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Abstract

Nine polyglutamine (polyQ) proteins have already been identified that are considered to be associated with the
pathologies of neurodegenerative disorders called polyQ diseases, but whether these polyQ proteins mutually
interact and synergize in proteinopathies remains to be elucidated. In this study, 4 polyQ-containing proteins,
androgen receptor (AR), ataxin-7 (Atx7), huntingtin (Htt) and ataxin-3 (Atx3), are used as model molecules to
investigate their heterologous coaggregation and consequent impact on cellular proteostasis. Our data indicate that
the N-terminal fragment of polyQ-expanded (PQE) Atx7 or Htt can coaggregate with and sequester AR and Atx3 into
insoluble aggregates or inclusions through their respective polyQ tracts. In vitro coprecipitation and NMR titration
experiments suggest that this specific coaggregation depends on polyQ lengths and is probably mediated by polyQ-
tract interactions. Luciferase reporter assay shows that these coaggregation and sequestration effects can deplete
the cellular availability of AR and consequently impair its transactivation function. This study provides valid evi-
dence supporting the viewpoint that coaggregation of polyQ proteins is mediated by polyQ-tract interactions and
benefits our understanding of the molecular mechanism underlying the accumulation of different polyQ proteins in
inclusions and their copathological causes of polyQ diseases.

Key words polyglutamine, coaggregation, protein interaction, proteostasis, sequestration

Introduction
Protein misfolding and aggregation are generally considered the
common pathological causes of some neurodegenerative diseases
(NDs) [1,2]. To date, nine NDs have been identified that are caused
by proteins with a polyglutamine (polyQ) tract in their sequences
[3], and these disorders are collectively referred to as polyQ diseases
[4,5]. In general, patients with polyQ diseases will have neuronal
loss and share similar symptoms with movement disorders [5].
Expansion of the polyQ tracts encoded by aberrantly expanded CAG
repeats will lead to protein aggregation and consequently cause
diseases [6-10]. Accumulating evidence suggests a recruitment/
sequestration hypothesis in which the aggregates formed by a polyQ
protein sequester essential cellular partners (proteins and/or RNA)
and thus cause the functional loss of these partners, which may
contribute to disease pathologies [11-17].

According to the specific protein-interaction features, four types

of protein sequestration have been characterized and classified:
protein coaggregation, domain/motif-mediated sequestration,
RNA-assisted sequestration, and sequestration of molecular cha-
perones [16,18]. Among these, coaggregation is generally taken up
by two or more amyloidogenic proteins, which can be homologous
or heterologous. A pathogenic protein or its variant (usually derived
from mutation or fragmentation) coaggregates mutually and
sequesters its own wild-type (WT) or full-length protein or other
heterologous proteins. For instance, P53 is a crucial protein that
regulates the cell cycle and hence functions as a tumor suppressor;
some types of P53 mutants are prone to aggregation and
coaggregate with WT P53 [19-21] or other multiple tumor
suppressors, such as P63 and P73 [22], resulting in functional loss
of the tumor suppressors.

For polyQ proteins, proteolytic cleavage is considered a critical step
in triggering protein aggregation and disease occurrence [23-27]. The

© The Author(s) 2023. This is an open access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/

licenses/by-nc/4.0/).

736


https://doi.org/10.3724/abbs.2023081
https://doi.org/10.3724/abbs.2023081

Coaggregation of polyQ proteins

737

N-terminal fragments of polyQ-expanded (PQE) huntingtin (Htt)
[28-30] and ataxin-7 (Atx7) [31-33] have been identified and well
characterized. The C-terminal polyQ-containing fragments of
ataxin-3 (Atx3) were also reported to be pathogenic [34-37], and
these fragments readily aggregate and sequester full-length Atx3
into amyloid-like aggregates in cells [14,34]. Androgen receptor
(AR), another polyQ protein, is a steroid hormone ligand-activated
transcription factor related to sex differentiation and bone and
muscle development [38,39]. Upon binding with androgen, AR can
target androgen responsive elements (AREs) and activate the
transcription of downstream genes with the help of coactivators
[40]. In a yeast model, the N-terminal polyQ-containing fragments
of AR can interact with the full-length protein and inhibit its
transactivation function [41]. Apart from sequestration of the full-
length polyQ proteins by their toxic fragments, coaggregation also
occurs among these heterologous proteins that each contain a polyQ
tract. For example, TATA-binding protein (TBP), a transcription
factor containing a pathogenic polyQ tract, was found to be
sequestered by the aggregates formed by Htt in patient brains or
by Atx3 in a cell model [14]. CREB-binding protein (CBP), another
polyQ-containing transcriptional coactivator, can coaggregate with
several PQE proteins, such as Htt [42,43] and Atx3 [44-46]. These
coaggregation and sequestration processes may cause depletion of
CBP and thereby neurotoxicity [17].

