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Enforced dimerization between XBP1s
and ATF6f enhances the protective effects
of the UPR in models of neurodegeneration
René L. Vidal,1,2,3 Denisse Sepulveda,1,2,3 Paulina Troncoso-Escudero,1,2,3,4 Paula Garcia-Huerta,1,3,4

Constanza Gonzalez,1,3,4 Lars Plate,5,6 Carolina Jerez,1,3 José Canovas,4 Claudia A. Rivera,1,2,3 Valentina Castillo,1,2,3

Marisol Cisternas,1,2,3 Sirley Leal,1,2,3 Alexis Martinez,1,3,4 Julia Grandjean,6 Donzelli Sonia,7 Hilal A. Lashuel,7

Alberto J.M. Martin,8 Veronica Latapiat,8 Soledad Matus,1,3,9,10 S. Pablo Sardi,11 R. Luke Wiseman,6

and Claudio Hetz1,3,4,12

1Biomedical Neuroscience Institute, Faculty of Medicine, University of Chile, Santiago, Chile; 2Center for Integrative Biology, Universidad Mayor, Santiago, Chile; 3Center

for Geroscience, Brain Health and Metabolism, Santiago, Chile; 4Program of Cellular and Molecular Biology, Institute of Biomedical Sciences, University of Chile, Santiago,

Chile; 5Department of Chemistry, Department of Biological Sciences, Vanderbilt University, Nashville, TN, USA; 6Department ofMolecularMedicine, The Scripps Research

Institute, La Jolla, CA, USA; 7Laboratory of Molecular and Chemical Biology of Neurodegeneration, Brain Mind Institute, Ecole Polytechnique Fédérale de Lausanne, 1015

Lausanne, Switzerland; 8Laboratorio de Biología de Redes, Centro de Genómica y Bioinformática, Facultad de Ciencias, Universidad Mayor, Santiago, Chile; 9Fundacion

Ciencia Vida, Santiago 7780272, Chile; 10Facultad de Medicina y Ciencia, Universidad San Sebastián, Providencia 7510157, Santiago, Chile; 11Rare and Neurological

Diseases Therapeutic Area, Sanofi, 49 New York Avenue, Framingham, MA, USA; 12Buck Institute for Research on Aging, Novato, CA 94945, USA
Received 9 March 2020; accepted 21 January 2021;
https://doi.org/10.1016/j.ymthe.2021.01.033.

Correspondence: René L. Vidal, Center for Integrative Biology, Universidad
Mayor, Santiago, Chile.
E-mail: rene.vidal@umayor.cl
Correspondence: Claudio Hetz, Program of Cellular and Molecular Biology,
Institute of Biomedical Sciences, University of Chile, Sector B, Second Floor, PO
Box 70086, Independencia 1027, Santiago, Chile.
E-mail: chetz@uchile.cl
Alteration to endoplasmic reticulum (ER) proteostasis is
observed in a variety of neurodegenerative diseases associated
with abnormal protein aggregation. Activation of the unfolded
protein response (UPR) enables an adaptive reaction to recover
ER proteostasis and cell function. The UPR is initiated by
specialized stress sensors that engage gene expression programs
through the concerted action of the transcription factors ATF4,
ATF6f, and XBP1s. Although UPR signaling is generally stud-
ied as unique linear signaling branches, correlative evidence
suggests that ATF6f and XBP1smay physically interact to regu-
late a subset of UPR target genes. In this study, we designed an
ATF6f/XBP1s fusion protein termed UPRplus that behaves as a
heterodimer in terms of its selective transcriptional activity.
Cell-based studies demonstrated that UPRplus has a stronger
effect in reducing the abnormal aggregation of mutant hun-
tingtin and a-synuclein when compared to XBP1s or ATF6
alone. We developed a gene transfer approach to deliver UP-
Rplus into the brain using adeno-associated viruses (AAVs)
and demonstrated potent neuroprotection in vivo in preclinical
models of Parkinson’s disease and Huntington’s disease. These
results support the concept in which directing UPR-mediated
gene expression toward specific adaptive programs may serve
as a possible strategy to optimize the beneficial effects of the
pathway in different disease conditions.

INTRODUCTION
The proteostasis network encompasses the dynamic integration of all
cellular and molecular processes that ensure the proper folding and
trafficking of proteins.1 The endoplasmic reticulum (ER) is a central
node of the proteostasis network, mediating the synthesis and quality
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control of nearly 30%of the total proteome.Different stress conditions
can interfere with the function of the secretory pathway, leading to
aberrant protein folding and resulting in a cellular state called ER
stress.2,3 To recover ER proteostasis, cells activate an integrated
signaling pathway known as the unfolded protein response (UPR), re-
sulting in the establishment of adaptive outputs to decrease the extent
of protein misfolding and enter into a new homeostatic state.4 At the
mechanistic level, activation of the UPR leads to the attenuation of
protein translation, as well as the upregulation of multiple genes
encoding for chaperones, foldases, and components of the protein
quality control and degradation machinery (i.e., ER-associated degra-
dation [ERAD] and autophagy).5 However, under sustained or
irreversible ER stress, a terminal UPR results in cellular apoptosis.6,7

Overall, the UPR integrates stress signals toward the mitigation of
ER stress or the induction of cell death, thus determining cell fate.

Three distinct ER-located stress sensors mediate the initiation of the
UPR. These include inositol-requiring enzyme 1 (IRE1) a and b, acti-
vating transcription factor-6 (ATF6) a and b, and protein kinase R
(PKR)-like ER kinase (PERK).5 IRE1a is a type I Ser/Thr protein ki-
nase and an endoribonuclease that upon activation catalyzes the
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processing of the mRNA encoding the transcription factor X-box-
binding protein 1 (XBP1), excising a 26-nt intron followed by a
ligation reaction by RTCB.8 This alternative splicing event shifts the
coding reading frame of the mRNA to translate a stable and
active basic leucine zipper (bZIP) transcription factor known as
XBP1s.9–11 XBP1s upregulates different genes involved in folding,
ERAD, protein translocation into the ER, and phospholipid synthesis
among other components of the proteostasis network.12,13 The
expression of XBP1s has an essential physiological role in sustaining
the function of different organs and specialized secretory cells,
including the brain, immune cells, liver, pancreas, as well as other
cell types and tissues (reviewed in Hetz et al.14). Additionally,
IRE1a signals through the direct degradation of mRNAs and micro-
RNAs by a process known as regulated IRE1-mediated decay
(RIDD),15–17 in addition to operating as a scaffold that binds adaptor
proteins and signaling molecules.18 Activating transcription factor 6a
(ATF6a) is a type II transmembrane protein that under ER stress is
translocated to the Golgi apparatus where it is proteolytically pro-
cessed, releasing the cytoplasmic fragment of ATF6a that contains
a bZIP transcription factor (ATF6f, also known as ATF6p50).19–21

ATF6f upregulates genes implicated in ERAD and protein folding,
in addition to modulating the expression of XBP1 mRNA.9,20,22

Finally, PERK is a protein kinase that upon activation selectively
inhibits the translation of proteins through the phosphorylation of
eukaryotic translation initiation factor-2a (eIF2a) at serine 51.23–25

This event decreases the overload of misfolded proteins at the ER
but also allows the selective translation of the mRNA encoding the
transcription factor ATF4.3 ATF4 regulates the expression of genes
involved in redox control, amino acid synthesis, protein folding,
and autophagy,26 in addition to pro-apoptotic factors such as
CHOP/GADD153 and members of the BCL-2 family of proteins.27

Chronic ER stress is emerging as a possible factor contributing to the
pathogenesis of various human diseases, including cancer, neurode-
generation, metabolic syndromes, inflammation, and fibrosis (re-
viewed in Wang and Kauffman,4 Oakes and Papa,7 and Bettigole
and Glimcher28). In fact, pharmacological targeting of the UPR has
proven efficacy in various preclinical models of disease.29 In this
context, the ER proteostasis network is becoming an attractive target
to treat diseases associated with protein misfolding and aggregation
affecting the brain.30 Signs of ER stress have been extensively reported
in brain tissue derived from patients affected with Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD), amyo-
trophic lateral sclerosis (ALS), frontotemporal dementia, and prion
disease.31 Genetic and pharmacological manipulations of distinct
UPR components in preclinical models of neurodegeneration have
demonstrated a complex scenario, where depending on the patholog-
ical condition and the specific signaling branch manipulated, the
severity of the disease can be exacerbated or attenuated (reviewed
in Hetz and Saxena,32 Smith and Mallucci,33 and Morris et al.34).
Since the transcriptional activity of both XBP1s and ATF6f is exclu-
sively linked to the establishment of adaptive and pro-survival re-
sponses, gene therapy strategies to artificially enforce their expression
have been exploited in the context of various neurodegenerative dis-
eases.35 For example, XBP1s overexpression reduces the aggregation
and toxicity of disease-related proteins, including mutant huntingtin
(mHtt), tau, and amyloid b.36–39 Also, XBP1s overexpression can
improve neuronal function in models of AD at the level of synaptic
plasticity,40 enhance the survival of dopaminergic neurons against
PD-inducing neurotoxins,41,42 or protect retinal ganglion cells from
glaucoma.43 The expression of XBP1s is also protective in models
of mechanical injury to the spinal cord44 and peripheral nerves.45

Moreover, XBP1s overexpression has been shown to reduce tissue
damage in preclinical studies of heart failure,46,47 liver diseases, and
metabolic syndromes.48,49 ATF6 expression causes neuroprotection
in early phases of experimental HD,50 whereas activation of the
pathway using small molecules can protect various tissues against
ischemia-reperfusion, including the brain.51–53 Gene therapy to
deliver active ATF6 also protects the heart against ischemia-reperfu-
sion.54 Overall, these selected studies support a concept where the
improvement of ER proteostasis through the artificial enforcement
of UPR gene expression programs improves cell function and survival
in various disease settings.

Although the three main UPR signaling branches have been histori-
cally studied as individual entities, a few reports suggest the occur-
rence of signaling crosstalk at different levels. ATF6f and XBP1s are
bZIP transcription factors that bind to related DNA CCAATN9C-
CACG cassettes,55,56 XBP1s and AFT6f have been suggested to func-
tionally interact in cells suffering ER stress.9,55,57,58 Additionally, both
XBP1s and ATF6f share the control of a subpopulation of target
genes, highlighting factors participating in ERAD and protein
folding,13,20 in addition to the control of ER and Golgi biogenesis
by enhancing phospholipid synthesis.59,60 Interestingly, the co-
expression of ATF6f and XBP1s results in a particular remodeling
of the ER proteostasis network that can be distinguished from the ef-
fects triggered by the single transcription factors.58 Co-expression of
XBP1s and ATF6f cooperates in the regulation of factors related to ER
protein import (i.e., Sec11c), folding (i.e., PDIA10 and HYOU1),
quality control (i.e., EDEM1 and DERL2), and protein maturation
(i.e., Sulf1), among others.58 Because a previous study suggested
that ATF6f and XBP1s may physically associate,20 it was speculated
that the formation of a heterodimer between the two transcription
factors might translate into the establishment of divergent profiles
of gene expression. This concept was also reinforced by other studies
suggesting that XBP1, ATF6, and ATF4 can physically interact with
other bZIP transcription factors, dictating the universe of target genes
regulated (see published examples49,61–66). However, the possible
cooperative function of XBP1s and ATF6f in alleviating disease pa-
thology has not been directly studied.

