 was silenced, indicating PJA1’s ability
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PJAT1 facilitates the degradation of ataxin-3 through proteasome and autophagy.
(A) PJA1-mediated proteasomal degradation of EZH2 protein. EZH2 and PJA1 were
cotransfected in HEK293T cells. Cells were treated with either proteasomal inhibitor lactacystin
(2 pM) or lysosomal inhibitor 3MA (4 nM) for 6 h before harvesting the cells. EZH2 and PJA1
levels were detected by Western blotting with anti-HA antibody. GAPDH is loading control.
Data collected from three separate experiments were normalized to the levels of GAPDH. The
band intensities were quantified using ImageJ software and plotted in the graph. Error bar
indicates SD. Significance was calculated by t test. * p < 0.05, *** p < 0.001. (B-D) PJA1 clears
ataxin-3 via proteasome and autophagy. (B) The endogenous ataxin-3 level was monitored upon
overexpression of PJA1 in HEK293T cells treated with lactacystin or 3MA. The graph was
plotted using data from two different experiments. (C) 80QT ataxin-3 and PJA1 were
coexpressed in HEK293T. The ataxin-3 level was assayed by Western blot analysis upon treating
the cells with lactacystin or 3MA. The bands were quantified and normalized with GAPDH and
plotted in the graph. Values are the mean * SD. Significance was calculated by t test. * p < 0.05,
** p < 0.01. (D) Knockout of ATG8 rescued PJA1-mediated degradation of 20QT ataxin-3 in
yeast. p315GAL-GFP-20QT ataxin-3 and p426CUP-HA-PJA1 plasmids were transformed into
atg8A yeast strains. PJA1 expression was induced with 300 uM copper followed by ataxin-3 with
2% galactose. Overexpressed and endogenous ataxin-3 levels were monitored by Western
blotting using anti-GFP and anti-SCA3-1H9 antibodies, respectively. Data from two separate
experiments were plotted as bar diagrams. GAPDH (panels A-C) and PGK1 (panel D) were used
as loading controls.
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to ubiquitinate polyQ proteins (Figure 6).
Notably, PJA1-mediated degradation of
polyQ proteins occurs via the proteasome
as well as lysosomal pathway, although
further study is needed to establish the
preferential pathway or dependency on
substrates.

Clearance of misfolded proteins from
cells leads to reduction in their accumula-
tion and associated cellular toxicity. Our re-
sults thus prompted us to examine the con-
sequential effects of removal of aggregates
and degradation of polyQ proteins by PJA1.
Previously CHIP, UBR5, and UBE3A have
been shown to mitigate polyQ-induced tox-
icity in cellular as well as animal models of
polyQ diseases (Miller et al., 2005; Mahesh-
wari et al., 2014, Koyuncu et al., 2018). Simi-
lar to these ubiquitin ligases, PJA1 is capa-
ble of reducing the growth sensitivity of
yeast associated with polyQ protein and
rescuing the retinal degeneration in the
Drosophila model of SCA3 (Figure 8). This
result suggests a cytoprotective response of
PJA1 against polyQ-induced toxicity in
yeast as well as Drosophila.

