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Abstract

Aggregation and accumulation of amyloid beta (AP) are believed to play a key role in the pathogenesis of Alzheimer’s
disease (AD). We previously reported that Thioredoxin-80 (Trx80), a truncated form of Thioredoxin-1, prevents the toxic
effects of AP and inhibits its aggregation in vitro. Trx80 levels were found to be dramatically reduced both in the human
brain and cerebrospinal fluid of AD patients. In this study, we investigated the effect of Trx80 expression using in vivo and
in vitro models of AP pathology. We developed Drosophila melanogaster models overexpressing either human Trx80,
human Afy,, or both AB4,/Trx80 in the central nervous system. We found that Trx80 expression prevents AP, accumulation
in the brain and rescues the reduction in life span and locomotor impairments seen in A4, expressing flies. Also, we show
that Trx80 induces autophagosome formation and reverses the inhibition of Atg4b-Atg8a/b autophagosome formation
pathway caused by Afy,. These effects were also confirmed in human neuroblastoma cells. These results give insight into
Trx80 function in vivo, suggesting its role in the autophagosome biogenesis and thus in AP, degradation. Our findings put
Trx80 on the spotlight as an endogenous agent against Af4,-induced toxicity in the brain suggesting that strategies to

enhance Trx80 levels in neurons could potentially be beneficial against AD pathology in humans.
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Introduction

Alzheimer’s disease (AD) is the main cause of dementia in
the elderly. Current AD treatments are only able to delay the
cognitive decline of patients, but not to cure the disease [1].
AD and other neurodegenerative diseases share some
associated pathologies as synaptic dysfunction and accu-
mulation of toxic proteins [2]. The main hallmarks of AD
brains are intracellular neurofibrillary tangles and extra-
cellular neuritic plaques [3], the latter mainly composed of
amyloid fibrils of misfolded amyloid-beta (Af) peptides [4].
These AP peptides are believed to contribute importantly to
the disease pathogenesis and to have neurotoxic effects. Ap
is generated when the two transmembrane proteases - and
y-secretase sequentially cleave the amyloid precursor pro-
tein (APP) [5]. An alternative cleavage by a-secretases is
dominant in healthy neurons and does not generate Af
peptides [6].

The endogenous dithiol reductant Thioredoxin-1 (Trx1)
is an evolutionarily highly conserved protein with many
different roles, from scavenging of reactive oxygen species
to chemokine activities [7]. This protein can be truncated,
generating an 80 amino acid long peptide -called
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Thioredoxin-80 (Trx80). The peptide lacks antioxidant
capacity [8] and its role remains elusive even though it was
primarily described as a chemokine [9].

In addition to the non-amyloidogenic cleavage of APP,
we have previously found evidence that two a-secretases,
ADAMI10 and 17, are also responsible for the Trx1 pro-
teolytic cleavage that generates Trx80. We also demon-
strated that Trx80 prevents amyloid formation of Af,, and
inhibits its toxic effects in cellular models [10]. Moreover,
the levels of Trx80 are decreased in brain homogenates and
in cerebrospinal fluid of patients with AD compared with
matched controls [10]. These results suggest a protective
role of Trx80 against APy, effects and therefore on AD
pathology. However, the Trx80 effects in vivo and the
underlying mechanism need to be identified.

We have generated a new model of Drosophila mela-
nogaster that overexpresses human Trx80 exclusively in the
brain. To analyze Trx80 effects on AP42 accumulation
and Ap42-induced reduction of life span and locomotor
capabilities, these flies were crossed with the previously
characterized human Af4, overexpressing flies [11]. In the
present study, we found that Trx80 overexpression leads to
a reduction of AP, levels in the brain and protects against
Ay, induced phenotypes. Moreover, Trx80 overexpression
resulted in the induction of the autophagic-lysosomal
degradation pathway in the brain. Similar effects were
also found in-vitro in human neuroblastoma cells (SH-
SYSY cells), suggesting that these effects are conserved in
different evolutionary stages.

Material and methods
Transgenic Drosophila melanogaster

Transgenic Trx80-overexpressing Drosophila strain: human
Trx80 cDNA sequence was cloned into pUASTattB vector
and PhiC31 integrase system (BestGene Inc.) was used for
transgenesis to the 86F8 locus at third chromosome. hAP4,
overexpressing fly was provided by Gunilla Westermark
(Uppsala University) [12]. The experimental approach was
based on UAS-Gal4 expression system, using the pan-
neuronal elav®'-Gal4 (Fig. 1a) Drosophila melanogaster
driver strain [13]. WI1118 wild-type flies crossed with
elav®! were used as control flies. Female flies were used in
the experiments. Flies were housed at 24 °C, 70% humidity
and 12 h/12 h light/darkness cycle.

Longevity assay
One hundered flies (five females per tube) were selected from

each strain. Dead flies were counted every 2 days.
Kaplan—Meier method was used to plot the results. A log-rank

test was used to analyze results and Bonferroni correction for
multiple comparisons.