As reported in the literature, coaggregation of polyQ proteins and
their variants in cells or brains is implicit in the proteinopathies of
polyQ diseases [14,34,42,44,47]. A PQE protein fragment can
coaggregate with other polyQ-containing proteins and sequester them
into amyloid-like aggregates. However, how these proteins mutually
coaggregate and sequester each other and how polyQ aggregates
induce neuronal cytotoxicity and degeneration remain contentious.

In the present study, to address the molecular mechanism
underlying the coaggregation of polyQ proteins, we applied four
polyQ-containing proteins (AR, Atx7, Htt and Atx3) as well as
ataxin-2 (Atx2) [48] as model molecules and found that the N-
terminal fragment of PQE Atx7 or Htt can sequester AR and Atx3
into insoluble aggregates through direct protein interactions among
their polyQ tracts. Moreover, these coaggregation and sequestration
effects may interfere with the transactivation function of AR. This
study will benefit our understanding of why heterologous polyQ
proteins appear in the accumulation of the inclusion bodies formed
by a specific polyQ-expanded protein.

Materials and Methods

Plasmids, antibodies and reagents

All the plasmids applied for this study are listed in Supplementary
Table S1. Taking Atx7,0o-N172 as an example for nomenclature of the
constructs, the N-terminal 172 residues of ataxin-7 have 10 successive
glutamines. For eukaryotic expression, the cDNAs encoding Atx7-
N172 (N-terminal residues 1-172 of Atx7), Htt-N90 (N-terminal
residues 1-90), Htt-N552 (N-terminal residues 1-552) and their PQE
variants were cloned into a FLAG-pcDNA3.0 vector, while full-length
AR, Atx3-I (isoform-I) and Atx2-N317 (N-terminal residues 1-317)
species with different polyQ lengths were cloned into an HA-
pcDNA3.0. For prokaryotic expression, the cDNAs encoding Atx7-
N62 (N-terminal residues 1-62) and its variants were cloned into a
pPET-32 M vector (with a Trx domain fused in the N-terminus) [49].
The cDNAs for Atx3-IIC species (isoform-II, residues 221-373) of 6Q
and 22Q were cloned into pET-22b, while that for 46Q was cloned into
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a pGBTNH vector (with a GB1 domain fused in the N-terminus) [50].

The anti-FLAG and anti-HA antibodies were purchased from
Sigma (St Louis, USA), and the antibodies against AR, Atx3 or
GAPDH were from Santa Cruz (Santa Cruz, USA), Abclonal
(Boston, USA) and Proteintech (Wuhan, China), respectively. All
secondary antibodies were obtained from Jackson ImmunoRe-
search Laboratories (West Grove, USA). Polyvinylidene fluoride
(PVDF) membranes were purchased from PerkinElmer Life
Sciences (Boston, USA), and an ECL detection kit was purchased
from Thermo Scientific (Waltham, USA).

Cell culture and transfection

HEK 293T cells were cultured in DMEM (HyClone, Carlsbad, USA)
supplemented with 10% fetal bovine serum (Gemini, New York,
USA) and penicillin and streptomycin at 37°C under a humidified
atmosphere containing 5% CO,. Transfection of plasmids in HEK
293T cells was performed by using PolyJet reagent (SignaGen,
Jinan, China) according to the manufacturer’s instructions.

Supernatant/pellet fractionation

HEK 293T cells transfected with specific plasmids were lysed using
100 pL RIPA buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, and cocktail protease inhibitor) on ice for 30 min
and centrifuged at 16,200 g for 15 min at 4°C. The supernatant
fraction was added to 100 pL of 2 x loading buffer (2% SDS), while
the pellet was washed with RIPA buffer 3 times (16,200 g, 3 min)
and then added to 40 pL of 4 x loading buffer (2% SDS) [51].

Western blot and statistical analysis

The samples were subject to SDS-PAGE (12% or 15% gel) and
transferred onto PVDF membranes using the wet transfer method.
The proteins were detected by using specific primary and secondary
antibodies and the ECL detection Kkit. Protein bands in gels were
scanned with ImageJ software, and their gray values were obtained
from the integrated band areas. Thus, the relative amount of each
protein could be quantified relative to that of the control. The data
from three independent experiments were further analyzed
statistically by OriginPro software using one-way ANOVA. The
protein level is presented as the mean + SEM (n=3). The Pvalues in
the graphs are labelled with * (P<0.05), ** (P<0.01), *** (P<
0.001) and N.S. (no significance), respectively.