Interestingly, studies spanning all polyQ
disorders hypothesize the presence of a tis-
sue-specific proteostasis network (PN). PN
heterogeneity encompasses all classes of
chaperone, autophagy mediators, UPS
components, and stress response regulators
and these molecules exibit profoundly al-
tered expression patterns between tissues
(Powers et al, 2009; Tebbenkamp and
Borchelt, 2010; Guisbert et al., 2013). Previ-
ous studies have also hinted at how PN het-
erogeneity can influence disease presenta-
tion and progression (Tagawa et al., 2007;
Tsvetkov et al., 2013). Hence deciphering
the entire complex PN in polyQ disorders
might help us understand the major chaper-
ones and degradative components at work.
And, because the requirements of the PQC
by the substrates vary based on tissue type,
there might be a robust PN working in the
brain that modulates normal or neurode-
generative disease-related proteins. PJA1
serves as a crucial E3 ligase of the brain pro-
teome that is recruited to TDP43 (Watabe
etal., 2020) and polyQ proteins like ataxin-3
and huntingtin for their degradation and
hinders their aggregation; thus dysfunction
of this E3 ligase might result in pathogene-
sis and onset of neurodegeneration. In con-
clusion, our results suggest that modulation
of PJA1 might serve as potential therapy for
polyQ disorders and result in weakened
pathogenesis of the diseases.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.
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FIGURE 8: PJA1 suppresses polyQ toxicity in yeast and the Drosophila model of SCA3. (A) PJA1 suppresses polyQ-
mediated toxicity in yeast. Yeast cells harboring p315GAL-80QT ataxin-3 and p426CUP-PJA1 were grown overnight in
2% raffinose. PJA1 was induced with 300 pM copper for 2 h, followed by induction of ataxin-3 with 2% galactose. The
cultures were serially diluted and spotted onto either Yeast extract Peptone Dextrose (YPD) or YP with 2% galactose
and 100 pM copper. The plates were incubated at 30°C. Growth of yeast cells were observed after 48 h. (B, C) PJA1
rescues polyQ-induced toxicity in the Drosophila eye. (Bi-iv) Retinal sections of the Drosophila eye of 8-10-d-old fly.
Retinal sections of mutant ataxin-3 expressing transgenic Drosophila eye showed identical phenotype with the control
fly. Notably, Drosophila-expressing PJA1 did not exhibit any change in retinal morphology. (C) Thirty-five- to forty-day-
old fly developed retinal vacuole formation and photoreceptor disorganization induced by mutant ataxin-3 (iii).
Overexpression of PJA1 in mutant ataxin-3-expressing Drosophila results in retinal sections with fewer vacuoles and an
overall rescue of phenotype. (n = 10 per genotype). (D) Immunofluorescence of the retinal cryosections of the
35-40-d-old flies expressing mutant ataxin-3 (iii), PJA1 (iv) alone, and coexpression of mutant ataxin-3 and PJA1 (v). The
CsWT (i) and Rh1-GALA (i) flies were taken as control. Alexa Fluor 488 and TRITC secondary antibodies were used to
immunostain HA-tagged 78QT ataxin-3 and PJA1, respectively.

Strains, reagents, and antibodies from a yeast knockout library. Lactacystin and 3-methyladenine
Yeast strain BY4741 (MATa his3A0 leu2A0 met15A0 ura3A0) was  (3MA) were purchased from Sigma. The following primary antibod-
used in this study. Autophagy-impaired atg8::Kanmx was obtained  ies were used: mouse monoclonal antibodies against SCA3-1H9,
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DsRed (Merck-Millipore), FLAG, HA (Sigma), GFP (Roche), Ub (Cell
Signaling Technology), PGK1 (Invitrogen); rabbit monoclonal anti-
bodies against o-tubulin, GAPDH (BioBharati LifeScience, India),
MYC, GFP (Cell Signaling Technology), PJA1 (Genetex). The sec-
ondary antibodies, goat anti-mouse immunoglobulin G-horseradish
peroxidase (IgG-HRP) antibody and anti-rabbit IgG-HRP were ob-
tained from Jackson Laboratory.