In this study, we developed a strategy to generate a fusion protein con-
taining active XBP1s and ATF6f using a flexible linker to stabilize the
formation of a heterodimer. This artificial protein is active and phe-
nocopies the effects of co-expressing ATF6f and XBP1s in terms of
further enhancing the expression of a specific set of genes. At the
functional level, we found a strong anti-aggregation activity of UP-
Rplus on mHtt and a-synuclein in cell culture models when
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compared with the expression of XBP1s or ATF6f alone. We devel-
oped a gene therapy approach to deliver XBP1s, ATF6f, or UPRplus
into the mouse brain and compared their possible neuroprotective ef-
fects. Our results suggest that UPRplus has superior activity in
providing neuroprotection and reducing the aggregation of disease-
related proteins in vivo. Thus, UPR transcription factors cooperate
to regulate gene expression and restore proteostasis in cells undergo-
ing protein misfolding.

RESULTS
Design of an active ATF6f/XBP1s fusion protein

To study the possible biological function of the XBP1s/ATF6f heter-
odimer, we generated different constructs that may stabilize the intra-
molecular formation of a heterodimer. We fused XBP1s and ATF6f
with three different linkers (L4H4, LF, and LFG) that provide flexi-
bility between the two transcription factors.67,68 We included hydro-
philic helix-peptide linkers (GGGGS)n, previously described to force
the interaction between two fluorescent proteins.69 These linkers vary
in their amino acid composition and length required to confer the
necessary flexibility for DNA binding. We generated six variants of
the fusion proteins in two different ways, using ATF6f in the amino
or carboxyl-terminal positions (Figure 1A), in addition to a hemag-
glutinin (HA) epitope in the carboxyl terminus for detection. These
constructs were expressed in HEK293T cells to measure their subcel-
lular localization and stability. We determined the steady-state
expression of these constructs and observed that the fusion proteins
containing ATF6f at the N-terminal region showed reduced expres-
sion levels whereas the location of XBP1s at the N terminus was asso-
ciated with increased populations of truncated fragments (Figure 1B).
Importantly, all six constructs were preferentially localized inside the
nucleus, consistent with the expression of the active forms of XBP1s
and ATF6f (Figure 1C). Next, we compared the transcriptional activ-
ity of these fusion proteins using a luciferase promoter reporter
controlled by a UPR-responding element (UPRE).13 Although all
six constructs were active, the fusion construct with ATF6f in the
N-terminal region presented higher transcriptional activity despite
lower expression levels (Figure 1D, green bars). As a control,
XBP1s and ATF6f were co-expressed, showing similar activity to
the fusion constructs containing ATF6f at the N-terminal region (Fig-
ure 1D, black bar).

Then, we measured the relative mRNA levels of the canonical UPR
target gene HSPA5 (also known as BiP/GRp78) in HEK293T cells
transiently expressing all six constructs. The presence of ATF6f in
the N-terminal region showed a greater induction of HSPA5 (Fig-
ure 1E, green bars) compared to the constructs containing XBP1s
at the N terminus (Figure 1E, orange bars). Again, the induction levels
of HSPA5 by the first three constructs were similar to the one gener-
ated by the co-expression of ATF6f and XBP1s (Figure 1E, black bar).
A previous study indicated that the simultaneous overexpression of
XBP1s and ATF6 resulted in a stronger upregulation of a small subset
of UPR-target genes, including CRELD2 and SULF1.58 In agreement
with those observations, expression of the fusion constructs contain-
ing ATF6f in the N-terminal region showed a greater induction of the
1864 Molecular Therapy Vol. 29 No 5 May 2021
of CREDL2 and SULF1 mRNAs (Figure 1F, green bars), where the
third variant had a greater effect in increasing SULF1 levels. We
also controlled the activity of single constructs by measuring the up-
regulation of ERdj4 (XBP1s target gene) and Grp94 (ATF6f target
gene) (Figure S1A).

Finally, we performed disorder predictions to determine the flexibility
of all six constructs using ESpritz, a software designed to determine
amino acids with missing atoms in X-ray solved structures, associated
with mobile amino acids within protein structures.70 This analysis
predicted the lowest flexibility of the L4H4 linker in the construct
ATF6f-L4H4-XBP1s-HA compared with the other constructs (Fig-
ure S1B). Based on these results, the stability of the fusion proteins,
their subcellular localization, and transcriptional activity, we selected
the ATF6f-L4H4-XBP1s fusion protein for further studies, a
construct herein termed UPRplus.

To compare the activity of UPRplus with the co-expression of XBP1s
and ATF6f, we used the original experimental system used to identify
the functional interaction between both transcription factors. In that
setting, HEK-Rex cells were engineered to express XBP1s under the
control of doxycycline (DOX), whereas ATF6f was constrictively ex-
pressed with a destabilization domain that induces its degradation
and can be rescued with the addition of the pharmacological chap-
erone trimethoprim (TMP). As previously reported, the administra-
tion of DOX and TMP to these cells synergized to upregulate the
expression of SULF1 when compared with single treatments (Fig-
ure S1C). We then compared the effects of expressing UPRplus,
XBP1s, ATF6f, or the co-expression of both transcription factors us-
ing the same cells as the isogenic background. Remarkably, the
expression levels of UPRplus have a stronger capacity to upregulate
endogenous SULF1 when compared with the co-expression of
XBP1s and ATF6f (Figure S1C).

Interactions within the XBP1s and ATF6f sequences are

necessary for gene expression control

Both XBP1s and ATF6f belong to the bZIP transcription factor fam-
ily, which are known to bind DNA through the formation of homo-
dimers or heterodimers with other members of their family.9,21,71–73

We hypothesized that UPRplus may bind promoter regions by intra-
molecular interactions that result in the binding of XBP1s and ATF6f
sequences within the single fusion constructs. However, UPRplus
may also bind endogenous partners (i.e., XBP1s, ATF6f, or others)
or could have homotypic interactions between individual UPRplus
fusion proteins. To detect the size of the DNA-protein complex
generated by UPRplus, we performed an electrophoretic mobility
shift assay (EMSA) using purified nuclear extracts from HEK293T
cells transfected with XBP1s, ATF6f, or UPRplus expression vectors.
After 48 h, we detected an enrichment of the proteins in the nuclear
fraction (Figure S2A). We incubated the nuclear extracts with a
conserved DNA sequence containing a UPRE cassette. We observed
a clear shift in the migration pattern of the UPRE probe when
ATF6f or XBP1s was present (Figure 2A, lanes 2 and 5). As a control,
we performed competition experiments using a non-labeled DNA
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Figure 1. Generation of ATF6f and XBP1s fusion constructs

(A) Diagram of AAV constructs generated to deliver active UPR transcription factors. Different artificial heterodimers were generated by fusing ATF6f and XBP1s using three

different linker sequences (yellow boxes) by combining their positions in the C-terminal and N-terminal regions. All constructs contain an HA tag at the C-terminal region

(green box) for detection of the expression of the transgene. (B) HEK293T cells were transiently transfected with the six fusion constructs described in (A), in addition to

XBP1s-HA or ATF6f-HA alone and empty vector C (–). After 48 h of expression, cell extracts were analyzed by western blot using an anti-HA antibody. Hsp90 was monitored

as a loading control. Fold changes are shown related to XBP1s expression levels. (C) In parallel, cells described in (B) were analyzed by immunofluorescence using an anti-HA

antibody (green). Co-staining with the nuclear marker Hoechst (blue) was performed. Scale bars, 10 mm. (D) HEK293T cells were transiently co-transfected with the six

variants of pAAV-UPRplus or single constructs together with the UPRE-luciferase reporter and Renilla constructs. After 48 h luciferase activity was measured using a lu-

minometer. (E and F) HEK293 cells were transiently transfected with the six versions of UPRplus or control vectors. After 48 h, the mRNA levels of the indicated UPR-target

gene were measured by real-time RT-PCR. All samples were normalized to b-actin levels. mRNA levels are expressed as fold increase over the value obtained in control cells

transfected with an equivalent 1:1 mixture of individual XBP1s and ATF6f expression vectors. In (D) and (E), the mean and standard error are presented for three independent

experiments. Statistical analysis was performed using Dunnett’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.
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probe, which resulted in a reduction in the amount of the DNA-pro-
tein complexes formed by XBP1 (Figure 2A, lane 3), while the ATF6
and UPRplus complex was slightly modified (Figure 2A, lanes 6 and
9). Importantly, the signal was absent when a UPRE mutant probe
that lacks the minimal recognition region for ATF6f and XBP1s
was used (Figure 2A, lanes 4 and 7). Interestingly, a DNA-protein
complex of similar size to the one detected when XBP1s or ATF6f
was compared to UPRplus (Figure 2A, lane 8; see controls line 9
Molecular Therapy Vol. 29 No 5 May 2021 1865
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Figure 2. UPRplus binds to a UPR response element and requires the dimerization interface for gene expression regulation

(A) Nuclear extracts obtained from HEK293T cells transfected with pAAV-XBP1s-HA (lanes 2–4), pAAV-ATF6f-HA (lanes 5–7), pAAV-UPRplus-HA (lanes 8–10), or empty

vector were incubated with labeled UPRE* probe. As a control, the competition was performed with unlabeled (cold probe, lanes 3, 6, or 9) or mutated probes (UPRE* mut,

lines 7, 4, or 10). The asterisk represents the labeled probe. The DNA-protein complexes were separated on non-denaturing polyacrylamide gels and analyzed by western

blot using an anti-biotin antibody. (B) Schematic representation of the UPRplus construct is indicated, highlighting the heterodimer domains of both ATF6f and XBP1s

(dashed boxes). Point mutations generated in these domains are indicated. Yellow box indicates the linker region; green box indicates the HA tag. (C) HEK293T cells were

transiently co-transfected with UPRplus (UPRplus wild-type [WT]) or four single mutant versions of (K122L, K315T, N316A, and R317A), in addition to empty vector (mock)

together with the UPRE-luciferase reporter and Renilla constructs. After 48 h, luciferase activity was measured using a luminometer. (D) HEK293T cells were transiently

transfected with DNA constructs described in (C) and after 24 h,HSPA5,CRELD2, and SULF1mRNA levels measured by real-time RT-PCR. All samples were normalized to

b-actin levels. mRNA levels are presented as fold increase over the value obtained in control cells transfected with the UPRplus WT version. In (C) and (D), the mean and

standard error are presented for three independent experiments. Statistical analysis was performed using Dunnett’s multiple comparison test. *p < 0.05, **p < 0.01.
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and 10). These results support the idea that UPRplus might bind to
DNA as a single molecule.

Several studies have mapped the domains required for DNA bind-
ing,74–76 in addition to the possible theoretical regions needed for
homotypic dimerization of bZIP transcription factors.77,78 These do-
mains are overlapped in the primary structure of ATF6f and XBP1s
(Figure 2B). To inactivate one of the two transcription factors con-
tained in UPRplus, we generated specific point mutations in the
DNA binding domains of ATF6f and XBP1s present in the UPRplus
sequence to then evaluate the effects in their transcriptional activity
(Figures 2B and S2B). We mutated conserved single polar amino
acid residues by replacing them with uncharged residues (K122L
1866 Molecular Therapy Vol. 29 No 5 May 2021
for XBP1s, and K315T, N316A, or R317A for ATF6f) (Figures S2B
and S2C). A homology model using as a template the 5T01 coordi-
nates (human c-Jun bound to DNA) predicted that K315T, N316A,
and R317A mutations are located at the DNA binding region of
ATF6, together with the K122L mutation at the DNA binding region
of XBP1s (Figure S2D).