Immunofluorescence microscopy

HEK293T cells were transfected with each plasmid as described
previously [51]. Approximately 48 h after transfection, the cells
were fixed with 4% paraformaldehyde for 15 min, permeabilized
with 0.1% Triton X-100 and blocked with a blocking solution (5%
BSA and 10% FBS in PBS buffer) for 1 h. After blocking, the cells
were incubated with the respective primary antibodies against
FLAG (1:100) and AR (1:100) for 3 h at room temperature or
overnight at 4°C. After being washed 3 times with PBS buffer, the
cells were labelled with FITC-conjugated anti-mouse (1:100) and
TRITC-conjugated anti-rabbit (1:100) antibodies (Jackson Immu-
noResearch Laboratories) for 1 h. The cell nuclei were stained with
Hoechst (Sigma). The cells were visualized on a Leica Microsystems
TCS SP8 confocal microscope (Wetzlar, Germany).

Luciferase reporter assay
The pGL3-ARE plasmid was constructed based on the luciferase
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reporter vector pGL3 (Promega, Madison, USA). A DNA fragment
with three tandem ARE repeats (ARE sequence: 5'-agaacagcaagtgct-
3) was inserted into the Sacl and Xhol sites upstream of the
promoter-luc* transcriptional unit [52,53]. The luciferase reporter
assay was carried out using a Luciferase Reporter Assay kit (Yeasen
Biotech, Shanghai, China) according to the manufacturer’s protocol
[54]. Briefly, FLAG-tagged Atx7-N172 (10Q, 93Q) or Htt-N552 (18Q,
100Q) and pGL3-ARE were cotransfected into HEK 293T cells. To
verify the transactivation function of endogenous AR, DHT (Wuxi
AppTec, Wuxi, China) dissolved in absolute ethanol was also
included in the cell culture (1 nM) to repeat the experiment.
Approximately 48 h after transfection, the cells were treated with
500 pL of lysis buffer for 15 min at room temperature, and the
lysates were centrifuged at 13,000 rpm for 5 min to remove any
precipitates. Then, 100 pL of the supernatant was taken and mixed
with 100 pL of the detection reagent, and the fluorescence intensity
was detected on a microplate reader (Synergy NEO; BioTek,
Vermont, USA).

Protein expression and purification

All proteins were overexpressed in the Escherichia coli BL21 (DE3)
strain (Invitrogen, Carlsbad, USA). All proteins were fused with a
His6-tag and initially purified by a Ni>*-NTA column (Roche, Basel,
Switzerland), followed by size-exclusion chromatography (Super-
dex-200; GE Healthcare, Wisconsin, USA). The Trx tag of Atx7-N62
or GBI tag of Atx344o-1IC was removed by thrombin digestion and a
second Ni?*-NTA column. The protein concentration was deter-
mined by using the BCA Protein Assay kit (Sangon, Shanghai,
China).

In vitro coprecipitation experiment

The coprecipitation experiments were performed in PBS buffer
(50 mM phosphate, 50 mM NaCl, pH 7.0) [50]. The stock
concentrations of Atx34q-IIC, Atx3,,o-IIC and Atx73;30-N62 were
100 uM. The Atx7;3-N62 protein was mixed with Atx34q-1IC or
Atx3,,0-1IC at different molar ratios, and NaNj; (0.004%; w/v) was
included in the mixture to prevent the growth of bacteria. The
protein mixtures were incubated at room temperature for 24 h or
48 h, followed by supernatant/pellet fractionation.

NMR titration experiment

The labelling and purification of >N-Atx7,,0-N62 and Atx3,,q-1IC
were carried out according to our previous work [49,50]. The 'H-15N
HSQC spectra were recorded on a Bruker 900-MHz NMR spectro-
meter (Bruker, Billerica, USA) at 298 K, and the 'H and !N chemical
shifts of Atx7,,9-N62(T3N9) (BMRB No. 27335) were followed with
its backbone assignments completed previously [49]. All titrations
were in PBS buffer (20 mM phosphate, and 50mM NacCl, pH 6.5),
and the concentration of >N-labelled Atx7,,o-N62(T3N9) was
100 uM. The ratios of Atx7,,0-N62/Atx3,,¢-1IC were set at 1:0,
1:0.5, 1:1 and 1:2. The NMR data were processed by NMRpipe, and
the peaks were marked and analyzed with Sparky. The peak heights
were normalized to that of the 1°N-labelled Atx7,,o-N62 only (ratio
1:0).