Locomotor activity

Twenty-days-old flies were analyzed in groups of five.
They were placed in a tube with an 8 cm mark from the
bottom. Assays were recorded and archived. The number
of flies that passed the 8§ cm mark in 10s was counted
(5 times/tube).

Trx80 and Trx1 overexpressing-SH-SY5Y cells: DNA
constructs and transfection

The Trx1 plasmid used was generated previously. Based on
Trx1 plasmid, we reproduced the method to overexpress
Trx80 [10]. Following forward (5'CGAATTCGCCACCA
TGGATTACAAGGATGACGACGATAAGATGGTGAA
GCAGATCGAG-3' and reverse (5'-CGGATCCTTACTT
AAAAAACTGGAATGTTGGCATGCATTT-GACTTCA
C-3) primers were used.

Cell line cultures and treatments

Control SH-SY5Y empty vector and SH-Trx80 cells were
cultured in DMEM/F12 with FBS (10%) and Geneticin
(Invitrogen), incubated at 37 °C and 5% CO,. Treatments:
50 mM ammonium chloride (2 h) (NH4Cl) (Sigma-Aldrich).
30uM Chloroquine (CQ) (Sigma-Aldrich) or 200nM
Epoxomicin (EPOX, Sellectchem) treatment or vehicle for 6
h. Pre treatment: 500 nM recombinant Amyloid-beta protein
fragment 1-42 (AP4y) (Sigma-Aldrich) for 16 h.

Sample preparation and western blot

Ten fly brains were obtained to measure protein levels by
western blot of flies. For APP-derived fragments, the
homogenization was performed in Tris-HCI-SDS 1% buffer
and centrifuged at 100,000 x g 1 h. Blots were performed as
previously described [10]. Briefly, proteins were extracted
in RIPA buffer containing phosphatase and protease inhi-
bitors (Sigma-Aldrich). Homogenates were centrifuged at
14000 x g for 20 min 4 °C (except for amyloid beta detec-
tion, 100,000 x g, 1 h 4 °C). All samples were mixed with
an equal volume of loading buffer (0.16 M Tris-HCI pH 6.8,
4% SDS, 20% glycerol, 0.01% bromophenol blue, 0.1 M
DTT) and ran in Tris-HCl gels (Tris-tricine for amyloid
beta). Proteins were transferred to BioTraceTM Nitro-
cellulose membranes (GE healthcare) (PVDF for amyloid
beta) overnight 4 °C at 20 V. After 1 h blocking in 5% BSA
TBS-T, Membrane was incubated with specific primary
antibodies overnight 4 °C. Primary Antibodies: ATG-4B
(1:1000, Sigma-Aldrich); Atgl2 (1:1000, #4180, Cell
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Fig. 1 APy, levels are decreased by Trx80 overexpression in vivo in a
Drosophila melanogaster model for Alzheimer’s Disease. a Schematic
illustration describing the generation of the Trx80 expressing D. mela-
nogaster strain using the ¢$C31 system (BestGene, USA) and the
elave'-GALA4 driver strain to obtain pan-neuronal expression. b Levels
of Trx80 and A4, mRNAs in head homogenates from 10-day-old flies.
The levels are compared with the levels in flies expressing both Trx80
and Afy4;. ¢ Representative Trx80 blot of all four fly genotypes and
Trx80 blot quantification. Data are normalized to total protein staining
and are presented as percentage of values for WT. Results are expressed
as mean = SD. Statistical analysis was performed by two-way ANOVA
(*p<0.01) and Bonferroni multiple comparisons Afs, vs APy/Trx80
(&p<0.01), WT vs AP4/Trx80 (#p<0.05) (n=3). d Age-dependent
progression in Trx80 protein levels was measured by specific sandwich
ELISA at 5, 20, and 30-day-old flies. Trx80 is presented as ng per fly
brain. Results are expressed as mean=+SD. Statistical analysis was
performed by two-way ANOVA (¥p<0.01) and Bonferroni multiple
comparisons (APs Vs APs/Trx80, ¥p<001) (n=3). e Age-
independent Trx80 ELISA measurement (average of all ages) for all
four groups presented as ng per fly brain. Results are expressed as mean
+SD. Two-way ANOVA (*p<0.01) and Bonferroni multiple com-
parison (AP, vs APa/Trx80, ¢p <0.01) was performed (n = 3). f APy,
deposition is lower in 5-day-old fly brains of AP,/Trx80 co-expressing
flies compared with Ay, transgenic flies. Representative merged images
of APs, and DAPI staining in 5-day-old fly brains of all genotypes.
Scale bar represents 50 uM. (n =5) (g) AP4, deposition is dramatically
reduced in 30-day-old fly brains of APs/Trx80 co-expressing flies
compared with APy, transgenic flies. Representative merged image of
APy4, and DAPI staining in 30-day-old fly brains of all genotypes. Scale
bar represents 50 uM. h Bar graph showing the quantification of area %
stained with anti-Af,, antibody (JNKI) for all groups. Results are
expressed as mean+SD. Two-way ANOVA (*p<0.05; **p<0.01)
was performed and Bonferroni multiple comparison (APsy vs APgo-
Trx80, *p <0.05, #p <0.01, n=>5)

signaling), and Tubulin (1:10000, T9026, Sigma). Either
HRP (cell signaling) or fluorescent secondary antibodies
were used at 1/10,000, 2h, RT. Bands were visualized
and quantified using ODYSSEY Infrared Imaging System
(LI-COR Biosciences). Signals were quantified by Image
Studio Lite software (LI-COR Biosciences). Note that some
proteins bands were obtained as a result of stripping
(Stripping buffer, Pierce, IL, USA) and reblotting. Quanti-
fications were normalized against loading controls (f-actin
or Tubulin) or REVERT™ total protein staining (LI-COR
Biosciences).