Remarkably, a 50% reduction in the UPRE-luciferase activity was
observed when the N316Amutation was introduced to UPRplus (Fig-
ure 2C; see the expression of mutants in Figures S2E and S2F).
Furthermore, the K315T, N316A, and R317A mutations also dimin-
ished the transcriptional activity of UPRplus when the mRNA levels
of HSPA5, CREDL2, and SULF1 were measured using real-time RT-
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PCR (Figure 2D). These results further support the idea that UPRplus
regulates gene expression through intramolecular dimerization of the
XBP1s and ATF6f domains within the fusion protein.

UPRplus expression reduces abnormal protein aggregation in

cell-based models

Accumulating evidence support a functional role of the UPR in
reducing abnormal protein aggregation in different neurodegenera-
tive diseases.7,31–33 Thus, we decided to compare the anti-aggregation
activity of UPRplus with XBP1s and ATF6f in cell culture models of
proteinopathies. We first expressed a peptide containing 79 polyglut-
amine fused to EGFP (polyQ79-EGFP) in the neuroblastoma cell line
Neuro2A. We transiently co-expressed polyQ79-EGFP together with
UPRplus, XBP1s, ATF6f, or control vector, and then examined the ag-
gregation levels by western blot and filter trap. A decrease in the accu-
mulation of high molecular weight (HMW) and detergent-insoluble
polyQ79-EGFP species was detected when all three constructs were
tested using both assays (Figures 3A–3D). Importantly, the inhibitory
effects of UPRplus in the accumulation of polyQ79-EGFP aggregates
were more potent than ATF6f or XBP1s alone (Figures 3A–3D and
S6A). Virtually identical results were obtained when we quantified
the presence of intracellular polyQ79-EGFP inclusions using fluores-
cence microscopy (Figure 3E). We then compared the efficacy of UP-
Rplus in reducing polyQ79-EGFP aggregation with the co-expression
of XBP1s and ATF6f using the DOX-TMP inducible system (Fig-
ure S1D). Remarkably, UPRplus expression was more efficient in
reducing abnormal protein aggregation when compared with the
co-expression system (Figure S1D).

We then evaluated the possible effects of UPRplus on the aggregation
of other disease-related proteins. We co-expressed human a-synu-
clein together with UPRplus or control vectors in HEK293T cells
and examined the aggregation levels by western blot. UPRplus expres-
sion induced a significant decrease of a-synuclein aggregation levels,
in addition to a tendency in reducing its monomeric form (Figures 3F
and 3G). Unexpectedly, the expression of XBP1s or ATF6f alone did
not modify the levels of a-synuclein aggregation (Figures 3F and 3G).

We then explored the consequences of mutating the DNA binging
interphase of UPRplus on the aggregation of polyQ79-EGFP. A slight
Figure 3. UPRplus expression reduces mutant huntingtin and a-synuclein agg

(A and B) Neuro2A cells were transiently co-transfected with expression vectors for polyQ

(B), polyQ79-EGFP detergent-insoluble aggregates were measured in cell extracts prepa

control. Left panel: high molecular weight (HMW) polyQ79-EGFP aggregates were quan

filter trap assay after 24 (C) or 48 h (D) of transfection (right panel). Left panels: polyQ

intracellular inclusions were quantified after 48 h of expression by fluorescence micro

intracellular inclusions was quantified in a total of at least 300 cells per experiment. (F) HE

RFP (a-syn) together with expression vectors for UPRplus, ATF6f, XBP1s, or empty vect

1% Triton X-100 by western blot (upper panel). Middle panel: higher exposure of the upp

loading control (lower panel). (G) a-Syn-RFP HMW species (left panel) and a-syn mono

with expression vectors for polyQ79-EGFP together with empty vector (control), UPRplu

accumulation of polyQ79-EGFP intracellular inclusions was visualized by fluorescence m

intracellular inclusions was quantified in a total of at least 300 cells per experiment. In (A)–

In (G), four independent experiments were quantified. Statistical analysis was performe
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but significant reduction in the accumulation of polyQ79-EGFP inclu-
sions was observed when the different pointmutants of UPRplus were
tested (Figures 3H and S3A). Similar results were obtained when pro-
tein aggregation of polyQ79-EGFP was determined by western blot
(Figure S3B). Overall, our results suggest that the expression of the
UPRplus fusion construct has a stronger biological activity in
reducing abnormal protein aggregation when compared to single
XBP1s or ATF6 molecules.

UPRplus remodels the proteostasis network toward improving

protein folding

To assess global changes in gene expression triggered by UPRplus, we
performed quantitative proteomics using tandem mass tags for rela-
tive protein quantification and multi-dimensional protein identifica-
tion technology (MuDPIT).79 We transfected UPRplus, XBP1s,
ATF6f constructs, or empty vector in HEK293T cells followed by pro-
teomic analysis after 48 h. The expression of a total of 123 proteins
was identified to be modulated showing a q value <0.15 and a mini-
mum log2 >0.1-fold change (Tables S1 and S2). We observed a low
correlation between the changes in the proteome triggered by UP-
Rplus with the ones induced by ATF6 (R2 = 0.51), highlighting the up-
regulation of several factors involved in protein folding (Figure 4A).
We also correlated the proteome changes induced by UPRplus and
XBP1s, observing even a lower correlation compared with ATF6
(R2 = 0.31), suggesting the induction of distinct patterns of gene
expression.

We then determined the top genes upregulated by UPRplus (Figures
4B and 4C) that may operate as effectors of its anti-aggregation
activity. We selected the first six top hits for further validation and
determined themRNA levels using real-time RT-PCR. From these ex-
periments, we were able to confirm a strong upregulation of PDIA4 (a
protein disulfide isomerase known as ERp72), HSP90B1 (also known
as GRP94), HSPA5 (known as BiP), PSMB7 (proteasome 20S subunit
beta 7), and HYOU1 (known as GRp170, ORP-150, or HSP12A),
whereas the mRNA levels of ANP32C (an Hsp90 client, also known
as pp32r1) were not altered (Figure 4D). As a control, cells were
also stimulated with the ER stressor tunicamycin to confirm their
regulation by ER stress (Figure 4D). Analysis of the proximal pro-
moter regions of these five selected genes indicated the presence of
regation

79-EGFP and XBP1s, ATF6f, UPRplus, or empty vector (control). After 24 (A) or 48 h

red in Triton X-100 by western blot. Levels of Hsp90 were measured as the loading

tified. (C and D) PolyQ79-EGFP detergent-insoluble aggregates were measured by

79-EGFP aggregates were quantified. (E) In cells described in (A), polyQ79-EGFP

scopy (right panel). Scale bars, 20 mm. Left panel: the number of cells displaying

K293T cells were transiently co-transfected with expression vectors for a-synuclein-

or (control). After 48 h, a-syn aggregates were measured in cell extracts prepared in

er panel highlighting HMW species of a-syn. Levels of Hsp90 were monitored as the

mers (right panel) were quantified. (H) Neuro2A cells were transiently co-transfected

s WT, or the UPRplus mutants K122L, K315T, N316A, and R317A. After 48 h, the

icroscopy (right panel). Scale bars, 100 mm. Left panel: the number of cells displaying

(G), the mean and standard error are presented for three independent experiments.

d using Dunnett’s multiple comparison test. *p < 0.05, **p < 0.01).
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Figure 4. UPRplus expression remodels proteostasis pathways

(A) Quantitative proteomics was performed in protein extracts from HEK293T cells infected for 48 h with the following viral particles: AAV-UPRplus, AAV-XBP1s, AAV-ATF6f,

or AAV-empty (vehicle). The data were analyzed and plotted of log2 fold change (FC) for proteins identified in MuDPIT analysis. Plot showing the correlation between gene

expression in cells expressing UPRplus or ATF6f (upper panel) and UPRplus or XBP1s (bottom panel). Only genes whose expression is significantly affected (false discovery

(legend continued on next page)
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canonical ER stress-response element (ERSE) I (CCAAT-N9-CCAC)
and ERSE II (ATTGG-N1-CCACG) on a range of 15 kb upstream of
the transcription start site (TSS)80,81 (Figure S4A). Moreover, we
determined the transcription factor binding motifs to XBP1s and
ATF6f present in the promoter region of the five selected genes using
the FIMO (Find Individual Motif Occurrences) tool and the CIS-BP
repository and found several sites for both XBP1s and ATF6f on
different positions upstream of the TSS. We identified putative bind-
ing sites where ATF6f, XBP1s, or both could bind to the promoter re-
gions for each gene (Figures S4B–S4D).

To define the possible contribution of the genes identified to be regu-
lated by UPRplus at the functional level, we performed knockdown
experiments using a pool of small interfering RNAs (siRNAs) and
confirmed their efficacy using HEK293T cells (Figure S5A). Next,
we transfected different siRNAs followed by the expression of
polyQ79-EGFP to measure the aggregation levels. A significant in-
crease in the accumulation of polyQ79-EGFP aggregates was observed
when HSPA5 (BiP) or PSMB7 were knocked down (Figure 4E). To
control transfection efficiency, we monitored the mRNA levels of
EGFP (Figure S5B). These results suggest that the upregulation of
the ER chaperone BiP and the proteasome subunit PSMB7 may
contribute to improve proteostasis and reduce abnormal protein ag-
gregation in cells expressing UPRplus.

UPRplus reduces mHtt aggregation in vivo

Gene therapy strategies to deliver the active forms of ATF6f or XBP1s
have proven to be beneficial in various disease models (reviewed in
Valenzuela et al.35). To test the therapeutic potential of UPRplus
in vivo in the context of neurodegenerative diseases, UPRplus,
XBP1s, ATF6f, or empty vector were packed into adeno-associated
virus (AAV) using serotype 2 to transduce neurons in vivo. We
validated the activity of these viral particles using primary cortical
neurons, by adding the viral particles at 1 day of culture and to
then monitor the expression of UPR target genes. We observed a
strong upregulation of HspA5, HerpUD1, Credl2, and Hyou1
mRNA levels in neurons expressing UPRplus (Figure 5A). In sharp
contrast, expression of XBP1s or ATF6f alone resulted in poor induc-
tion in primary neuronal cultures when compared to UPRplus (Fig-
ure 5A; see controls in Figure S6B).