Results

PQE protein fragments can sequester endogenous AR
and Atx3 into insoluble aggregates

PolyQ proteins are diverse in structure and function, but accumu-

lating evidence implies that they can coaggregate with each other.
To determine whether polyQ proteins, such as AR and Atx3, could
be sequestered by other PQE proteins apart from being recruited by
their own fragments, four polyQ proteins or fragments (Atx7-N172,
Htt-N552 or Htt-N90, AR and Atx3) were used for our studies. We
first examined whether the PQE protein fragments redistribute
endogenous AR and Atx3 into insoluble aggregates in cells. We
transfected Atx7;p-N172 and Atx7439-N172 into HEK 293T cells and
separated the supernatant and pellet fractions of AR and Atx3
proteins. The data showed that upon transfection with Atx7q3o-
N172, the protein level of AR in the supernatant fraction was
decreased significantly compared with transfection with Atx7;q-
N172 (normal polyQ length), whereas that in the pellet was
increased remarkably (Figure 1A,B). A similar result was also
obtained for endogenous Atx3, which could be sequestered into the
insoluble fraction (Figure 1C,D). This observation indicates that
both endogenous AR and Atx3 can be sequestered into insoluble
aggregates or inclusions by the N-terminal fragment of PQE Atx7.
We also examined Httyg0q-N552 for the sequestration effect and
found a similar ability to Atx793-N172 to sequester endogenous AR
and Atx3 into insoluble aggregates (Figure 2). Together, the
expression of a PQE protein or fragment is able to sequester
another polyQ protein into insoluble aggregates in cells.

To exclude the possibility that conjugated ubiquitin (Ub) may
interact with Atx3 and cause coaggregation of the PQE protein with
Atx3 [55], we applied a mutant of Htt;ooo-N90 (3KR, three Lys
residues replaced by Arg) for the experiment as described
previously [51]. We found that, similar to WT Htt;g0q-N90, its
3KR mutant could also coaggregate with endogenous Atx3 and
sequester it into aggregates, indicating that the coaggregation does
not originate from conjugated Ub binding with the UIM domains of
Atx3. Thus, the N-terminal fragment of PQE Atx7 or Htt can
sequester endogenous AR and Atx3 into aggregates via a coag-
gregation process.

To ensure that the colocalization between Atx7430-N172 and AR
does exist in cells, we visualized the cellular localization of AR in
the Atx7439-N172 inclusions by confocal microscopy. The images
showed that endogenous AR was well colocalized with the
cytoplasmic inclusions formed by Atx743o-N172 (Figure 3), whereas
the AR molecules were dispersed in cells without overexpression of
the PQE fragment. A similar result was also observed in endogenous
Atx3, in which most Atx3 molecules showed preferential localiza-
tion in the nucleus, while some were colocalized with the nuclear
inclusions formed by a nuclear species of Atx743¢-N172. Overall,
endogenous polyQ-containing proteins, such as AR and Atx3, can
be sequestered into insoluble aggregates or inclusions formed by
PQE protein fragments in cells, which might contribute to the
proteinopathies of proteolytic fragments from polyQ proteins.

The PQE fragments also sequester exogenous AR and
Atx3

To further corroborate the sequestration effects of AR and Atx3 by
the PQE protein fragments, we cotransfected HA-tagged AR or Atx3
with FLAG-Atx7-N172 (10Q, 93Q) into HEK 293T cells and
performed supernatant/pellet fractionation. As expected, both
exogenous AR (23Q) (Figure 4A,B) and Atx3 (22Q) (Figure 4C,D)
were efficiently sequestered into aggregates by Atx7,3o-N172 but
not by Atx7,,o-N172. Thus, the N-terminal fragment of PQE Atx7
also has a strong ability to sequester exogenous AR and Atx3 into
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Figure 1. The PQE Atx7 fragment sequesters endogenous AR and Atx3 into insoluble aggregates
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(A,C) Supernatant/pellet fractionation for

detecting sequestration of endogenous AR (A) and Atx3 (C) by Atx7930-N172. HEK 293T cells were transfected with empty vector, FLAG-Atx719q-
N172 or FLAG-Atx7430-N172. Approximately 48 h after transfection, the cell lysates were subject to supernatant/pellet fractionation and then to
western blot analysis with an anti-FLAG, anti-AR or anti-Atx3 antibody. (B,D) Quantification of the protein levels of AR (B) and Atx3 (D) in
supernatant and pellet fractions. Data are shown as the mean+SEM (n=3). *P<0.05; **P<0.01; N.S., no significance. Vec., vector; Sup.,

supernatant; Pel., pellet.

insoluble aggregates. Collectively, all the results from AR and Atx3
imply that a PQE protein can sequester other polyQ-containing
proteins in cells via coaggregation of the heterologous polyQ
proteins.