Trx80 competitive assay

To confirm the specificity of the 27-30 kDa band detected
by the Trx80 antibody, membranes were stripped and re-
incubated with a mix of Trx80 abs and 10 uM high Trx80
recombinant peptide.

Trx80 ELISA

Authors followed the protocol previously described
by Pekkari et al. [8]. For fly samples, 20 fly heads
per group were homogenized in PBS based buffer.

Fifty micrograms of protein was applied for measurement
in cells.

Amyloid-beta 1-42 ELISA

Human Af4, levels from SH-SY5Y- cells and fly brains
were measured by hAB; 4, ELISA (Wako Chemicals). For
APy, ELISA of fly samples, proteins were extracted form 20
fresh brains per group. Three different fractions were iso-
lated, as described by Iwata and cols [14].

Drosophila melanogaster autophagy PCR array

RNA extraction from a pull of 100 brains per group
was performed with RNeasy Microarray Tissue Mini kit
(Qiagen). Five hundred nanograms of RNA was used for
cDNA synthesis by RT [2] First Strand Kit (Qiagen). PCR
was run following the manufacturer's instructions. Results
were analyzed using RT [2]-Profiler Data-Analysis web-
platform (raw data can be provided). All samples passed
genomic DNA contamination test.

Real-time quantitative PCR

mRNA was isolated from groups of ten fly brains.
SYBRGreen-PCR Master Mix (Applied Biosystems), plus
10 ng cDNA, and 100 nM primer pair were used. Samples
were analyzed with a 7500 Fast Real-Time PCR system
(Applied Biosystem). 2~22¢" method was used for result
analysis [15]. aTub84B was used as a housekeeping gene.

Immunofluorescence

Fly brains or SH-SYS5Y cells were fixed in 4% paraf-
ormaldehyde for 20 min followed by permeabilization and
washing steps (0.2% Triton in PBS). Then, 5% BSA
Blocking buffer was incubated 1h at RT. As primary
antibodies, we used Anti-Afy, (JNKI, provided by Naslund
[16, 17]) incubated overnight at +4 °C. Thereafter, brains
were washed three times and incubated overnight with
secondary antibodies AlexaFluor633 (Life Technologies)
for fly samples and AlexaFluor488 for SH-SYSY cells.
Primary antibody was omitted as a negative control. Con-
focal imaging was performed with Zeiss LSM 510 META
system. Image analysis was performed using Image J2.

Results
Transgenic Drosophila melanogaster models

We generated Drosophila melanogaster models over-
expressing human Trx80 and human A, (Fig. la).

SPRINGER NATURE
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Trx80-AB4, co-expressing flies (Elav-Apy, + Trx80)
showed similar Trx80 or Af4, expression as single
transgenic flies (Elav-Trx80 and Elav-Af4,) (Fig. 1b).

Western Blots and ELISA were performed to confirm
whether the RT-PCR results were reflected on protein
levels. Higher Trx80 levels were found in Elav-Trx80
compared with Elav-WT and Elav-Af4; 4+ Trx80 flies
(Fig. 1c and Supplementary Fig. 1A, B). Some Trx80 signal
was detected in Elav-WT and Elav-Af,, flies, suggesting
some off-target binding.

ELISA confirmed this result with fly head extracts of 5,
20, and 30-day-old flies (Fig. 1d). Trx80 levels were higher
in Elav-Trx80 (19.9 +£2.2 ng/brain) compared with Elav-
WT (6.6 + 1.5 ng/brain) and Elav-Af4, + Trx80 flies (9.1 £
1.9 ng/brain). Trx80 levels were also significantly higher in
Elav-Apy, + Trx80 compared with Elav-WT. Trx80 levels
in all fly groups were not affected by age (Fig. 1d, e).
However, it is important to note that Elav-Af4, + Trx80
flies and WT flies showed similar Trx80 levels at 20 days.

Trx80 inhibits AB,;, accumulation in vivo

As reported in vitro [12], we detected non-amyloid aggre-
gates in APy, expressed fly brains, similar to diffuse plaques
(Supplementary Fig. 1C). Elav-Af4, flies show Ay,
deposits in different brain regions (Fig. 1f, g, red staining)
[18]. These deposits were increased with age (5-day-old vs
30-day-old Elav-Afy, flies; Fig. 1f-=h) and we found sig-
nificant differences between Elav-WT and Elav-Apy, flies in
an age-dependent manner (*p <0.05, **p <0.01).