Plasmid constructs

Ataxin-3 constructs (pEGFP-N1-20QT, pEGFP-N1-20QF, pEGFP-N1-
80QT, and pEGFP-N1-130QF) were kindly provided by Nihar Ranjan
Jana (Indian Institute of Technology, Kharagpur, India). Mouse PJA1
in vectors pPCMV-HA-PJAT and pEGFP-C1-PJA1 were a gift from Oli-
ver Stork (Otto-von-Guericke University Magdeburg, Germany).
Exon1 of pEGFP-C1-16Q and pDsRed-C1-83Q huntingtin were also
obtained from Debashis Mukhopadhyay (Saha Institute of Nuclear
Physics, India). The yeast constructs p315GAL-20QT-GFP and
p315GAL-80QT-GFP were generated by standard PCR methods.
20QT and 80QT were first amplified by PCR using primers 5FLAG
BamH1-CGCGGATCCATGGACTACAAAGACGATGACGA-
CAAGCAAGGTAGTTCCAG and 5 NotITTTTCCTTTTGCGGCC-
GCCTAGATCACTCC (without stop codon). The full open reading
frame (ORF) (20QT/80QT) was then cloned into the p315GAL plas-
mid digested with BamH1 and Not1. The ORF of GFP was digested
from the YEp53 plasmid using the Not1 restriction enzyme and in-
serted after 20QT and 80QT. PJAT was amplified from pEGFP-C1-
PJA1 using primers 5’HA Hindlll-CCCAAGCTTATGTACCCATAC-
GATGTTCCAGATTACGCTAGCCACCAGGAAAGGA  and 5
Xho1-CCGCTCGAGTTAGAGCGGGGGAGGGAAC and cloned into
the p426CUP vector. The deletion mutants and point mutations of
PJAT were obtained by using standard PCR and site-directed muta-
genesis protocols. pDsRed-C1-PJAT was generated by subcloning
from pEGFP-C1-PJAT. All constructs were confirmed by sequencing.
The plasmids used in this study are shown in Supplemental Table S1.

Cell culture and transfection

HEK293T, HEK293, and N2A cells were obtained from the National
Centre for Cell Science (NCCS), Pune, India. The cells were cultured
in DMEM (HiMedia Laboratories, India) containing 10% fetal bovine
serum (FBS) (Life Technologies) in a humidified chamber with 5%
CO;. The plasmid DNA was transfected using Lipofectamine LTX
with plus reagent (ThermoFisher) or PEI (polyetheleneimine; Poly-
sciences) at 70% confluence in DMEM without serum. shRNA/siRNA
transfection was carried out with Lipofectamine 2000 (Thermo-
Fisher) according to the manufacturer’s protocol.

Western blot analysis

Cells were first lysed in RIPA buffer containing 50 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1 mM EDTA, 0.1% SDS, and 1 mM phenylmeth-
ylsulfony! fluoride (PMSF) with protease inhibitor cocktail. Cell ly-
sates were cleared at 12,000 x g for 20 min at 4°C. Proteins were
estimated using the Bicinchoninic acid (BCA) protein estimation kit
(ThermoFisher) and subsequently separated by 10% SDS-PAGE
and transferred onto nitrocellulose membrane (Pall Corporation).
The proteins were visualized using ECL detection buffer, and the
image was captured in the Chemidoc MP system (BioRad). Image
analysis was done by ImageJ software. Statistical analysis was scored
using GraphPad Prism software.

Immunoprecipitation
Cells were lysed in buffer containing 50 mM Tris, pH 7.5, 150 mM
NaCl, 0.1% NP-40, 1T mM PMSF, and protease inhibitor cocktail.
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Cellular debris was removed by centrifugation at 12,000 x g for 15 min
at 4°C. Protein concentration was estimated by the BCA method. The
cell lysates were incubated with antibody in immunoprecipitation (IP)
dilution buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% NP-40, PMSF)
overnight at 4°C with gentle rotation. The next day, a protein A-Sep-
harose (GE Healthcare) bead preequilibrated with IP dilution buffer
was added and nutated further for 2 h at 4°C for immunoprecipitation.
The beads were then washed three times with IP dilution buffer.
Bound proteins were eluted from beads with SDS sample buffer, vor-
texed, boiled for 5 min, and analyzed by Western blotting.

Microscopic analysis

HEK293T cells were transfected with polyQ proteins ataxin-3
(PEGFP-N1-80QT and 130QF) or huntingtin (16Q and 83Q) alone
and with pCMV-HA-PJA1. Twenty-four hours after transfection, cells
were viewed under a fluorescence microscope at 20x (Leica). Ag-
gregates were counted per 100 GFP-positive cells from 10 randomly
chosen fields.