The polyQ tract plays an important role in coaggregation
Atx7 and AR are two nonhomologous proteins that are not
structurally and functionally related, and there is currently no
evidence to prove that they directly interact with other regions
outside the polyQ tracts. Our supernatant/pellet fractionation and
immunofluorescence images confirmed that the fragment of PQE
Atx7 or Htt can sequester AR and Atx3 into aggregates in cells.
Therefore, we assumed that coaggregation may occur between the
two proteins through their respective polyQ tracts. To test this
hypothesis, we prepared polyQ-shortened variants that may
attenuate or disrupt the polyQ-polyQ interaction and re-examined
their sequestration effect. The results showed that, compared with
normal AR (23Q), the AR variants with shorter polyQ lengths (10Q,
3Q) had decreased protein levels in the pellet fractions, whether in
the presence or absence of Atx739-N172 (Figure 5). Notably, there
were considerable amounts of any AR forms in the pellet, possibly
due to self-aggregation of the full-length AR. It seemed that
shortening the polyQ tract could also reduce the AR aggregates,
but the amount of each AR form in the pellet precipitated by
Atx7930-N172 was much larger than that of the respective AR only.
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AR is a large protein; it may have basal aggregation regardless of the
polyQ tract. Therefore, we resorted to the N-terminal fragment of
Atx2 (Atx2-N317, residues 1-317) to clarify the uncertainty. We
cotransfected FLAG-Atx793-N172 and various HA-tagged Atx2-
N317 species (23Q, 9Q, 3Q) into HEK 293T cells and performed
supernatant/pellet fractionation. With the shortening of the polyQ
sequence, the amount of Atx2-N317 precipitated by Atx7939-N172
decreased significantly, whereas the basal aggregation of Atx2-N317
had only a small variation (Figure 6). Similarly, the amount of each
Atx2-N317 form sequestered by Atx793o-N172 was much larger than
that from its basal aggregation. Taken together, shortening of the
polyQ tract can effectively reduce the ability of AR and Atx2-N317 to
be sequestered by Atx7430-N172, indicating that synergistic coag-
gregation occurs between the polyQ proteins and that polyQ-tract
interactions may play a role in coaggregation and sequestration.

Coaggregation of polyQ proteins in vitro

To validate the above observation, we investigated the coaggrega-
tion effect of the polyQ proteins in vitro. We first purified two
polyQ-containing protein fragments, Atx7;30-N62 (N-terminal frag-
ment of Atx7, residues 1-62) [49] and Atx3-IIC (C-terminal
fragment of isoform-II Atx3, residues 221-373), with different
polyQ lengths (22Q and 6Q) [50] and then performed coprecipita-
tion experiments on the incubation mixtures of Atx7;39-N62 and
normal (22Q) or polyQ-shortened (6Q) Atx3-IIC by separating the
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Figure 2. The PQE Htt fragment sequesters endogenous AR and Atx3 into insoluble aggregates (A,C) Supernatant/pellet fractionation for
detecting sequestration of endogenous AR (A) and Atx3 (C) by Httq000-N552. HEK 293T cells were transfected with empty vector, FLAG-Htt50-N552
or FLAG-Htt1000-N552. Approximately 48 h after transfection, the cell lysates were subject to supernatant/pellet fractionation and then to western
blot analysis with an anti-FLAG, anti-AR or anti-Atx3 antibody. (B,D) Quantification of the protein levels of AR (B) and Atx3 (D) in supernatant and
pellet fractions. Data are shown as the mean + SEM (n=3). ¥*P<0.05; N.S., no significance. Vec., vector; Sup., supernatant; Pel., pellet.
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Figure 3. Immunofluorescence images showing sequestration of endogenous AR into inclusions by the PQE Atx7 fragment in cells (A) Vector
control. (B) Atx7g30-N172. HEK 293T cells were transfected with the FLAG-Atx7930-N172 plasmid or control vector and then subjected to confocal
microscopic imaging. Atx7930-N172 and endogenous AR were stained with an anti-FLAG (red) or anti-AR antibody (green), and nuclei were stained
with Hoechst (blue). Scale bar: 10 um.