In Elav-Af4, + Trx80 flies, AP4, immunoreactivity was
significantly lower than in Elav-Ay, flies at 5 (#p <0.05)
and 30 days (*p <0.01). Quantification software was used
as shown in supplementary Fig. 1D.

Brains were also stained with DAPI (Fig. 1f, g and
Supplementary Fig. 1C, blue staining).

We next analyzed fly brain homogenates by Western Blot
and ELISA. Extracts from 30-day-old flies were blotted using;
6E10 (which recognizes the N-terminal area of Af4,), and
JNKI thatrecognizes the C-terminal domain (Af4p-cterm)
[16]. ANOVA statistical test was applied (*p <0.01) to ana-
lyze the signal from 4 kDa band. Ap monomer levels were
significantly higher in Af4, expressing flies (Elav-Afy;)
compared with Elav-WT (*p <0.05). APy, levels were sig-
nificantly lower in Elav-Afy, + Trx80 flies compared with
Elav-Ap,, flies (*p <0.05). Similar results were obtained
using both antibodies (Fig. 2a, b).

In addition, a quantification of Afs;, by ELISA was
performed in brain homogenates from flies 5, 20, and
30 days old in three different solubility fractions: extracted
in TBS (soluble forms of Afy4,), Guanidine Hydrochloride
(GuHCI, AP4, big oligomers and small fibrils), and 70%
Formic acid (FA, fibrillar Af,,) [14].

SPRINGER NATURE

In TBS soluble fractions (Fig. 2c and Supplementary
Fig. le), we detected an age-dependent significant decrease
of APs, in Elav-Apy, flies (*p <0.05). Expression of Trx80
caused a significant reduction of APy, in Elav-Af4, + Trx80
flies compared with Elav-Afy, in all ages (&p <0.01).

In GuHCl-soluble fractions (Supplementary Fig. 1E), we
detected increased levels of APy, in APy, expressing flies
(Elav-Ap4, and Elav-Ap,, + Trx80) compared with Elav-
WT (*p<0.05). Trx80 overexpression did not reduce
GuHCl-soluble Apy, levels.

In FA fractions we found an age-dependent (*p <0.05)
increase in Afy, levels in Elav-Afy, fly brains (‘p <0.01).
Also, Elav-Ap4, + Trx80 flies showed significantly reduced
APy, levels compared with Elav-Ap,, flies in all ages (4p <
0.01) (Fig. 2d and Supplementary Fig. 1E).

The results obtained for total APy, levels (sum of TBS +
GluHCI + FA fractions) in each fly strain by age (Fig. 2e),
support those using separate fractions. Extracts from Elav-
APy, flies showed significantly higher Ay, levels (158 5 pg
per fly brain) than Elav-Afy, 4+ Trx80 (64 + 3 pg, ¥p<0.01)
and Elav-WT flies (20+2 pg, "p<0.01). A summary of the
ELISA results is shown in Supplementary Fig. 1E.

Trx80 protects from Af4,-induced phenotype

To study if the effect of Trx80 on Afy, levels would modify
the phenotype of the fly, we performed a longevity study
using 100 flies per group (Fig. 3a). As previously described
by Hermansson et al. [11, 19]. Elav-AP,, flies had a sig-
nificantly shorter life span (median: 34 days) compared with
Elav-WT flies (median: 52 days) (p <0.0001). In contrast,
flies expressing both Trx80 and Af4, had similar lifetime
expectancy (Elav-Afy; + Trx80 median: 51 days) as Elav-
WT flies, and significantly higher than Ay, expressing flies
(Elav-Afy, + Trx80 vs Elav-Afs; p<0.0001). Trx80-
overexpressing flies had similar life expectancy as Elav-WT
flies (Elav-Trx80 median: 53 days).

Locomotor activity was also assessed using 20-day-old
flies (Fig. 3b). The percentage of flies climbing was sig-
nificantly smaller for Elav-Afy, (22% =*7) compared with
Elav-WT (53% +9) (*p <0.0001) (Fig. 3b). Trx80 expression
significantly improved the AP,,-induced phenotype and the
flies that were able to climb in the Elav-Afy; 4+ Trx80 group
(52% +9) were significantly higher *p<0.01) than Elav-
APy, and similar to Elav-WT.

