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Abstract

Bach1, among the genes encoded on chromosome 21, is a transcription repressor, which binds to
antioxidant response elements (ARES) of DNA thus inhibiting the transcription of specific genes
involved in the cell stress response including heme oxygenase-1 (HO-1). HO-1 and its partner,
biliverdin reductase-A (BVR-A), are up-regulated in response to oxidative stress (OS) in order to
protect cells against further damage. Since OS is an early event in Down syndrome (DS) and
might contribute to the development of multiple deleterious DS phenotypes, including AD
pathology, we investigated the status of the Bach1l/HO-1/BVR-A axis in DS and its possible
implications for AD development. In the present study, we showed increased total Bachl protein
levels in the brain of all DS cases coupled with reduced induction of brain HO-1. Furthermore,
increased OS could on one hand overcome the inhibitory effects of Bach1 and on the other hand,
promote BVR-A impairment. Our data show that the development of AD in DS subjects is
characterized by (i) increased Bachl total and poly-ubiquitination; (ii) increased HO-1 protein
levels; and (iii) increased nitration of BVR-A followed by reduced activity. To corroborate our
findings we analyzed Bachl, HO-1 and BVR-A status in the Ts65Dn mouse model at 3 (young)
and 15 (old) months of age. The above data support the hypothesis that the dysregulation of HO-1/
BVR-A system contributes to the early increase of OS in DS and provide potential mechanistic
paths involved in the neurodegenerative process and AD development.
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INTRODUCTION

Trisomy of human chromosome 21 (HSA21) causes Down syndrome (DS), one of the most
common chromosomal abnormalities in children. As a consequence, persons with DS
exhibit complex phenotypes such as intellectual disability, congenital heart defects, and
characteristic facial and physical features. A large series of proteins have been found to be
abnormal in adult DS brain, but mechanisms elucidating how three copies of normal genes
on HSA21 segments can lead to altered protein expression in DS over time and to complex
metabolic and developmental aberrations are limited. In addition, in the brains of DS
individuals the accumulation of amyloid beta (AB)-peptide can be observed as early as 8-12
years of age, and this accumulation increases during the lifespan [1, 2], resulting in
Alzheimer disease (AD) pathology generally by the fourth decade of life.

Oxidative damage is also an early event in DS and might contribute to the development of
deleterious DS phenotypes, including abnormal brain development and AD [3-6]. Increased
oxidative damage result in increased lipid peroxidation, oxidative DNA damage and
peripheral nitrosative stress [7-12], indicating that DS is associated with a “pro-oxidant
state.” Among the most relevant contributory factors to oxidative stress (OS)/nitrosative
stress (NS)-induced neurotoxicity, Cuzn superoxide dismutase (SOD1), amyloid precursor
protein (APP), the transcription factor Ets-2, S100B and carbonyl reductase, are encoded on
HSA21. Furthermore, recent studies on fetal DS showed increased levels of Bach1l protein
levels in the brain, suggesting that the repression of HO-1 transcription could significantly
contribute to the increased oxidative stress found in DS [13].

According to “the amplified developmental instability hypothesis”, it is likely that the array
of phenotypic features of DS does not involve exclusively specific genes on HSA21, but
rather elevated activity of sets of genes, regardless of their identity, which lead to a decrease
in genetic stability or homeostasis [14-17].

Lubec and colleagues carried-out a series of studies in order to challenge this hypothesis and
to elucidate the impact of HSA21 trisomy on DS pathology [18-23]. Among HSA21 gene
candidates, Bachl, a basic leucine zipper protein belonging to the cap’n’collar (CNC)
family, is a transcription repressor encoded on HSA21. Under physiologic conditions, Bachl
forms heterodimers with small Maf proteins (i.e., MafK, MafF and MafG) that bind to the
Maf recognition element [24], such as antioxidant response elements (ARES) in the nucleus,
thus repressing transcription of certain genes controlled by ARE. When intracellular heme
levels increase, as under pro-oxidant condition, nuclear Bach1l binds heme, changes its
conformation, dissociates from ARE and allows transcription factors to bind and activate the
expression of oxidative stress-responsive genes [25] such as NAD(P)H: Quinone
oxidoreductase-1 (NQO1), glutathione S-transferase, glutamate-cysteine ligase, and heme
oxygenase-1 [26].
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Heme oxygenase (HO) catalyzes the first and rate-limiting enzymatic step of heme
degradation, producing equimolar amounts of carbon monoxide (CO), iron (1) and
biliverdin [27] [28, 29]. This latter is then converted into the powerful antioxidant bilirubin
via the activity of cytosolic biliverdin reductase (BVR). Two genetically distinct HO
isozymes, HO-1 and HO-2, are known. HO-2 represents the constitutive isoform primarily
expressed in brain and testis [30]. By contrast, the inducible isoform HO-1, which exhibits
low basal expression levels in most cells and tissues, is highly up-regulated by a wide
variety of OS stimuli. HO has been suggested to function as a defense system against
oxidative stress, since biliverdin or bilirubin produced locally in the body may act as
physiological antioxidants [28, 31].