supernatant and pellet fractions from the aggregated mixtures. 48 h, both Atx3,,4-1IC and Atx34q-IIC could be sequestered into the
Before incubation (0h), most of the proteins remained in the aggregates formed by Atx7;30-N62 but with different efficiencies
supernatant, while no coprecipitation occurred. After incubation for (Figure 7). The amount of Atx3,,¢-IIC (Figure 7B) sequestered into
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sequestration of exogenous AR (A) and Atx3 (C) by Atx7g30-N172. HA-AR or HA-Atx3 was cotransfected with FLAG-tagged Atx7:00-N172 or Atx7g30-
N172 into HEK 293T cells. Approximately 48 h after transfection, the cell lysates were subject to supernatant/pellet fractionation and then to
western blot analysis with an anti-FLAG or anti-HA antibody. (B,D) Quantification of the protein levels of AR (B) and Atx3 (D) in supernatant and
pellet fractions. Data are shown as the mean+SEM (n=3). **P<0.01; N.S., no significance. Vec., vector; Sup., supernatant; Pel., pellet.
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the pellet fraction was larger than that of Atx34q-1IC (Figure 7A).
Simultaneously, the amount of Atx7;3o-N62 aggregates was
considerably increased with the precipitation of Atx3,,4-1IC (Figure
7B), again demonstrating the synergistic coaggregation process
between both polyQ proteins (Figures 5 and 6). We also repeated
the coprecipitation experiment on Atx3440-1IC with normal (10Q) or
PQE (22Q) Atx7-N62. Similarly, sequestration of Atx7,,o-N62 by the
Atx3460-1IC aggregates was more efficient than that of Atx7,yo-N62.
Thus, the data from in vitro coprecipitation indicate that the
sequestration effect is polyQ-length dependent, further demonstrat-
ing that the heterologous polyQ proteins can coaggregate with each
other through polyQ-tract interactions.

A
Sup.
Atx2-N317 Atx2-N317+Atx7030-N172
Vee. 3Q 9Q 23Q Vee. 3Q 9Q 23Q
- - - p— | — HA-Atx2-N317
FLAG-

= G e ¢ Atx793-N172

| G D GNP CGED GEED GEED GRS | DD

— Atx2-N317

— AtX2-N317+
Atx7930-N172

Relative level of Atx2-N317 in Sup.

20 15 10 5

PolyQ length

PolyQ-polyQ interactions as revealed by NMR titration

To further demonstrate that the coaggregation of polyQ proteins is
mediated by polyQ-polyQ interactions, we performed NMR titration
of 5N-labelled Atx7,,-N62 with unlabelled Atx3,,o-IIC, both of
which did not form protein aggregates in solution. We previously
partially assigned the backbone chemical shifts of Atx7,,o-N62
(T3N9) and characterized the a-helical structure formation around
its Ala-rich region 2 (ARR2) and extending to the polyQ tract [49].
The HSQC spectra showed that when titrated with Atx3,,4-1IC, some
resonance peaks of Atx7,,o-N62, such as A23, T32, N38 and TS8,
became weak gradually but without chemical shift changes (Figure
8A), suggesting that these two polyQ proteins interact with each

Relative level of Atx2-N317 in Pel.
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Atx2-N317 Atx2-N317+Atx7930-N172
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Figure 6. Sequestration by the PQE Atx7 fragment is dependent on the polyQ length of Atx2-N317 (A,B) Supernatant/pellet fractionation for
characterizing the sequestration effects of Atx2-N317 with different polyQ lengths. FLAG-Atx7430-N172 was cotransfected with HA-Atx2-N317 (23Q,
9Q or 3Q) into HEK 293T cells. Approximately 48 h after transfection, the cell lysates were subject to supernatant/pellet fractionation and western
blot analysis with an anti-FLAG or anti-HA antibody. (C,D) Plots of the relative protein level of Atx2-N317 in supernatant (C) or in pellet (D) versus
polyQ length. Data are shown as the mean = SEM (n=3). 23Q, normal polyQ length of the Atx2-N317 fragment; 9Q, Atx290-N317; 3Q, Atx239-N317;
Vec., vector; Sup., supernatant; Pel., pellet.
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Figure 7. Coprecipitation of Atx7330-N62 with Atx3-lIC in vitro (A) Atx7330-N62 with Atx3g-1IC. (B) Atx7330-N62 with Atx3,,0-1IC. The protein
mixtures were incubated for 48 h and subject to supernatant/pellet fractionation and SDS-PAGE (15% gel). The concentration of Atx3gq-1IC or
Atx32,0-1IC was set as 50 uM, and the molar ratios of Atx7330-N62/Atx3-1IC were 0.0, 0.25, 0.5 and 1.0. Atx7-N62, the N-terminal fragment (residues
1-62) of Atx7; Atx3-lIC, the C-terminal fragment (residues 221-373) of isoform-Il Atx3. Sup., supernatant; Pel., pellet.
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other directly but rather weakly. Some Gln residues, including Q30
and Q33 and the unassigned Gln residues (referred to as Qnl, Qn2
and Qn3), were significantly perturbed in peak intensities during
titration. The intensity weakening at the N- and C-termini of
Atx7,,0-N62 upon titration may arise from a tumbling change in the
overall protein molecule due to the N/C-terminal flexibilities, which
are irrelevant to the interaction sites. Collectively, except for the
residues in both termini, most residues with reduced peak
intensities resided in the region preceding ARR2 or in the polyQ-
tract sequence (Figure 8B). These NMR data indicate that direct
polyQ-polyQ interactions may occur between the heterologous
polyQ proteins in solution, which may provide the driving force for
coaggregation of the polyQ proteins.