Trx80 stimulates autophagy

Previous studies using Ay, expressing Drosophila have
been successful in preventing a harmful phenotype co-
expressing another protein [11, 19]. This effect has been
attributed to a delay in APy, aggregation or an effect on
brain APy, distribution. In Trx80 and Af4, co-expressing
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plots were calculated using the Kaplan—Meier method. Differences
between groups were calculated using the log-rank test. Bonferroni
correction was applied for multiple comparisons (n = 100).

flies, we instead observed a significant decrease of Af,,
pathology (Fig. 2a—f). As a possible explanation, Trx80
could facilitate AP, degradation. One of the main cellular
pathways involved in the degradation of protein aggregates
is macroautophagy (hereafter referred as autophagy [20]) a
mechanism that was shown to be impaired in AD [21]. To
explore whether the positive effects of Trx80 on Afy,
accumulation and Apg,-related phenotype could be by
regulating autophagy, we used an RT? Profiler PCR Array
and measured the expression of 84 autophagy-related genes
in fly brain homogenates. The expression of these
genes was related to Act42A, GAPDH, RpL32 housekeeping
genes and the 2-2Ct values were calculated. These values,
showing relative expression levels, are presented as a heat
map (Fig. 4a). Data are expressed as relative expression
levels in Elav-WT flies and presented as fold changes
(Fig. 4b). Expressions of some genes, including AMP-
activated protein kinase alpha (AMPKa), Autophagy protein
2, 4a, 4b, 8a, 8b (Arg2, Atgda, Atg4b, Atg8a, Atg8bh),
PI3K59F, and Draper (drpr), were found significantly
increased in Elav-Trx80 compared with Elav-WT flies.
Similar results were seen when comparing Elav-Afy, +
Trx80 with Elav-Afy, flies (Fig. 4b).

In Fig. 4c—g, fold changes are represented to respective
Elav-WT expression. The expressions of AMPKa, Atgda,
Atgdb, Atg8a, Atg8b, PI3KS9F (Drosophila ortholog of
human VPS34), and drpr were found a significantly reduced
in Elav-Afy, flies compared with Elav-WT (*p <0.01). In
contrast, Trx80 expression in Elav-Trx80 flies results in a
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b Locomotor activity behavioral test for all fly genotypes. 20 day-old
flies were used for climbing assay. Data are expressed as the percen-
tage of flies passing for each group. A total of 50 flies of each genotype
were measured 5 times for each fly. Two-way ANOVA (¥*p <0.001)
was performed together with Bonferroni multiple comparison (Afy4; vs
APyyr-Trx80, &p <0.01). Values are expressed as mean + SD (n = 50)

significant increase in these genes compared with Elav-WT
(*p<0.01). Moreover, Elav-Afy, + Trx80 flies show
increased expression of AMPKa, Atg8a, Atg8b, and drpr
compared with Elav-A,, flies (*p <0.01).

Effects of the selected genes were further analyzed at
protein level (Fig. 4h). Atg8 is the Drosophila ortholog of
mammalian LC3. Initially, Atg8 is unlipidated (Atg8-I), but
induction of autophagy promotes its lipidation to Atg8-II,
which is important for autophagosome formation [22] and
autophagic flux [23]. Atg8-I levels were not altered by Ay,
or Trx80 expressions (Supplementary Fig. 2A). However,
Atg8-1II levels were significantly lower in Elav-Afy, (**p <
0.01) and significantly increased in Elav-Trx80 flies (Elav-
WT vs Elav-Trx80, **p<0.01, Fig. 4i). Elav-APs +
Trx80 showed significantly higher Atg8-II expression
compared with Elav-AB4, (*'p <0.01, Fig. 4i). Analysis of
Atg8-1I/Atg8-1 ratios showed similar results (Fig. 4j) than
those obtained for Atg8-II (Fig. 4i).

AMPKa, a regulator of autophagy, is activated by
phosphorylation [24, 25]. No significative differences in
total AMPKa levels were detected among the different
groups (Supplementary Fig. 2b). However, we detected an
induction of the AMPKa phosphorylation in Trx80 flies
(Elav-Trx80 and Elav-AP4, + Trx80, *p<0.05) and on
phospho-AMPKa /total AMPKa ratio (Fig. 41) compared
with non-Trx80 expressing flies (Fig. 4k).