For confocal imaging, HEK293T cells were grown on cover slips
coated with 0.01% poly-L-lysine. DNA transfection was carried out at
60% confluence. After 24 h the cells were fixed with 3.7% formalde-
hyde, washed with phosphate-buffered saline (PBS) for 5 min, and
mounted on glass slides with Distyrene, a Plasticizer, and Xylene
(DPX). The slides were let dry at room temperature and sealed with
nail polish. Cells were visualized at 63x oil objective in a Leica TCS
SP8 confocal microscope.

Degradation assay

Yeast cells were transformed with p315GAL-80QT ataxin-3 and
p426CUP-PJA1 plasmids, and the tranformants were selected with
synthetic dropout media without leucine and uracil (SD-Leu-Ura).
The transformed cells were grown overnight in synthetic dropout
media with 2% raffinose. PJA1 expression was promoted by the ad-
dition of 300 uM copper. After 2 h of PJA1 expression, 2% galactose
was added for induction of ataxin-3 protein. Ataxin-3 induction was
blocked after 2 h by the addition of 2% glucose and then chased
further for 8 h. Cells were harvested at regular time intervals.

For cycloheximide chase analysis of 80QT ataxin-3 in the PJA1-
silenced condition, N2A cells were transfected with scrambled and
smartpool siRNA specific for PJA1. Six hours later, the cells were
seeded freshly. Eighteen hours after siRNA transfection, cells were
transfected with pEGFP-N1-80QT ataxin-3. Cycloheximide (10 pg/
ml) was added to the cells to impede translation and chased further
for 10 h with harvesting the cells at regular time intervals.

Spot assay

Yeast cells transformed with p315GAL-80QT-ataxin-3 and p426CUP-
PJAT plasmids were grown overnight in synthetic dropout media
without leucine and uracil containing 2% raffinose. Copper (300 uM)
was added to induce PJA1 for 2 h, followed by the addition of 2%
galactose for induction of ataxin-3. Cells were grown until ODggg
0.5. The cultures were diluted serially and spotted onto a Yeast
extract and Peptone (YP) plate in the presence of either 2% galac-
tose with 100 pM copper or 2% glucose media. The plates were
kept at 30°C for 2 d.

Ubiquitination assay

N2A cells were transfected with PJA1-specific siRNA and shRNA. Six
hours after transfection, the cells were seeded freshly for the next set
of transfection. Eighteen hours after siRNA transfection, the cells
were transfected with pCMV-HA-ubiquitin and pEGFP-N1-80QT.
Autophagy inhibitor 3-MA or proteasome inhibitor lactacystin was
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added to the cells 6 h before harvesting the cells. The cells were
then lysed with cell lysis buffer (10 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 2% SDS, 1 mM PMSF with protease inhibitor cocktail). Protein
was estimated by the BCA method. The lysates were diluted 10
times with [P dilution buffer (10 mM Tris-HCI, pH 8.0, 150 mM NaCl,
2 mM EDTA, 1% Triton); anti-GFP antibody was added to the lysate.
and the immunocomplex was incubated at 4°C overnight with gen-
tle shaking. The next day, protein A-Sepharose (GE Healthcare)
beads were added to the cell lysate—antibody mixture and incubated
at 4°C for 2 h. The resin was then washed three times with wash buf-
fer (10 mM Tris-HCI, pH 8.0, 1 M NaCl, 1 mM EDTA, 1% NP-40) and
boiled with 2xSDS loading buffer for immunoblot analysis.