To test the efficacy of UPRplus on reducing protein aggregation
in vivo, we delivered the constructs to a viral mouse model of HD
rate [FDR] < 0.01) are shown. (B) Heatmap analysis showing differential protein expressio

blue indicates high to low expression. (C) Volcano plot showing the correlation between

(vehicle) viral particles. Only genes whose expression is significantly affected (FDR <

monitored in HEK293T cells infected with AAV-empty (control) or AAV-UPRplus viral pa

real-time RT-PCR. As a positive control, cells were treatedwith 1 mg/mL tunicamycin (Tm

fold increase over the value obtained in the control condition. (E) HEK293T cells were

UPRplus. A scrambled siRNA (siScr) was used as a control. 24 h later cells were transfe

24 h of expression. Levels of Hsp90were analyzed as a loading control. Bottom panel: po

mean and standard error are presented of three independent experiments. Statistical ana

***p < 0.001.

1870 Molecular Therapy Vol. 29 No 5 May 2021
based on the expression of a mHtt fragment correspond to the first
588 aa that contain a track of 95 glutamines fused to monomeric
red fluorescent protein (RFP).36,82 This construct was delivered to
the striatum using AAV serotype 2 (termed AAV-Htt588Q95-
mRFP). We co-injected AAV-Htt588Q95-mRFP particles together
with AAV-UPRplus, AAV-ATF6f, AAV-XBP1s, or empty vector
into the right striatum of adult mice (3 months old) using stereotaxis.
After 3 weeks post-injection, the expression of UPRplus resulted in a
significant decrease in Htt588Q95-mRFP aggregation levels assessed
using western blot from dissected striatal tissue (Figures 5B and
S10). In this setting, the local expression of ATF6f also resulted in a
similar reduction of mHtt aggregation (Figures 5B and S10). Unex-
pectedly, XBP1s expression did not have clear effects under these
experimental conditions (Figures 5B and S10), which might be due
to the use of different titers and AAV purification systems, in addition
to differences in the DNA constructs compared to our previous study
(i.e., human versus mouse cDNA, the use of HA tag, and the presence
of a GFP cassette).

We moved forward and tested the possible effects of UPRplus on the
mHtt levels using transgenic mice that express the full-length protein
containing a track of 128 glutamines including the endogenous pro-
moter on a yeast artificial chromosome (known as YAC12883). We
performed bilateral stereotaxic injection of AAV-UPRplus, AAV-
ATF6f, AAV-XBP1s, or empty vector (control) into the striatum of
3-month-old YAC128 mice. Four months after the injection, animals
were euthanized, and the striatal tissue was dissected for biochemical
analysis using an anti-polyQ antibody that only recognizes mutant
but not wild-type (WT)Htt.We confirmed the expression of all trans-
genes in striatal tissue derived from YAC128-injected mice
(Figure S6C). Remarkably, the expression of UPRplus led to a 50%
reduction in the levels of full-length mHtt (Figure 5C). Unexpectedly,
with the viral titers and time point used in this experiment, the deliv-
ery of ATF6f or XBP1s into the brain of YAC128 mice did not alter
mHtt levels (Figure 5C).

To complement our studies, we validated our results on a third animal
model of HD, the R6/2 mice, a transgenic line that expresses exon 1 of
human huntingtin containing ~150 CAG repeats,84 which allows the
visualization of intracellular mHtt inclusions. 4-week-old mice were
bilaterally injected with AAV-XBP1s, AAV-ATF6f, AAV-UPRplus,
or AAV-empty into the striatum, followed by tissue immunofluores-
cence analysis of the brains 6 weeks later (Figure 5D). We observed a
n patterns in ATF6f, XBP1s, or UPRplus overexpression conditions. Color from red to

protein expression of HEK293T cells infected with AAV-UPRplus versus AAV-empty

0.01) are shown. (D) The mRNA levels of selected UPR-upregulated genes were

rticles. After 48 h the relative mRNA levels of the indicated genes were measured by

) for 8 h. All samples were normalized to b-actin levels. mRNA levels are expressed as

transiently transfected with siRNA against the six top gene genes upregulated by

cted with a polyQ79-EGFP expression vector followed by western blot analysis after

lyQ79-EGFP highmolecular weight (HMW) specieswere quantified. In (D) and (E), the

lysis was performed using Dunnett’s multiple comparison test. *p < 0.05, **p < 0.01,
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Figure 5. UPRplus expression decreases mutant huntingtin aggregation in vivo

(A) Primary cortical neurons were infected at 1 day in vitro (DIV) with adeno-associated virus (AAV) encoding for UPRplus, ATF6f, XBP1s, or empty vector (control). After 6 DIV,

expression levels of UPR-target genes were measured by real-time RT-PCR. All samples were normalized to b-actin levels. mRNA levels are expressed as fold increase over

the value obtained in control cells infected with AAV-empty (control). (B) Three-month-old WT mice were co-injected into the striatum by stereotaxis with a mixture of AAVs

encoding a mHtt construct (Htt588Q95-mRFP) together with AAV-UPRplus, AAV-XBP1s, AAV-ATF6f, or AAV-mock (control). Schematic representation of the experimental

strategy is shown (left panel). Animals were then euthanized at 2 weeks post-injection and brain striatum tissue was dissected for western blot analysis using an anti-polyQ

antibody. b-Actin levels were analyzed as a loading control (middle panel). HMWmHtt aggregates were quantified and normalized to b-actin levels (right panel) (AAV-mock,

n = 4; AAV-UPRplus, n = 4; AAV-XBP1s, n = 4; AAV-ATF6f, n = 4). (C) Three-month-old YAC128 mice were injected into the striatum with AAV-UPRplus, AAV-ATF6f, AAV-

XBP1s, or AAV-mock vector (control) using bilateral stereotaxis surgery. Schematic representation of the experimental strategy is shown (left panel). Four weeks later the

striatum region was dissected and mHtt aggregation levels were analyzed by western blot using an anti-polyQ antibody (middle panel). mHtt aggregate levels were quantified

and normalized to Hsp90 levels (right panel). In (B) and (C), themean and standard error are presented for the analysis of four animals per group. (D) R6/2micewere injected at

4 weeks of age with a mixture of AAV-EGFP and AAV-XBP1s (n = 4), AAV-ATF6f (n = 4), AAV-UPRplus (n = 4), or AAV-mock (control) (n = 3) into the striatum using bilateral

stereotaxis (left panel). Four weeks after injection, the brain was extracted and coronal slices from the striatum were obtained. mHtt was detected using the anti-huntingtin

EM48 antibody (red) by fluorescence microscopy (red). EGFP expression was monitored as control for the injection (green). Nuclei were stained using DAPI (blue) (scale bars,

20 mm) (right panel). (E) High-resolution images of the slices were obtained and quantification of mHtt was performed using ImageJ software. The quantification of the number

of mHtt inclusions was performed by total area. Statistical analysis was performed using Dunnett’s multiple comparison test. *p < 0.05, **p < 0.01.
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significant reduction in the number of mHtt-positive inclusions in
mice injected with AAV-UPRplus (Figure 5D). Quantification of
these experiments indicated a reduction of nearly 40% in the brains
of R6/2 mice treated with AAV-UPRplus, whereas the expression of
either XBP1s or ATF6f alone did not have a significant effect (Fig-
ure 5E). Taken together, these results validate the activity of UPRplus
in reducing aggregation-prone protein of UPRplus in vivo using three
different models of HD .
UPRplus protects dopaminergic neurons in a pharmacological

model of PD

ER stress has been suggested as a relevant factor mediating dopami-
nergic neuron loss in various models of PD (reviewed in Martinez
et al.85), including the use of pharmacological agents that mimics
PD features in mice (see published examples86–89). At the functional
level, previous studies indicated that the local injection of recombi-
nant viruses to express XBP1s into the substantia nigra pars compacta
Molecular Therapy Vol. 29 No 5 May 2021 1871
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Figure 6. UPRplus protects dopaminergic neurons in a preclinical model of PD

(A) Experimental design to evaluate the effects of UPRplus in a pharmacological PD model. Animals were injected with AAV particles expressing UPRplus or control vectors

into the substantia nigra pars compacta (SNpc) using brain stereotaxis. Two weeks later, animals were exposed to 6-OHDA into the striatum followed by behavioral and

histological analyses 1 week later. (B) The expression of UPRplus was monitored in the brain using immunohistochemistry with an anti-HA antibody (scale bars, 200 mm). (C)

Immunofluorescence analysis of tyrosine hydroxylase (TH; red) and BiP (green) was performed in brain tissue derived from AAV-mock-injected (upper) or AAV-UPRplus-

injected (bottom) animals. Hoechst staining of the nucleus was also performed. The third panel showsmerged images of the three stainings (scale bars, 200 mm). Right panel

shows high magnification of the white square region of merged images. (D) Three-month-old WT mice were injected with AAV-UPRplus, AAV-ATF6f, AAV-XBP1s, or AAV-

mock (control) into the SNpc and then exposed to 6-OHDA as described in (A). Quantification of the percentage of contralateral touches relative to total touches (both

forepaws) obtained before and 1week after the injection of 6-OHDA (before and after 6OHDA) is indicated. Data represent the mean and standard error of six to eight animals

per group. (E) Immunohistochemistry analysis was performed in striatal sections from animals described in (D) to quantify 6-OHDA-induced denervation in both injected (6-

OHDA) and non-injected (control) hemispheres (scale bar, 1 mm) (left panel). The integrated density of pixel intensity was calculated from images of anti-TH immunohis-

tochemistry covering the entire striatum and expressed as the percentage of TH loss relative to the control side. Data represent the mean and standard error from six to eight

animals per group (right panel). (F) Immunohistochemistry analysis was performed inmidbrain sections frommice described in (D) to quantify 6-OHDA-induced dopaminergic

neuronal loss in both injected (6-OHDA) and non-injected (control) sides (scale bar, 1 mm) (left panel). The total content of TH-positive somas was measured in midbrain

(legend continued on next page)
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(SNpc) reduces the degeneration of dopaminergic neurons triggered
by PD-inducing neurotoxins,41,42 whereas ATF6 deficiency exacer-
bates the rate of neuronal loss.90,91 Thus, we moved forward and eval-
uated the potential therapeutic effects of UPRplus in a model of PD
in vivo. We injected AAV-UPRplus, AAV-XBP1s, AAV-ATF6f, or
empty vector into the SNpc by stereotaxis. After 14 days of expres-
sion, neuronal degeneration was induced by the unilateral injection
of 6-hydroxydopamine (6-OHDA) into the striatum followed by his-
tological analysis 1 week later (see schema in Figure 6A). We
confirmed the expression of UPRplus in the SNpc using an anti-
HA antibody (Figure 6B), in addition to the upregulation of BiP in
dopaminergic neurons (Figure 6C).

We evaluated the impact of UPRplus in themotor coordination of an-
imals injected with 6-OHDA using the cylinder test to evaluate loco-
motor asymmetry of injected mice. Administration of UPRplus in the
SNpc reduced motor impairment caused by the 6-OHDA lesion (Fig-
ure 6D), observing an ~50% recovery (Figure S7A). These beneficial
effects were not observed when equal titers of AAV-XBP1s or AAV-
ATF6f were injected under the same experimental conditions (Fig-
ure 6D). As a control for the injection of 6-OHDA, the levels of striatal
denervation were monitored using tyrosine hydroxylase (TH) stain-
ing. Similar levels of striatal denervation were detected in all experi-
mental groups (near 80% loss) (Figure 6E), indicating the equivalent
efficiency of the neurotoxin in all experimental groups.

To determine the possible neuroprotective effects of UPRplus in vivo,
we quantified the number of dopaminergic neurons located in the
entire SNpc region using serial section images. A global reduction
in the number of neurons was observed when UPRplus was adminis-
trated to the SNpc (Figures S7B and S7C). The administration of 6-
OHDA led to a 40% reduction in the total number of dopaminergic
neurons (Figure 6F). In this model, neurotoxicity was ameliorated
nearly 20%when AAV-UPRplus was delivered into the SNpc (Figures
6F, S7B, and S7C). In contrast, the expression of XBP1s or ATF6f re-
sulted in a slight protection when compared to UPRplus. Overall, no
toxicity of the AAV-UPRplus construct was observed when injected
into the SNpc (Figures S7 and S8).