The cell-surface engulfment receptor Draper is the
Drosophila ortholog of human MEGF-10. Draper I, II, and
111, are different isoforms of the same gene [26]. No changes
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were detected in Draper I among the groups (Supplementary ~ quantified (Fig. 4m). Brains from Elav-Ap,, flies showed
Fig. 2C). Draper II and III are difficult to separate on SDS- significantly lower expression of Draper IV/III than those
PAGE gel [27] (Fig. 4h), thus the combined band was from Elav-WT flies (*p<0.05). Trx80 expression
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Fig. 4 Trx80 and Ap,, overexpression alter the autophagy pathway
expression profile in Drosophila Melanogaster at mRNA and protein
level. a 272 based heatmap showing the autophagy-related gene
expression profile of all experimental groups. Scale bar identifies green
(value =0) as low expressed genes and red (value=4) as high
expressed genes. b Heatmap based on fold change compared to Elav-
WT, showing the autophagy-related gene expression profile of all
experimental groups. Scale bar identifies green (value =0) as lowly
expressed genes and red (value =4) as highly expressed genes. Fold
change heatmap WT vs Trx80, Elav-WT as reference. Fold change
heatmap APs, vs APgp-Trx80, Elav-Apy, as reference. Two-way
ANOVA was performed for each gene (n=3) (*p <0.05), followed
by Student’s #-tests of the most relevant comparisons (Elav-WT vs
Elav-Trx80 and Elav-Afy, vs Elav-Af,/Trx80) (*p <0.01). Statisti-
cally significant autophagy genes were selected as hits for further
analysis. Histograms show differential expression of (¢) AMPKa (d)
Atgda and Atgdb (e) Draper (Drpr) (f) Atg8a and Atg8B and (g)
PI3K59F with data as as fold changes to levels seen in Elav-WT. Two-
way ANOVA was performed for all of them (¥p <0.05) followed by
Bonferroni posthoc analysis for the specific comparisons of interest
(APgy vs AP4/Trx80; #p<0.01) (n=3). h Representative immuno-
blots of Draper (Drpr), phospho-AMPK, total AMPK, alpha-Tubulin
and Atg8 in all four fly genotypes Levels of a-tubulin were used as
loading controls to normalize quantifications of, (i) Atg8-II, (j) Atg8-
II/1 ratio, (k) Phospho-Thr207-AMPKa, (1) AMPKa ratio, (m) Drpr II
and III. Results are expressed as mean + SD with data expressed as
percentage of levels in Elav-WT flies. Two-way ANOVA (¥*p <0.01)
was performed together with Bonferroni multiple comparison (A4, vs
APB4/Trx80; *p <0.01). Two-way ANOVA was performed together
with Bonferroni multiple comparison (*p<0.05 **p<0.01 show
significances against WT) (Afy, vs AP4/Trx80; ##p<0.01). (*p<
0.05) (n=3)

significantly enhanced Draper II/III levels when expressed
alone ('p<0.05). Flies co-expressing Trx80 and Apu,
showed similar Draper II/III levels than WT and higher than
flies expressing only Ay, (fp <0.05) (Fig. 4m).

Trx80 lowers AB,, levels via autophagy in human
neuroblastoma cells

We next explored if those effects seen in our Drosophila
melanogaster could be reproduced in human cells. For
that, we used a Trx80-overexpressing SH-SYSY cell line
(SH-Trx80) and their respective control cells (SH-SYSY
with empty vector). As seen in Supplementary Fig. 3A, C,
Trx80 levels were significantly higher in SH-Trx80
cells compared with controls. The specificity of the
Trx80 immunoreactive bands was confirmed by a com-
petitive assay as described in “Material and methods”.
The immunocytochemical analysis showed that cells
overexpressing Trx80 presented significantly lower APy,
staining than control cells (Fig. 5a, b; **p <0.01). Since
Trx80 is also secreted to the extracellular space, we
quantified Apg, levels in cell lysates and medium
by ELISA. SH-Trx80 cells showed significantly lower
APy levels in both cell lysates (**p <0.01) and media
(*p <0.05) as compared with control cells (Fig. 5c).
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AP can be intracellularly degraded by proteases
[28], autophagy [29], or the ubiquitin-proteasome system
[30]. We checked if the expression of two main A4
degrading proteases, insulin-degrading enzyme (IDE)
[31, 32] and neprilysin (NEP) [14, 33], were altered by
Trx80 overexpression. As seen in Supplementary
Fig. 3D-F, Trx80 overexpression did not change IDE or
NEP levels.

To test if Trx80 affects the ubiquitin-proteasome system,
cells were treated with the proteasome inhibitor EPOX and
the amount of ubiquitinated protein levels was quantified.
As expected, a significant increase in ubiquitinated proteins
was detected in EPOX treated samples compared with non-
treated groups. As seen in Supplementary Figs. 3G and 4H,
Trx80 overexpression did not affect the levels of ubiquiti-
nated proteins.

In order to study the autophagic flux, we next analyzed
the effects of Trx80 overexpression on LC3 levels in cells
treated with or without NH4Cl, an inhibitor of endosome-
lysosome system acidification to prevent autophagosome
protein degradation [20]. Empty vector (control) cells and
cells overexpressing full-length Trx1 (SH-Trx1) were used
as controls [34]. We found that LC3II levels were sig-
nificantly higher in SH-Trx80 cells compared with both
control (*p <0.05) and SH-Trx1 cells (**p <0.01) (Fig. 5d,
e). These effects on LC3 were confirmed when using
Chloroquine (CQ, 30 uM) as alternative autophagic flux
blocker (Fig. 5f, g). NH4Cl treatment induced an increase of
LC3I levels on SH-Trx80 cells, an effect that was not seen
by CQ treatment.

We also measured APy, levels by ELISA in untreated,
EPOX, and CQ treated in control and SH-Trx80 cells
(Fig. 5h). This allowed us to measure the direct impact of
each pathway on A4, clearance As reported above,
untreated SH-Trx80 cells showed lower levels of APy, than
controls. Blockage of the ubiquitin-proteasome system
pathway with EPOX did not alter the Ay, levels seen in
untreated cells. However, inhibition of autophagy with CQ,
resulted in a remarkable increase of Af4, levels in both
controls and SH-Trx80 cells.