Reverse transcriptase PCR analysis and semiquantitative
RT-PCR analysis

N2A cells were transfected with normal and expanded polyQ
protein. After 72 h of transfection cells were harvested, and total
RNA was isolated with TRIzol reagent (Qiagen). cDNA was synthe-
sized by using a RT-PCR kit (Life Technologies). The RT-PCR was per-
formed by using SYBR green super mix (Applied Biosystems) using
an iCycler iQ RT Thermocycler Detection System (Applied Biosys-
tems). The RT-PCR analysis conditions were the same for both
PJA1 and GAPDH. The following primers were used for detection
of PJAT: forward 5-GCAATGGCAGTGGTTATCCT-3" and reverse
5’-ACATCCCAGGCTGTATGAGC-3"; (GAPDH was used as control.)
forward 5-ACCCAGAAGACTGTGGATGG-3" and reverse 5-CAC-
ATTGGGGGTAGGAACAC-3'. All reactions were carried out in tripli-
cate with negative controls lacking the template DNA.

RNA interference

Smartpool siRNA of mouse PJAT was purchased from Dharmacon.
shRNA targeted to mouse PJA1 was generated using the pLKO.1
shRNA protocol. The primers used for generating shRNA of PJAT are
forward 5"-CCGGCACCGACGATTACTACCGATACTCTCGAGAG-
TATCGGTAGTAATCGTCGGTGTTTTTG and reverse 5-AATTC-
AAAAACACCGACGATTACTACCGATACTCTCGAGAGTATCGG-
TAGTAATCGTCGGTG.pEGFP-N1-20QT/80QT/130QF ATXN3-and
pDsRed-C1-83Q HTT-expressing cells were transiently transfected
with siRNA, shRNA of PJAT, and control siRNA according to the
manufacturer’s protocol.

Drosophila stocks and husbandry

Fly stocks and crosses were maintained at standard condition (25°C).
Rh1-GAL4 was employed for overexpressing various transgenes
(Xiong et al., 2012). An UAST-PJA1 transgenic fly was generated.
PJA1 was digested from the pCMV-HA-PJA1 construct using Not1-
and Kpn1-specific forward and reverse primers, respectively, and
cloned into the pUAST plasmid vector (Brand and Perrimon, 1993).
The plasmid clones were sent to Centre for Cellular and Molecular
Platforms (CCAMP), Bangalore, subcloned into pUAST-attB, and
then used for microinjection and targeted integration into the third
chromosome. Transgenic flies were scored based on eye color
marker, and the stocks were subsequently balanced. Rh1-GAL4 was
used to drive the transgene, and the expression of PJAT was con-
firmed by Western blot analysis. UAS-Hsap\MJD.tr-Q78 flies har-
boring the previously reported truncated ataxin-3 construct were
obtained from the Bloomington Stock Centre (#8150). Genetic
crosses were carried out to make stable stocks by combining this
construct with UAST-PJA1 and UAS dicer2 (Bloomington #24644),
respectively. Experiments were carried out by crossing Rh1 GAL4
flies to the respective genotypes. The progeny flies were sorted for
the appropriate genotypes and were maintained at 25°C by regular
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transfer to a new vial of fly food. Retinal histology was carried out on
8-10- and 35-40-d-old flies.

Retinal histology

Adult fly heads were fixed in 3.7% formaldehyde for 60-90 min in
ice. They were next treated with a gradient of sucrose solutions and
subsequently placed in 30% sucrose overnight. The next day
5-um frontal retinal sections were obtained using microtome (Leica).
The sections were postfixed with 3.7% formaldehyde and stained
with hematoxylin and eosin and observed under the microscope at
20x (Leica). At least 10 animals were examined for each genotype.

Immunofluorescence of retinal sections

The retinal cryosections were fixed in 0.5% formaldehyde in 1x PBS
for 30 min, followed by thorough rinses in 1x PBS. The slides were
washed in 0.05% Triton X-100 and then blocked in 3% Bovine serum
albumin for 1 h. The slides were next incubated in the correspond-
ing primary antibodies overnight. The next day, the slides were
washed and again incubated in goat-anti-rabbit and goat-anti-
mouse antibodies conjugated to TRITC and Alexa Fluor 488, re-
spectively for 1 h. This was followed by PBS washes, air-drying the
slides, and mounting with DPX mountant. The slides were viewed at
20x under a confocal microscope.
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