To complement our results, we evaluated the possible effects of UP-
Rplus on the levels of a-synuclein aggregation using an idiopathic
model of PD that does not rely on overexpression (Figure 6H). This
animal model is based on the aggregation and spreading of endoge-
nous a-synuclein triggered by the intracerebral injection of pre-
formed fibrils (PFFs) of recombinant a-synuclein.92 We confirmed
sections covering the entire SNpc, in the non-injected (control) and injected (6-OHDA) sid

per group (right panel). (G) The expression of BiP was monitored in the brain obtained

6 months (upper panel) or 1 year (bottom panel) using immunohistochemistry with an an

of UPRplus in an idiopathic PD model. Animals were injected with PFF a-synuclein int

UPRplus or control vectors into the SNpc followed by histological analysis 1.5months lat

(scale bar, 100 nm). (J) Immunohistochemical analysis of the phosphorylated a-synuclein

the p-a-syn levels (integrated density) covering SNpc region. Values are expressed as the

(right panel). Statistical analysis was performed using Dunnett’s multiple comparison te
the required size distribution of the fibrils by electron microscopy
(Figure 6I) followed by quantification (Figure S9A), in addition to as-
sessing its aggregation capacity after exposure of primary cultures of
cortical neurons to PFFs (Figure S9B). Then, we injected a-synuclein
PFFs into the striatum of mice followed by the injection of AAVs
6 weeks later at the SNpc. This strategy resulted in the spreading of
a-synuclein from the striatum to the SNpc as measured by increased
levels of phosphorylated a-synuclein at Ser129 (a marker of its aggre-
gation) (Figure 6J). Remarkably, the expression of UPRplus at the
SNpc significantly reduced the content of phosphorylated a-synu-
clein. Under the same experimental conditions, ATF6f expression
had a similar capacity to reduce a-synuclein aggregation, whereas
XBP1s alone did not have a significant effect (Figure 6J).

To increase the translational value of this study, we also performed
long-term experiments to determine the stability of the UPRplus
construct and possible toxicity by analyzing animals after 6 or
12 months of injection. We observed low levels of toxicity and a
detectable expression of UPRplus in the two time points tested (Fig-
ure S8A). Also, we were able to detect the presence of the UPRplus,
XBP1s, or ATF6f construct in the nucleus and the upregulation of
BiP in the injected side (Figures 6G and S8B). After 1 year of injection,
UPRplus presented a higher capacity to induce BiP at the SNpc when
compared to XBP1s or ATF6f alone (Figures 6G).

Overall, these results suggest that our gene transfer strategy to deliver
UPRplus into selective brain areas has a higher potency in reducing
signs of neurodegeneration when compared to XBP1s or ATF6f
alone.

DISCUSSION
The UPR is the main cellular pathway governing adaptive mecha-
nisms to reestablish proteostasis of the secretory pathway following
an ER insult. To study the functional significance of the ATF6f/
XBP1s heterodimer, we generated a strategy to enforce the expression
of an artificial fusion construct that might increase the physical intra-
molecular interaction between both UPR transcription factors do-
mains. Our results provide the first in vivo evidence indicating that
the concerted action of XBP1s and ATF6s triggers transcriptional
changes that are potentiated to enhance the capacity of cells to reduce
abnormal protein aggregation and sustain cell survival in disease set-
tings. Although both ATF6f and XBP1s regulate partially overlapping
sets of target genes (i.e., ERAD components13,20), the expression of
UPRplus was highly selective for genes involved in protein folding
and protein degradation.
e, for each group. Data represent the mean and standard error from 6 to 10 animals

from AAV-UPRplus-, AAV-ATF6f-, AAV-XBP1s-, or AAV-mock-injected animals for

ti-BiP antibody. (scale bars, 100 mm). (H) Experimental design to evaluate the effects

o the striatum using brain stereotaxis. 1.5 months later, animals were injected with

er. (I) Transmission electronic microscopy of sonicated a-synuclein-aggregated fibrils

(p-a-syn) levels in the SNpc region (scale bars, 100 mm) (left panel). Quantification of

average and standard error. Mock, n = 9; UPRplus, n = 9; XBP1s, n = 9; ATF6f, n = 6

st. *p < 0.05, **p < 0.01, ***p < 0.001.
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Although the contribution of XBP1s and ATF6f to proteostasis bal-
ance is well established, organisms and tissues that are genetically ab-
lated for these UPR transcription factors have divergent phenotypes.93

Mice lacking XBP1 are embryonic lethal, and conditional deficiency of
XBP1 has demonstrated central roles in plasma cell differentiation, the
function of salivary glands, and the exocrine pathway, in addition to
liver biology and other functions.14 In contrast, mice lacking ATF6a
develop normally20 and do not show altered B cell function,94 but
the removal of the two mammalian homologs ATF6a and ATF6b is
embryonically lethal.20,95 However, under experimental ER stress,
ATF6a knockout animals develop liver steatosis, resulting in
lethality.96,97 These findings suggest that the combined function of
XBP1s and ATF6f activities may have non-overlapping consequences
on the proteostasis network in a tissue-specific manner.

Although UPR signaling has a dual role by inducing repair programs
and apoptosis, gene expression reprogramming by XBP1s or ATF6f in
mammals is exclusively linked to pro-survival outputs. Chronic ER
stress has been linked to a series of degenerative conditions affecting
the brain, in addition to metabolic diseases (obesity and diabetes),
ischemia-reperfusion, eye disease, and chronic inflammation, among
other pathological conditions.4,7,98 Thus, the UPR and, more specif-
ically, ATF6f and XBP1s represent interesting candidates for drug dis-
covery; however, most compounds available targeting these pathways
are inhibitors.29 In general, these small molecules have been devel-
oped to ablate the pro-survival effects of the UPR signaling in models
of cancer because the pathway confers a selective force to drive onco-
genic transformation and sustain tumor growth.99,100 Small mole-
cules to activate and inhibit the PERK/eIF2a pathway have been
also developed; however, due to the complex nature of the effector
outputs of this signaling branch (e.g., prosurvival, apoptosis, meta-
bolism, and global protein synthesis control, among others), side ef-
fects of such treatments are difficult to predict.101 Small molecules
that inhibit protein disulfide isomerases have been shown to activate
ATF6, resulting in promising therapeutic effects in models of brain
and heart ischemia-reperfusion.53,79,102 XBP1s activators were
recently reported; however, these drugs were not tested in vivo.103

Thus, gene therapy to deliver active UPR components into specific tis-
sues is emerging as an attractive strategy to enforce the UPR adaptive
response and also target specific tissues in a restricted manner, avoid-
ing the chronic and systemic administration of small molecules.35

Our results suggest that the combination of XBP1s andATF6 as fusion
proteins has broad potential in reducing abnormal protein aggrega-
tion. We choose HD and PD models for the proof of concept because
mHtt anda-synuclein expression perturb the function of the secretory
pathway and ER stress feedback to enhance abnormal protein aggre-
gation104 (reviewed in Hetz and Saxena,32 Smith and Mallucci,33

and Hoozemans et al.105). Unbiased studies using yeast screenings
demonstrated thata-synuclein abnormally interacts withRab1, block-
ing ER to Golgi trafficking with resultant ER stress.106–108 a-Synuclein
aggregates are also present at the ER lumen and form abnormal com-
plexes with BiP.109–111 Interactome studies revealed that mHtt blocks
ERAD through a physical interaction, leading to chronic ER
1874 Molecular Therapy Vol. 29 No 5 May 2021
stress.112,113 Finally, gene expression profiling also demonstrated
that ER stress is the major pathological signature triggered by 6-
OHDA and other neurotoxins.87,88 UPRplus was effective in
improving the survival of dopaminergic neurons at the SNpc in a phar-
macological model of PD and reduced a-synuclein aggregation in an
idiopathic PD model. In the context of gene therapy applications, PD
is one of the main neurodegenerative diseases that promise positive
outcomes for disease intervention because the neuronal populations
affected are in part restricted to the SNpc, which is suitable for efficient
transduction with recombinant AAVs.114,115 Multiple reports have
demonstrated that ER stress is a major driver of dopaminergic neuron
degeneration in PD.116,117 Markers of ER stress are detected in human
postmortem tissues from PD patients,118,119 which can be even
observed in incidental cases that presented Lewy body pathology.120

Previous studies indicated that the ectopic expression of XBP1 into
the SNpc using AAVs or lentiviruses provides partial protection
against neurodegeneration in PD models.41,42 Our experiments were
designed to see protection with UPRplus, and under the same condi-
tions compare the effects with those of expressing either XBP1s or
ATF6f alone. Our aimwas to develop a novel “tool reagent” that forces
the heterodimerization between XBP1s and ATF6f. It is most likely
that when the co-expression of XBP1 and ATF6f is performed, most
of the protein complexes formed in the cell are homodimers between
XBP1s or ATF6f, and a small fractionmay form heterodimers. The af-
finities between homodimers are predicted to be higher than hetero-
dimers, although this has not been tested. Our experimental approach
is the first direct attempt to determine the biological activity of the het-
erodimer and also showed that it has therapeutic potential. Previous
data are correlative in terms of assigning a function to the ATF6-
XBP1s heterodimer. Our results indicate that UPRplus has a stronger
effect in reducing neuronal loss in PD models, in addition to full-
lengthmHtt aggregation, when compared with XBP1s or ATF6f alone
under the same experimental conditions. BiP is a major ER chaperone
that globally enhances the capacity of cells to cope with ER stress.121

The function of BiP has been proposed as a protective factor in PD
models, and gene therapy to overexpress BiP using AAVs alleviated
dopaminergic neuron loss and reduced a-synuclein aggregation
in vivo.91,122 In addition, the delivery of AAV-BiP into the retina
improved cell survival and functionality in an animalmodel of retinitis
pigmentosa due to the expression of mutant rhodopsin.123 Since BiP
was one of the major genes induced by UPRplus identified in our un-
biased proteomic screening, the ATF6f-XBP1s fusion protein might
have major effects in promoting protein folding to sustain proteosta-
sis. Overall, we have designed and validated a novel and powerful tool
to fine-tune gene expression and improve ER proteostasis with a ther-
apeutic gain by exploiting the cooperation between two major UPR
signaling branches.