PQE fragments suppress the transactivation function of
AR

Aggregation of PQE proteins can cause a significant decrease in the
protein level of AR in the supernatant and an increase in the
aggregated fraction. The dramatic reduction in the soluble and
functionally available fractions is likely to cause the loss of normal
function of AR in cells. To confirm this hypothesis, we examined the
effects of the PQE protein fragments on the transactivation function
of AR by a luciferase reporter assay [54]. We prepared a pGL3-ARE
plasmid and cotransfected it with different Atx7-N172 species (10Q,
93Q) into HEK 293T cells and then measured the luciferase
activities. When the cells were transfected with pGL3-ARE, the
fluorescence intensity was significantly enhanced, indicating that
luciferase expression was induced by endogenous AR. When
cotransfected with Atx7,09-N172, the fluorescence was almost
unchanged compared with transfection with pGL3-ARE only,
indicating that Atx7,0o-N172 has little effect on luciferase expres-
sion and activity. Interestingly, the fluorescence intensity of the
experimental group cotransfected with Atx7930-N172 was reduced
by approximately 50% compared to that of the Atx7,0q-N172 group
(Figure 9A). This suggests that PQE Atx7-N172 inhibits the
transactivation function of AR by coaggregating with the transcrip-
tion factor. We also repeated the experiment on AR with PQE Hitt-
N552, another N-terminal fragment of Htt (residues 1-552).
Consistent with Atx7930-N172 above and the N-terminal Htt in
yeast [41], Httyg0q-N552 rather than Htt;3o-N552 caused a dramatic
reduction in luciferase activity by suppressing AR function (Figure
9B). As AR is a steroid-activated transcription factor, we also
performed an experiment under the condition of AR activation by
dihydrotestosterone (DHT). Compared with the control, DHT
significantly enhanced luciferase expression and thus its activity
by activating endogenous AR (Figure 9C,D). Similarly, the normal
polyQ forms had little effect on fluorescence, whereas their PQE
forms (Atx793-N172 and Htt;g0q-N552) affected transactivation by
coaggregating with endogenous AR and thus significantly reduced
luciferase expression and activity. Together, the luciferase reporter
assay demonstrates that PQE proteins can downregulate the
transactivation function of AR. This implies that sequestration of
AR by PQE protein aggregates may influence the cellular availability
of the transcription activator and consequently impair its transacti-
vation function in cells.

Discussion

Protein misfolding and aggregation can lead to cytotoxicity or
neurodegeneration, but for a long time, its pathological mechanism
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remains disputable. The recruitment/sequestration model states
that sequestration of cellular interacting partners by protein
aggregates is implicated in the loss-of-function pathologies of NDs
[16]. This study demonstrates that PQE Atx7 or Htt coaggregates
with AR and Atx3 and sequesters them into insoluble aggregates or
inclusions. Sequestration of endogenous AR and other polyQ
proteins via a coaggregation process can lead to depletion of their
cellular availabilities and cause loss of normal functions (Figure 10).
AR is a transcription factor with a polyQ tract; it can be sequestered
into inclusions through polyQ-tract interactions, which may cause
loss of its cellular availability and transcriptional function. There-
fore, it is deduced that PQE proteins can also sequester other
essential transcription factors (such as TBP and CBP), deprive their
cellular availabilities and functionalities, and consequently impair
cellular proteostasis networks.