To elucidate the effects of Trx80 and Af4; on autophagy,
we studied the effects of recombinant Af4, in macro-
autophagy. SH-Trx80 cells were pre-treated with A4, (500
nM, 6h) (SH-Trx80 + APy,) and levels of AtgdB, LC3I,
and LC3II, Atg 12, pAMPK, total AMPK and p62 were
measured. Levels of AtgdB (responsible for cleavage and
activation of LC3) were lower in Ay, treated cells than in
controls (¥*p <0.05) (Fig. 51, j and Supplementary Fig. 4).
This APg-mediated effect was not seen in cells
overexpressing Trx80 (p<0.01). Consequently, Trx80
overexpression induced an increase in LC3II levels com-
pared with controls (*p <0.01), and also in APy, treated
cells (*p <0.05) (Fig. 5k). In addition to LC3 [35],
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Atgl2 also participates in the conjugation pathways of
autophagosomes. Overexpression of Trx80 or exogenous
addition of Ay, did not modify Atgl?2 levels (Fig. 51). APy,
treatment significantly decreased AMPK phosphorylation
(*p <0.01) by Trx80 overexpression did not affect levels of
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AMPK phosphorylation. p62 participates in the recruitment
of ubiquitinated proteins to autophagosomes [36]. As seen
in Fig. 5n, APy, treatment resulted in higher p62 levels in
control cells (*p <0.01), but not in Trx80-overexpressing
cells (p<0.01).
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Fig. 5 Trx80 overexpression enhances Ay, clearance in a mammalian
neuroblastoma cell line (SH-SYS5Y) through autophagy-lysosomal
pathway regulation. a Confocal microscopy images of cultured SH-
SYS5Y and SH-Trx80 cells using anti-Af4, (green) and DAPI (blue).
Scale bar: 20 pm. b Quantification of A4, immunofluorescence in
Control (SH-SY5Y empty vector) and SH-Trx80 cells. Values are
expressed as mean +SD. Data are presented as arbitrary units (a.u)
(*p <0.05, Man—Whitney test, n =10). ¢ Quantitative specific Af4,-
ELISA to measure Ay, protein levels in cell lysates and cell medium
(24 h conditioned medium) of Control and SH-Trx80 cells. Values
are expressed as mean+SD with data as APy, pg per ug of total
protein. Statistical analysis was performed by Student’s #-test (**p<
0.01, n=4). d Representative picture from Western blot analysis of
LC3 levels in control cells overexpressing either Trx80 or Trx1. Cells
transfected with an empty plasmid were used as Control. Cells were
treated with or without NH,Cl indicated by (+) or (—) respectively
(n=15). e Quantification of band intensities in d. f Representative pic-
ture from Western blot analysis of LC3 levels in control and SH-Trx80
cells. Cells were treated with or without 30 uM, 6 h Chloroquine (CQ)
indicated by (4) or (—) respectively (n =6). g Quantification of band
intensities in f. All results are expressed as mean + SD. Statistical ana-
lysis was performed by One-way ANOVA (¥p <0.01, control vs Trx80
**p <0.01, Bonferroni’s multiple comparison test. h Quantitative spe-
cific AP4-ELISA to measure APy, protein levels in Control and SH-
Trx80 cells untreated or treated with Epoximicin, specific Ubiquitin-
proteasome system inhibitor (250 nM), or Chloroquine (CQ, 30 uM).
Values are expressed as mean + SD. Data are presented as APy, pg per
ug of total protein. Statistical analysis was performed by Student’s #-test
(**p <0.01, n =4). i Representative pictures from Western blot analysis
of Atg4B, LC3 I, LC3 1II, Atgl2, Phospho-Thr-AMPKalpha, AMP-
Kalpha, and p62 levels of SH-SY5Y cells overexpressing Trx80 (SH-
Trx80) and SH-SYS5Y empty vector (controls) treated or not with
recombinant APy, (500 nM, 6 h). Histograms show levels of Atg4B (j),
LC3 I (k), Atgl2 (1), Phospho-Thr172-AMPKalpha, phospho/total
AMPKalpha ratio (m), and p62 (n). Values are expressed as mean + SD
with data as percentage of control values. Statistical analysis was per-
formed by two-way ANOVA (*p<0.01) and Bonferroni multiple
comparison test (APy, vs APy + Trx80, #p <0.01) (mn=3)

Discussion

Trx80 was initially described as a proinflammatory
peripheral cytokine secreted by immune cells [37, 38].
We previously reported the presence of Trx80 in the brain
and found that the levels of this peptide were dramatically
reduced in AD. In addition, we demonstrated that Trx80
inhibits AP aggregation and toxicity in vitro [10].
In the present study, we investigated the effects of Trx80
on Ap toxicity in vivo using Drosophila melanogaster
models. We found that expression of human Af,, in
the fly brain causes progressive age-dependent deposi-
tions of this peptide and causes reduced life span and
impaired locomotor activity [11, 39]. We showed that
soluble APy, is highly expressed in young flies, while age
leads to a progressive unsoluble/fibrillar Af,4, accumula-
tion. In A4, and Trx80 co-expressing flies, APy, accu-
mulation was drastically reduced, and the AB,, depending
phenotype in early mortality and locomotor activity was
reversed.