MATERIALS AND METHODS
Plasmid constructs and transfection

DNA sequences encoding for the human ATF6f, XBP1s, and UP-
Rplus were synthesized de novo and cloned with the HA epitope
into the pAAV-cytomegalovirus (CMV) vector by Genewiz. The
linker sequence corresponds to LFG, 50-CTA GGT GGT GGT GGT
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TCG GGT GGT GGT GGT TCG GGT GGT GGT GGT TCG GCG
GCG GCG-30; LAHA, 50-CTA GCG GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA
GCG GCG GCG AAA GCG GCG GCG-30; and LF, 50-CTA TTT
AAT AAA GAA CAA CAA AAT GCG TTT TAT GAA ATA CTA
CAT CTA CCG AAT CTA AAT GAA GAA CAA CGT AAT GGT
TTT ATA CAA TCG CTA AAA GAT GAT CCG TCG CAA TCG
GCG AAT CTA CTA GCG GAA GCG AAA AAA CTA AAT
GAT GCG CAA GCG GCG GCG-30.

pAAV-mHttQ85-mRFP contains the first 588 aa of the Htt gene with
a tract of 85 glutamines, fused to mRFP, as previously reported.36 All
transfections were performed using Effectene reagent (QIAGEN) ac-
cording to the manufacturer’s instructions. DNA was purified with
QIAGEN kits. PolyQ79 tracks were in-frame N-terminal fusions of
GFP as previously described.124 a-Synuclein-WT-RFP vectors were
provided by Dr. Hiroyoshi Ariga. siRNA pools for HSP90B1,
HYOU1, PDIA4, HSPA5, PSBM7, and scramble (Scr) were pur-
chased from Santa Cruz, and transfections were made with Lipofect-
amine RNAiMAX transfection reagent from Invitrogen.

Homology modeling of the heterodimer

PDB: 5T01, that is, human c-Jun DNA-binding domain homodimer
in complex with methylated DNA, was selected as a template after an
initial search with NCBI BLAST125 against all PDB126 protein se-
quences with both sequences. Global alignments were performed
with NEEDLE127 using by-default parameters between each of the
transcription factors and each of the template sequences obtained
from PDBFINDER.128 These alignments were hand-curated and
then were used as input for SCWRL V4.129 For this analysis, we
used the fragment 306–367 for the human ATF6f sequence (Uni-
ProtKB: P18850) and the fragment 70–131 for the human XBP1s
sequence (UniProtKB: P17861).

ESpritz-based analysis of mobility

ESpritz is a predictor of disordered regions in protein sequences.
One of its three versions was trained to predict amino acids that
lack coordinates for all, or at least some, of their atoms in X-ray-
solved protein structures. ESpritz uses BRNNs (bidirectional recur-
rent neural networks), a type of neural network that “reads” whole
sequences to predict each of the elements in it, and thus it considers
the whole sequence to predict a property for each amino acid in it.
ESpritz was run with by-default parameters using its web server. We
analyzed the whole sequence of six UPRplus versions including the
HA tag.

Promoter region analysis

The promoter sequence was extracted 10 kb before the transcription
initiation site for the genes encoding for PDIA4, HSP90B1, HSPA5,
PSMB7, and HYOU1. Transcription factor-binding motifs (TFBMs)
were searched for the human XBP1 transcription factors and human
ATF6 using the CISBP library,130 which contains information about
transcription factors and their DNA-binding domains. The motif
format of this library was converted to MEME format, a format
accepted by the FIMO program, which scans a set of sequences to
search for individual matches to the motives provided.
RNA isolation, RT-PCR, and real-time PCR

Total RNA was prepared from tissues or cells placed in cold PBS using
TRIzol following the manufacturer’s instructions (Life Technologies).
The cDNA was synthesized with SuperScript III reverse transcriptase
(Life Technologies) using random primers p(dN)6 (Roche). Quantita-
tive PCR reactions were performed in a Bio-Rad CFX96 system using
the SYBR Green fluorescent reagent (Applied Biosystems, USA). The
relative amounts of mRNAs were calculated from the values of the
comparative threshold cycle by using b-actin as a control. RT-PCR
were performed using the following primers: for humans: HSPA5, 50-
GCCTGTATTTCTAGACCTGCC-30 and 50-TTCATCTTGCCAGC-
CAGTTG-30; CRELD2, 50-ACTGAAGAAGGAGCACCCCAAC-30

and 50-CACACTCATCCACATCCACACA-30; SULF1, 50-ATT-
CAAGGAGGCTGCTCAGG-30 and 50-TGTCATGCGTGAAGCA
AGTG; PDIA4, 50-TGCCGCTAACAACCTGAGAG-30 and 50-
TCCATGGCGAACTTCTTCCC-30; HSP90B1, TCCATATTCGTCA
AACAGACCAC-30 and 50-CTGGGACTGGGAACTTATGAATG-30;
PSMB7, 50-TTTCTCCGCCCATACACAGTG-30 and 50-AGCACCT-
CAATCTCCAGAGGA-30; ANP32C, 50-AACGACTACGGAGAA
AACGTG-30 and 50-CCTTGTGGTCCCAGTAACAGC-30; b-actin,
50-GCGAGAAGATGACCCAGATC-30 and 50-CCAGTGGTACGGC-
CAGAGG-30; for mice: HspA5, TCATCGGACGCACTTGGAA-30

and 50-CAACCACCTTGAATGGCAAGA-30; HerpUD1, 50-CCCA-
TACGTTGTGTAGCCAGA-30 and 50-GATGGTTTACGGCAAA-
GAGAAGT-30; Creld2, 50-CAACACGGCCAGGAAGAATTT-30 and
50-CATGATCTCCAGAAGCCGGAT-30; Hyou1, 50-TGCGCTTCCA-
GATCAGTCC-30 and 50-GGAGTAGTTCAGAACCATGCC-30; b-ac
tin, 50-TACCACCATGTACCCAGGCA-30 and 50-CTCAGGAGGAG
AATGATCTTGAT-30; EGFP, 50-TCCTGGACGTAGCCTTCG-30

and 50-GGCAAGCTGACCCTGAAAGT-30; HA, 50-TAGACGTAA
TCTGGAACATCG-30.
Microscopy, western blot, and filter trap analysis

Neuro2A and HEK293T cells were obtained from ATCC and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% fetal bovine serum. 3 � 105 cells were seeded in
a six-well plate and maintained by the indicated times in DMEM
supplemented with 5% bovine fetal serum and non-essential amino
acids. We visualized and quantified the formation of intracellular
polyQ79-EGFP inclusions in living cells after transient transfection
using epifluorescence microscopy. Intracellular inclusions were
quantified using automatized macros done in ImageJ software.
These macros identify the cell total number using a low-intensity
threshold. The polyQ79 intracellular inclusions represent a saturated
spot and were identified in the same macros using a higher
threshold. Protein aggregation was evaluated by western blot in total
cell extracts prepared in 1% Triton X-100 in PBS containing prote-
ases and phosphatases inhibitors (Roche). Protein quantification was
performed with the Pierce bicinchoninic acid (BCA) protein assay
kit (Thermo Scientific).
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For western blot analysis, cells were collected and homogenized in ra-
dioimmunoprecipitation assay (RIPA) buffer (20 mM Tris [pH 8.0],
150 mM NaCl, 0.1% SDS, 0.5% Triton X-100) containing protease
and phosphatase inhibitors (Roche). After sonication, protein con-
centration was determined in all experiments by a micro-BCA assay
(Pierce), and 25–100 mg of total protein was loaded onto 8%–15%
SDS-PAGE mini gels (Bio-Rad, Hercules, CA, USA) prior to transfer
onto polyvinylidene fluoride (PVDF) membranes. Membranes were
blocked using PBS with 0.1% Tween 20 (PBST) containing 5% milk
for 60 min at room temperature and then probed overnight with pri-
mary antibodies in PBS with 0.02% Tween 20 (PBST) containing 5%
skimmed milk. The following primary antibodies and dilutions were
used: anti-GFP at 1:1,000 (Santa Cruz, catalog no. SC-9996), anti-
a-synuclein at 1:1,000 (Becton Dickinson [BD], catalog no.
610787), anti-polyQ at 1:1,000 (Sigma, catalog no. P1874), anti-
HSP90 at 1:2,000 (Santa Cruz, catalog no. SC-13119), anti-GAPDH
at 1:2,000 (Santa Cruz, catalog no. SC-365062), and anti-HA at
1:500 (Santa Cruz, catalog no. SC-805). Bound antibodies were de-
tected with peroxidase-coupled secondary antibodies incubated for
2 h at room temperature and the enhanced chemiluminescence
(ECL) system.

For filter trap assays, protein extracts were diluted into a final concen-
tration of SDS at 1% and were subjected to vacuum filtration through
a 96-well dot blot apparatus (Bio-Rad, Hercules, CA, USA) contain-
ing a 0.2-mm cellulose acetate membrane (Whatman, GE Healthcare)
as described in Torres et al. 131. Membranes were then blocked using
PBS with 0.1% Tween 20 (PBST) containing 5% milk and incubated
with primary antibody at 4�C overnight. Image quantification was
done with the Image Lab software from Bio-Rad.

HEK293 DAX cells were maintained in DMEM supplemented with
5% fetal bovine serum. 3 � 105 cells were seeded in a six-well plate
and maintained at indicated times in DMEM supplemented with
5% bovine fetal serum and non-essential amino acids. HEK293
DAX cells were treated for 16 h with DOX (1 mM) or TMP
(10 mM) to induce XBP1s or ATF6f, respectively.

EMSA

The nuclear extract was performed using the NE-PER kit (Thermo
Fisher Scientific). An EMSAwas performed using nuclear extracts ob-
tained fromHEK cells transiently transfected with pAAV-ATF6f-HA,
pAAV-UPRplus-HA, or pAAV-empty (control). After 48 h, 10 mg of
nuclear extracts was incubated with 200 fmol of 50-biotin-labeled
UPRE probe, 2 mL of 10� binding buffer, 1 mL of poly(dI/dC), and
1 mL of 50% glycerol in a volume of 20 mL. For the competition assay,
unlabeled or mutated probes were added to the reaction mixture
10 min before adding the labeled UPRE probe. The DNA-protein
complexes were separated in a 6% non-denaturing polyacrylamide
gel and were detected by western blot using an anti-biotin antibody.

Quantitative proteomics

HEK cells in six-well plates were infected with AAV-UPRplus, AAV-
XBP1s, AAV-ATF6f, or AAV-empty for 48 h. Lysates were prepared
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in RIPA buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 1% Triton X-
100, 0.5% sodium deoxycholate, and 0.1% SDS) containing proteases
and phosphatase inhibitor cocktails (Roche). After extract sonication,
protein concentration was determined by BCA (Thermo Fisher Scien-
tific). For each sample, 20 mg of lysate was washed by chloroform/
methanol precipitation. Samples for mass spectrometry analysis
were prepared as described.79 Air-dried pellets were resuspended in
1% RapiGest SF (Waters) and brought up in 100 mM HEPES (pH
8.0). Proteins were reduced with 5 mM Tris(2-carboxyethyl)phos-
phine hydrochloride (Thermo Fisher Scientific) for 30 min and alky-
lated with 10 mM iodoacetamide (Sigma-Aldrich) for 30 min at
ambient temperature and protected from light. Proteins were digested
for 18 h at 37�C with 0.5 mg of trypsin (Promega). After digestion, the
peptides from each sample were reacted for 1 h with the appropriate
TMT-NHS isobaric reagent (Thermo Fisher Scientific) in 40% (v/v)
anhydrous acetonitrile and quenched with 0.4% ammonium bicar-
bonate for 1 h. Samples with different TMT labels were pooled and
acidified with 5% formic acid. Acetonitrile was evaporated on a
SpeedVac, and debris was removed by centrifugation for 30 min at
18,000 � g. MuDPIT microcolumns were prepared as described.132