Coaggregation may occur among diverse amyloidogenic proteins,
such as polyQ proteins [14,42,44,47], amyloid-P peptide [56,57] and
a-synuclein [58-60]. When a PQE protein forms aggregates in cells,
it will coaggregate with other polyQ proteins and sequester them
into insoluble inclusions. A polyQ-containing fragment often
coaggregates with the full-length protein and suppresses its normal
function [34,36,41]. Our present study reveals that the PQE
fragment of Atx7 or Htt coaggregates heterologously with endogen-
ous AR and Atx3. This coaggregation effect may cause partial
depletion of Atx3 functionality [61] and suppression of the
transactivation function of AR (Figure 9). It should be noted that
in this study, we performed exogenous overexpression of PQE Atx7
and Htt fragments in a cell model to demonstrate that PQE proteins
coaggregate with endogenous proteins (AR, Atx3, etc.) and impair
their cellular proteostasis. Stable cell lines (e.g., knock-in of PQE
fragments) or animal models should be applied to further prove the
biological significance. Collectively, coaggregation among polyQ
proteins may cause depletion of their cellular availabilities and
consequently lead to impairment of the cellular proteostasis of
biologically vital proteins.

WT polyQ protein normally contains a polyQ tract of approxi-
mately 20 glutamine residues; it is not potent enough to self-
aggregate in its full length. However, a PQE protein in cells may
have an intrinsic propensity to aggregate, and during the aggrega-
tion process, it may coaggregate with other polyQ proteins and
sequester them into aggregates or inclusions. A possible explana-
tion is that the promiscuity of polyQ aggregates is beneficial to
cross-seeding with any other polypeptide chains, which may be the
structural bases for polyQ coaggregation. Our study suggests that
the coaggregation of polyQ proteins is probably mediated by polyQ-
tract interactions. Similar in vitro studies have demonstrated that
polyQ peptides can self-aggregate and sequester heterologous polyQ
peptides in a polyQ length-dependent manner [62], and the peptide
chains generally adopt cross B-sheet structures in fibrillar aggre-
gates [63,64]. These findings strongly support the sequestration
model, in which cellular proteins with normal polyQ lengths may be
deprived of their functional availabilities when they are sequestered
into aggregates formed by a PQE protein. During aggregation of the
PQE protein in cells, it may coaggregate with other endogenous
polyQ proteins, sequester them into amyloid inclusions, and thus
impair their cellular proteostasis. Thus, coaggregation may occur
among the nine pathogenic polyQ proteins yet identified [4,14] and
probably with nonpathogenic polyQ-containing proteins, such as
CBP [42,43,45,46] and transcription factor EB (TFEB) [65]. In
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addition, polyQ aggregates can also colocalize with TDP-43 in cells
and sequester this pathogenic protein into inclusions [66,67].
Considering the existence of the glutamine/asparagine (Q/N)-rich
region (31% Q/N content) in the C-terminus of TDP-43, it is rational
to deduce that coaggregation is mediated by direct interaction of the
polyQ tract with the Q/N-rich region of TDP-43 [66]. Other RNA-
binding proteins containing a Q/N-rich region, such as TIA1 and
FUS/TLS, have also been reported to colocalize with polyQ
aggregates in cells [66,68]. Similar research in yeast has also
suggested that the Q/N-rich region of Sup35 plays an important role
in the coaggregation of polyQ-related proteins [69].

Schiffer et al. [41] reported that in a yeast model, the
transactivation function of exogenous AR can be inhibited by its
own N-terminal PQE fragments, in which the soluble polyQ-
containing oligomers rather than the insoluble aggregates bind to
the full-length AR and inactivate its function. In this study, we
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further demonstrate that the transactivation function of endogenous
AR can be suppressed heterologously by a fragment of PQE Atx7 or
Htt in a human cell line. The endogenous AR contains a polyQ tract
of normal length in its N-terminus that may mediate coaggregation
with other PQE proteins and sequestration by the polyQ aggregates.
Once AR accumulates in the polyQ aggregates, its available
amounts or functional fractions will be obviously decreased. Thus,
depletion and impairment of the endogenous polyQ proteins of
cellular essential functions, such as AR and Atx3, could be a
possible mechanism underlying cytotoxicities or neurodegenera-
tion caused by polyQ-protein aggregation. It is rational to deduce
that a PQE protein or fragment in patients would interact mutually
with other polyQ proteins and combine actions in the pathogenic
progression of the disease, which is also implicated in the
copathologies of various neurodegenerative diseases [70,71].
Therefore, accumulation of heterologous polyQ proteins in
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inclusions might be one of the pathogenic causes of polyQ
diseases.
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