SPRINGER NATURE

Elav-Afs, + Trx80 showed similar Trx80 mRNA
expression, but lower Trx80 and APy, protein levels than
Elav-Trx80 flies. This suggests that Trx80 could play a role
in APg, metabolization. In support of this idea, over-
expression of Trx80 also results in decreased intracellular
levels of A4, in neural mammalian cells.

Three main intracellular pathways have been described
for metabolization and removal of AP: AP degrading pro-
teases [28, 31, 33], the ubiquitine-proteasome system [40]
and autophagy [41, 42]. Our results seemingly exclude the
involvement of Trx80 on AP metabolization by the two first
degrading systems. In SH-SYS5Y human cells, Trx80 did not
induce the expression of main AP degrading proteases, and
it did not alter general ubiquitination processes. Further-
more, ubiquitine-proteasome system inhibition did not alter
Trx80 effects on APy, levels. On the other hand, we showed
that Trx80 induces the expression of key proteins for the
induction of autophagy in Drosophila and in mammalian
neuronal cells. We showed a Trx80-mediated increase of
Atg4B, and markers for autophagosome formation as LC3a
II and LC3b II [43]. We also found that a trx80-mediated
induction of Drpr expression, a Drosophila homolog to
human MEGF-10, which is a cell-surface receptor required
for the recognition and engulfment of apoptotic cells, glial
clearance of axon fragments and dendritic pruning [44].
Although a direct link between autophagy and MEGF-10
has never been found in the adult brain, Drpr enhances
autophagy signaling in salivary glands during development
[45] and is required for autophagy during cell death [46].
Importantly, when autophagy was chemically blocked,
Trx80 effects on APy, levels were not shown. Together, our
results in human cells and in vivo strongly suggest that
Trx80-induced reduction of Af,, is mediated by the
enhancement of the autophagic-lysosomal pathway.

Initiation of autophagy involves the isolation and elonga-
tion of an ER-derived membrane known as phagophore. This
structure then elongates into a cup-shaped structure and
begins to engulf cellular material [47]. These vesicles can
uptake organelles, metabolites, peptides, and misfolded pro-
teins. Then autophagosomes fuse with lysosomes to form the
autophagolysosomes, promoting the digestion of sequestered
material by acidic hydrolases [48]. It has been widely
accepted that abnormal autophagy is associated with A
pathology [40, 49]. AP is present in autophagosomes and
autophagolysosomes [50] and APP and APP processing
enzymes (o, P, and y-secretases) have also been identified in
these structures [51]. Moreover, an abnormal accumulation of
autophagosomes and autophagolysosomes has been reported
in AD [52]. In AD patients, resolution of autophagy [53] is
impaired, LC3-II levels are decreased, p62 interaction with
LC3-II is not effective and p62 accumulates and aggregates
[54]. Binding of p62 and LC3-II targets ubiquitin-conjugated
proteins for autophagosome-dependent degradation [55]. In
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agreement with a previous study in an A mouse model [55],
we show that Ay, enhances p62 levels in cells. Moreover, we
found that overexpression of Trx80 reverses APy, dependent
p62 increase in human cells. Our results further demonstrate
that Trx80 plays a role in the resolution of autophagy,
increasing the expression of AtgdB and LC3II resulting in
enhanced autophagolysosome formation and Af4, metaboli-
zation. Interestingly, Cortes-Bratti and colleagues previously
speculated that Trx80 participates in the control of intracel-
lular infections by inducing autophagosome formation to
degrade pathogens [56]. Thus, besides its chemokine activity
[9], one biological function of Trx80 would be the regulation
of conjugation phase of autophagy, helping cells to degrade
toxic aggregates or pathogens. Supporting this idea, several
other thioredoxin proteins have been shown to modulate
autophagy in different models, from yeast [57] to Cae-
norhabditis elegans in models of Alzheimer’s, Huntington
and Parkinson’s diseases [58].

In summary, we previously reported that Trx80 inhibits
AP aggregation and protects against its toxic effects in vitro
[10]. Now we show that Trx80 protects against AP toxicity
in vivo and promotes AP degradation by boosting the
conjugation phase of autophagy. In a scenario of depleted
Trx80, such as in AD brains [10], misfolded proteins like
AP could accumulate in oligomers and fibrils inside the
neurons compromising neuronal survival and brain func-
tion. Increasing Trx80 would result in enhanced autophagic
degradation of toxic AP entities (Supplementary Fig. 5).
Further studies need to be conducted in order to find the
specific molecular target of Trx80 in the conjugation phase
of autophagy.

The results presented in this study bring support to the
function of Trx80, and therefore of Trx1 cleavage to Trx80,
in the regulation of autophagy. Moreover, our findings
reinforce the role of Trx80 as an endogenous agent against
Ap-induced toxicity in the brain, suggesting that strategies
to enhance Trx80 levels in neurons could be potentially
used as treatment against AD pathology.
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