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis was performed using a Q Exactive mass spectrometer equip-
ped with an EASY nLC 1000 (Thermo Fisher Scientific). MuDPIT ex-
periments were performed by sequential injections of 0%, 10%, 20%,
30%,., 100% buffer C (500 mM ammonium acetate in buffer A) and
a final step of 90% buffer C/10% buffer B (20% water, 80% acetoni-
trile, 0.1% formic acid, v/v/v), and each step was followed by a
gradient from buffer A (95% water, 5% acetonitrile, 0.1% formic
acid) to buffer B. Electrospray was performed directly from the
analytical column by applying a voltage of 2.5 kV with an inlet capil-
lary temperature of 275�C. Data-dependent acquisition of MS/MS
spectra was performed with the following settings: eluted peptides
were scanned from 400 to 1,800 m/z with a resolution of 30,000
and the mass spectrometer in a data-dependent acquisition mode.
The top 10 peaks for each full scan were fragmented by higher energy
collisional dissociation (HCD) using a normalized collision energy of
30%, a 100-ms injection time, a resolution of 7,500, and scanned from
100 to 1,800 m/z. Dynamic exclusion parameters were one repeat
count, 30-ms repeat duration. Peptide identification and protein
quantification were performed using the Integrated Proteomics Pipe-
line Suite (IP2, Integrated Proteomics Applications, San Diego, CA,
USA) as described previously.79 TMT intensities were normalized
to global peptide levels, summed for proteins, and log2 transformed.
Differences in protein expression were expressed as log2 fold changes
between conditions and averaged across biological and technical rep-
licates (vehicle, n = 5; ATF6, n = 3; XBP1s, n = 3; UPRplus, n = 6). The
vehicle and UPRplus samples contained three technical replicates that
were distributed across three independent MuDPIT runs. Signifi-
cance of expression changes and q values were evaluated in GraphPad
Prism using multiple t tests and false discovery rate (FDR) correction
with the two-stage step-up method of Benjamini, Krieger, and Yeku-
tieli. The mass spectrometry proteomics data have been deposited in
the ProteomeXchange Consortium via the PRIDE133 partner
repositor.
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AAV vectors

All AAV (serotype 2) vectors were produced by triple transfection of
293 cells using a rep/cap plasmid and pHelper (Stratagene, La Jolla
CA, USA) and purified by column affinity chromatography as previ-
ously described.36,41,44,134

Animals and surgical procedures

Adult male C57BL/6J mice (3 months old) were injected with 2 mL of
virus AAV-Htt588Q95-mRFP or were co-injected with 2 mL of each vi-
rus AAV-Htt588Q95-mRFP andAAV-XBP1s, AAV-ATF6f, AAV-UP-
Rplus, or AAV-empty (control) in the right striatum, using the
following coordinates: +0.5 mm anterior, +2 mm lateral, and �3 mm
depth (according to the atlas of Franklin and Paxinos135), with a
1 mL/min infusion rate. The titer virus used was 1� 108 viral genomes
(VG)/mL for each of them. After 2 weeks mice were euthanized, and
brain tissues were dissected for western blot analysis.

We used as the HD model the full-length mHtt transgenic mice with
128 CAG repetitions termed YAC128,83 obtained from The Jackson
Laboratory. Mice were injected bilaterally in the striatum with 1 mL
per hemisphere of AAV-XBP1s, AAV-ATF6f, AAV-UPRplus, or
AAV-empty. The injection of AAVs suspension was performed at
two points of the striatal region using a 5-mLHamilton syringe (Ham-
ilton) using the following coordinates: +0.7 mm anterior, +1.7 mm
lateral, and �3 to 3.2 mm depth, with a 1 mL/min infusion rate.
Four weeks later, mice were euthanized and brain tissues were
dissected for western blot analysis.

For UPRplus overexpression in R6/2mice, 1-month-old animals were
used. For stereotactic injections, mice were anesthetized using isoflur-
ane and affixed to a mouse stereotaxic frame (David Kopf Instru-
ments). Mice were injected bilaterally in the striatum with 1 mL per
hemisphere of AAV-XBP1s, AAV-ATF6f, AAV-UPRplus, or AAV-
empty. The injection of AAVs suspension was performed at two
points of the striatal region using a 5-mL Hamilton syringe (Hamil-
ton) using the following coordinates: +0.7 mm anterior, +1.7 mm
lateral, and �3 to 3.2 mm depth, with a 1 mL/min infusion rate. After
6 weeks, mice were euthanized for histochemical analysis.

For UPRplus overexpression in the SNpc using AAVs, we used 3-
month-old male C57BL/6 mice. We injected 2 mL of virus unilaterally
in the right SNpc using the following coordinates: anteroposterior
(AP), �0.29 cm; mediolateral (ML), �0.13 cm; dorsoventral (DV),
�0.42 cm (according to the atlas of Franklin and Paxinos, Second
Edition, 2001). The titer virus used was 1 � 108 VG/mL for each of
them. After 2 weeks of viral vectors injection, the injection of 6-
OHDA was performed in a single point, injecting 8 mg in the right
striatum using the following coordinates: AP, +0.07 cm; ML,
�0.17 cm; DV,�0.31 cm (according to the atlas of Franklin and Pax-
inos Second Edition, 2001). Mice were euthanized 7 days after 6-
OHDA injections for histological analysis.

For generation of the PD idiopathic model, recombinant mouse
a-synuclein PFFs were generated as previously described.136 Briefly,
mouse a-synuclein protein was dissolved in PBS, the pH was adjusted
to 7.5, and subsequently the protein was filtered through 100-kDa
molecular weight (MW) cutoff filters and incubated with constant
agitation (1,000 rpm) for 5 days at 37�C. After incubation, the pellet,
containing the insoluble fibrils, was separated from the supernatant
by ultracentrifugation (100,000 � g, 30 min, 4�C), re-suspended in
PBS, and the fibrils were fragmented by sonication (5 s, 20% ampli-
tude, 1� pulse on and 1� pulse off, for four times on ice) to obtain
smaller seeds, aliquoted, and stored at�80�C until use. The presence
of amyloid-like fibrils was characterized by transmission electron
microscopy.

All experiments were performed in accordance with the guidelines set
by the Animal Care and Use Committee of the Faculty of Medicine at
the University of Chile, with approved animal experimentation pro-
tocol CBA#0488 FMUCH and CBA#0904 FMUCH.

Motor test

The cylinder test was performed to evaluate spontaneous motor
changes associated with dopamine depletion in the striatum of 6-
OHDA-injected mice. Animals were placed in a glass cylinder and
the number of times the mouse touched the glass wall with each fore-
paw was recorded for 5 min using a video camera. An animal injected
with 6-OHDA in the right striatum will touch more times with the
opposite paw (contralateral) because the toxin induces striatal dener-
vation of dopaminergic neurons and therefore dopamine depletion.
The analysis was performed by a researcher blinded for the experi-
ment. The result is plotted as the percentage of contralateral touches
relative to total touches with both forepaws.

Tissue preparation and analysis

Mice were euthanized by CO2 narcosis, after which brains were
rapidly removed, and the ventral midbrain, containing the entire sub-
stantia nigra, striatum, and cortex from both hemispheres, was
promptly dissected on an ice-cold plastic dish. The tissue was homog-
enized in 100 mL of ice-cold 0.1 M PBS (pH 7.4) supplemented with a
protease inhibitor cocktail (Roche). The homogenate was divided into
two fractions for further total mRNA and protein extraction, followed
by standard purification and quantification protocols. Protein extrac-
tion was performed in RIPA buffer (20 mM Tris [pH 8.0], 150 mM
NaCl, 0.1% SDS, 0.5% deoxycholate, and 0.5% Triton X-100) contain-
ing a protease and phosphatase inhibitor cocktail (Sigma-Aldrich).
Sample quantification was performed with the Pierce BCA protein
assay kit (Thermo Scientific). For western blot analyses, samples
were lysed, and extracts were loaded into SDS-PAGE gels and blotted
onto PVDF membranes. Membranes were incubated with primary
antibodies, followed by the incubation with secondary antibodies
tagged with horseradish peroxidase (HRP). The following antibodies
were used: Hsp90 (1:3,000; Santa Cruz), b-actin (1:3,000; Santa Cruz),
TH (1:2,000; Chemicon), HA (1:1,000; Abcam), GFP (1:3,000; Santa
Cruz) and anti-a-synuclein (1:1,000, BD Biosciences).

For RNA extraction and real-time PCR, total RNA was isolated from
ventral midbrain (containing entire SNpc), striatum, and cortex.
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After cDNA production, real-time PCR was performed in a Bio-Rad
CFX96 system using the SYBR Green fluorescent reagent (Applied
Biosystems, USA).

Tissue preparation and histological analysis

Mice were anesthetized and perfused through the ascending aorta
with isotonic saline solution followed by ice-cold 4% paraformalde-
hyde in 0.1 M PBS (pH 7.4). Brains were frozen and coronal sections
of 25 or 30 mm containing the rostral striatum and midbrain were cut
on a cryostat (Leica, Germany). Free-floating midbrain and striatal
tissue sections were stained following standard protocols.

For immunohistochemical analysis, sections were incubated over-
night at 4�C in blocking solution with anti-TH (1:2,500; Chemicon),
anti-phosphorylated (phospho-)a-synuclein 129 clone 81A antibody
(1:1,000, BioLegend), anti-EM48 (1:500; Chemicon), or anti-HA
(1:500; Roche) antibodies and developed with biotinylated secondary
anti-rabbit (1:500; Vector Laboratories) and an avidin-biotin-perox-
idase complex (ABC Elite kit; Vector Laboratories). For immunoflu-
orescence analysis, sections were incubated overnight at 4�C in
blocking solution with anti-TH (1:2,500; Chemicon) and anti-BiP
(1:1,000; Calbiochem) antibodies and detected using secondary Alexa
Fluor 488 anti-rabbit and Alexa Fluor 564 anti-mouse antibodies. Tis-
sue staining was visualized with an inverted microscope (Leica DMi8)
for scanning complete sections.

Estimation of the number of TH-positive neurons stained by immu-
nohistochemistry was performed manually by a researcher blinded to
the experiment. Results are expressed as the total number of TH-pos-
itive neurons per hemisphere. To determine the percentage of TH-
positive cell loss in the SNpc of 6-OHDA-injected mice, the number
of dopaminergic cells in the injected and non-injected side was deter-
mined by counting in a blinded manner the total number of TH-pos-
itive cells in midbrain serial sections containing the entire SNpc
(between the AP �0.29 and AP �0.35 cm coordinates)

Results are expressed as the percentage of TH-positive neurons in the
injected side compared with the non-injected side. In addition, for
striatum denervation quantifications, the images obtained by phase-
contrast microscopy from serial sections covering the entire striatum
were analyzed using ImageJ software (https://rsb.info.nih.gov/ij/).
The total integrated density per hemisphere in the area was quanti-
fied. Results are expressed as the percentage of integrated density in
the injected side compared with the non-injected side.

Statistical analysis

Results were statistically compared using the one-way ANOVA for
unpaired groups followed by Dunnett’s multiple comparison test. A
p value of <0.05 was considered significant (*p < 0.05, **p < 0.01,
***p < 0.001).
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Supplementary figure legends 

 

Table S1. Protein expression changes triggered by the expression of UPRplus, 

XBP1s, and ATF6f in HEK293T cells. Quantitative proteomics was performed in protein 

extracts from HEK293T cells infected for 48 h with the following viral particles: AAV-

UPRplus, AAV-XBP1s, AAV-ATF6f, or AAV-empty (vehicle). Fold change, q-value and 

Standard Deviation (SD) of 124 differential protein expression in each condition are 

showed. Color from red to blue indicates high to low expression. 

 

Table S2. Protein expression changes triggered by the expression of UPRplus, 

XBP1s, and ATF6f in HEK293T cells. Quantitative proteomics was performed in protein 

extracts from HEK293T cells infected for 48 h with the following viral particles: AAV-

UPRplus, AAV-XBP1s, AAV-ATF6f, or AAV-empty (vehicle). Raw data of differential 

protein expression in each condition are showed. 

 

Figure S1. Determination of ATF6f and XBP1s transcriptional activity and flexibility 

of UPRplus construct. (A) The mRNA levels of ERdj4 (left panel) or GRP94 (right panel) 

genes were monitored in HEK293T cells infected with AAV-empty (control), AAV-

UPRplus, AAV-XBP1s, AAV-ATF6f or AAV-XBP1s: AAV-ATF6f (1:1) viral particles. After 

48 h the relative mRNA levels of indicated genes were measured by real-time PCR. All 

samples were normalized to β-actin levels. mRNA levels are expressed as fold increase 

over the value obtained in the control condition. (B) Quantification of the average disorder 

probability of primary protein structure considering the six fusion proteins used between 

ATF6f and XBP1s. The 0.1 default ESpritz threshold employed to annotate residues as 

disordered with a 5% False Positive Rate. (C) HEK-Rex DAX cells were treated by 16 

hours with doxycycline (DOX) (1 uM), Trimethoprim (TMP) (10 uM) or both to induce the 

XBP1s or ATF6f respectively and transiently transfected with UPRplus, XBP1s, ATF6f 

or both XBP1s and ATF6f (A +X) vector. Relative mRNA levels of Sulf1 gene were 

measured by real-time PCR. All samples were normalized to β-actin levels. (D) polyQ79-

EGFP detergent-insoluble aggregates were measured in cell extracts describe in C 

prepared in Triton X100 by western blot (right panel). Levels of Hsp90 were measured 

as the loading control. Left panel: high molecular weight (HMW) polyQ79-EGFP 

aggregates were quantified. 

 

Figure S2. Expression levels and in silico structural analysis of UPRplus. (A) 

HEK293T cells were transiently transfected with HA-tagged expression vectors for 

UPRplus, ATF6f, XBP1s, or empty vector (control). After 48 h, cytosolic and nuclear 



extracts were analyzed by western blot using an anti-HA antibody. (B) The amino acid 

sequence of UPRplus including, ATF6f (blue), linker (yellow), and XBP1s (red) 

sequence. The putative dimerization domains are highlighted in a black box. Mutated 

residues used in figure 2 are underlined in green. (C) Alignment of the putative 

dimerization domain sequences for ATF6f (upper panel) or XBP1s (lower panel). 

Asterisks represent the conserved residues and mutated residues are highlighted in red. 

(D) The three-dimensional model of a heterodimer of XBP1s and ATF6f attached to a 

DNA motif (see methods). The ATF6f chain corresponds to 306-367 residues and XBP1s 

chain to 70-131 residues. The XBP1s chain appears in red and the ATF6f chain is shown 

in blue with the residues K122, K315, N316, and R317 highlighted. The position of the 

linker (yellow) and the rest of the sequence are indicated using lines. (E) HEK293T cells 

were transiently transfected with the UPRplus WT, UPRplus K122K, UPRplus K315T, 

UPRplus N316A, or UPRplus R3177 constructs and after 48 h were analyzed by western 

blot using an anti-HA antibody (upper panel). Bottom panel: Levels of Hsp90 were 

monitored as a loading control. (F) HEK293T cells were transiently transfected with the 

UPRplus WT, UPRplus K122K, UPRplus K315T, UPRplus N316A, or UPRplus R3177 

constructs and after 48 h were analyzed by immunofluorescence using an anti-HA 

antibody (green). Co-staining with the nuclear marker Hoechst (blue) was performed. 

Scale bar 20 μm. 

 

Figure S3. The activity of UPRplus depends on the dimer interphase and DNA 

binding domain. (A) Higher magnification images of Neuro2A cells transiently co-

transfected with expression vectors for polyQ79-EGFP together with empty vector 

(control), UPRplus WT, or the UPRplus mutants K122L, K315T, N316A, or R317A. After 

48 h of expression, the accumulation of polyQ79-EGFP intracellular inclusions was 

visualized by fluorescence microscopy. Scale bar, 20 m. (B) Neuro2A cells were 

transiently co-transfected with expression vectors for polyQ79-EGFP together with empty 

vector (control), UPRplus WT, or the mutants K122L, N316A, R317A, or K315T. After 48 

h, high molecular weight (HMW) polyQ79-EGFP species were measured in cell extracts 

prepared in Triton X100 using western blot with an anti-GFP antibody (upper panel). 

Bottom panel: Levels of Hsp90 were monitored as a loading control. 

 

Figure S4. Analysis of the promoter regions of genes regulated by UPRplus. (A) 

The motif pattern analysis in the promoter region showing that the canonical ERSE I and 

ERSE II are present in the promoters of the five top genes upregulated by UPRplus. The 

promoter sequences spanning 15 kb upstream and 2 kb downstream of the 

transcriptional start site (TSS) were examined. The consensus sequence is shown in the 



indicated boxes. The blue box is the consensus sequence to which NF-Y binds and the 

red box is the consensus sequence to which ATF6 binds. (B) Frequency of transcription 

factor binding motifs (TFBMs) of transcription factors XBP1s and ATF6f at 10,000 bp 

upstream of the transcription start site. (C) Representation of the promoter region 10,000 

bp upstream of the TSS for the five UPRplus upregulated genes in the positive and 

negative strands. Vertical marks correspond to the presence of specific motifs for XBP1s 

in red and ATF6f in blue. (D) Graphical representation of a nucleic acid multiple 

sequence alignment of motifs as sequence logo to ATF6f, XBP1s, and both 

ATF6f/XBP1s, indicating the relative frequency of each nucleic acid in the motif. 

 

Figure S5. Validation of the knockdown experiments for UPRplus-regulated genes. 

(A) HEK293T cells were transiently transfected with siRNA against indicated genes or 

scrambled siRNA (siSCR) as control. After 48 h, the expression levels of the indicated 

mRNAs were measured by real-time RT-PCR. All samples were normalized to β-actin 

levels. mRNA levels are expressed as fold increase over the value obtained in the control 

condition (siSCR). (B) After 48 h, the EGFP expression levels were measured by real-

time PCR to control transfection efficiency. All samples were normalized to β-actin levels. 

mRNA levels are expressed as fold increase over the value obtained in the control 

condition (siSCR). In all experiments the mean and standard error is presented of three 

independent experiments. Statistical analysis was performed using Dunnett’s multiple 

comparisons test (**: p < 0.01; ***: p < 0.001). 

 

Figure S6. Validation of UPRplus expression in neurons. (A) Neuro2A cells were 

transiently co-transfected with expression vectors for polyQ79-EGFP and XBP1s, ATF6f, 

UPRplus, or empty vector (Control). After 24 h, expression levels of human ATF6f and 

XBP1s were measured by real-time RT-PCR. All samples were normalized to β-actin 

levels. (B) Validation of UPRplus, XBP1s, or ATF6f expression in primary cortical 

neurons. Primary cortical neurons were infected at 1 day in vitro (DIV) with adeno-

associated virus (AAV) encoding for UPRplus, XBP1s, ATF6f, or empty vector (control). 

After 6 DIV, expression levels of human ATF6f and XBP1s were measured by real-time 

RT-PCR. All samples were normalized to β-actin levels. (C) Validation of UPRplus, 

XBP1s, or ATF6f expression in YAC128 mice injected. Three-months old YAC128 mice 

were injected into the striatum with AAV-UPRplus, AAV-ATF6f, AAV-XBP1s, or AAV-

Mock vector (control) using unilateral stereotaxis surgery. Four weeks later, the striatum 

was dissected and human XBP1s and ATF6f levels analyzed by PCR in each group. 

 



Figure S7. Effects of UPRplus expression on the survival of dopaminergic neurons 

after exposure to 6-OHDA. (A) Analysis of the percentage of recovery in the cylinder 

test performance of animals treated with AAV-UPRplus. (B-C) Histograms show the 

number of TH-positive neurons of injected and non-injected sides in 25 μm midbrain 

serial sections separated by 100 μm and covering the entire SNpc. The number of serial 

sections indicates the orientation from anterior to posterior from animals injected with 

AAV-Mock (B) or AAV-UPRplus (C). Data represent the mean and standard error from 

8 animals per group Statistical analysis was performed using Dunnett’s multiple 

comparisons test. *: p < 0.05, **: p < 0.01. 

 
Figure S8. Determination of safety and stability of UPRplus expression in the 

brain. (A) The expression of TH was performed by immunohistochemistry in midbrain 

sections from mice injected with AAV-UPRplus, AAV-ATF6f, AAV-XBP1s, or AAV-Mock 

for 1 year. The total content of TH-positive somas was measured in midbrain sections 

covering the entire SNpc, in the non-injected (control) and injected side, for each group. 

Data represent the mean and standard error from 4 animals per group. (B) The 

expression of UPRplus was monitored in the brain obtained from AAV-UPRplus, AAV-

XBP1s-HA, AAV-ATF6f-HA or AAV-Mock injected animals for 1 year using 

immunohistochemistry with an anti-HA antibody. (Scale bar: 1 mm, upper panel and 100 

m, bottom panel).  

 

Figure S9. Characterization of α-synuclein preformed fibrils. (A) Frequency 

distribution of α-synuclein preformed fibrils (PFFs) length by transmission electron 

microscopy. Histogram of distribution for relative abundance of post-sonicated fibrils. 600 

structures were counted. (B) Primary cortical neurons were treated with PBS (Control) 

(left panel) or with α-synuclein PFF (1 ng) at 7 day in vitro (DIV) (middle panel). After 7 

DIV the phosphorylated form of α-synuclein (p-α-syn) (green), microtubule associate 

protein 2 (MAP2) (red) and nuclear staining with DAPI (blue) were detected by 

immunofluorescence. Higher magnification of middle panel (right panel). Scale bar: 50 

m (left and middle panel), 20 m (right panel). 

 

Figure S10. Analysis of mHtt levels in a viral HD model. (A-B) Three-month-old wild 

type mice were co-injected into the striatum by stereotaxis with a mixture of AAVs 

encoding a mHtt construct (Htt588Q95-mRFP) together with AAV-UPRplus, AAV-XBP1s, 

AAV-ATF6f, or AAV-Mock (control). Animals were then euthanized 2 weeks post-

injection and brain striatum tissue was dissected for western blot analysis using an anti-

polyQ antibody. -actin levels were monitored as a loading control (bottom panel). 



 

Figure S11. Validation of the proteomic analysis. The mRNA levels of selected UPR-

upregulated genes were monitored in HEK293T cells infected with AAV-empty (control), 

AAV-XBP1s or AAV-ATF6f viral particles. After 48 h the relative mRNA levels of indicated 

genes were measured by real-time PCR. As a positive control, cells were treated with 1 

g/ml tunicamycin for 8 h (Tm). All samples were normalized to β-actin levels. 
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