Similar to HO, two isoforms of BVR have been described and named BVRA and BVR-B
[32-34]. Both these enzymes generate BR, but only BVR-A reduces BV-alpha into the
powerful antioxidant and anti-nitrosative molecule BR-1X-alpha (hereafter BR) [35-41].
BVR-A is also a serine/threonine/tyrosine (Ser/Thr/Tyr) kinase that interacts with members
of the MAPK family, in particular the extracellular signal-regulated kinases 1/2 (ERK1/2)
that once translocated into the nucleus regulates the expression of oxidative-stress-
responsive genes such as HO-1 or inducible nitric oxide synthase (iNOS) [32, 42]. Recent
studies [43-45] showed that in AD and amnestic mild cognitive impairment (aMCI) both
HO-1 and BVR-A undergo oxidative post-translational modifications, resulting in a further
reduction of their antioxidant/neuroprotective activity, suggesting the potential involvement
of altered HO-1/BVR-A system in AD pathogenesis and progression [46].

Based on previous studies [43-45] we believe that the analysis of the entire HO/BVR-A
system better explains the impact that a dysfunction of HO-1 and/or BVR-A expression/
activity has on OS/NS levels. In this context, considering the importance of Bachl in the
transcription of HO-1 gene, the current study tested the hypothesis that HSA21 trisomy
leads to elevated Bachl expression with consequent effects on the HO/BVR-A system. We
further hypothesize that the impairment of the HO-1/BVR-A system is a common pathway
of neurodegeneration, both in DS and AD cases.

METHODS

Subjects

DS and young or older control cases (without AD neuropathology) were obtained from the
University of California-Irvine-ADRC Brain Tissue Repository, the Eunice Kennedy
Shriver NICHD Brain and Tissue Bank for Developmental Disorders, and the University of
Kentucky Alzheimer’s Disease Center. Table 1 shows the characteristics of the cases
studied. DS cases were divided into two groups, with or without sufficient pathology for a
neuropathological diagnosis of AD. All cases with both DS and AD were over the age of 40
years. Thus for the current study, controls were split into two groups, either less than or
equal to 40 years or older than 40 years at death. The post mortem interval (PMI) was
different across groups with DS/AD having a significantly shorter PMI with respect to the
other groups (Table 1). The subsample used in this study was selected in order to maintain
homogenous age and gender inside the groups and is part of the entire cohort used in a
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previous experiment to investigate AP} and total oxidation as a function of age in DS [9, 11,
47, 48]

Mouse colonies

Mice were generated by repeatedly backcrossing Ts65Dn trisomic (TS) females with
(C57BL/6JXC3H/ HeJ) F1 hybrid males, the parental generation were purchased from the
Jackson Laboratories. These breeding pairs produce litters containing both trisomic
(Ts65Dn) and disomic (2N) offspring. The pups were genotyped for determine the trisomy
using standard PCR, as described by Reinholdt et al. [49]. In addition, in all the animals the
recessive retinal degeneration 1 mutation (Pdeb rd1), which is segregating in the colony and
results in blindness in homozygotes, was detected by using a standard PCR [50]. Mice were
housed in clear plexiglass cages (20x22x20 cm) under standard laboratory conditions with a
temperature of 22 + 2°C and 70% humidity, a 12-hour light/dark cycle and free access to
food and water. Mice have been sacrificed at 3 and at 15 months of age and frontal cortex
region has been collected (Table 2). All the experiments were performed in strict
compliance with the Italian National Laws (DL 116/92), the European Communities Council
Directives (86/609/EEC). All efforts were made to minimize the number of animals used
and their suffering.

Sample preparation for WB and IP

Frontal cortex tissue from human controls (young and old), DS, and DS/AD brain (n= 8 per
group), and from mouse brain of Ts65Dn and euploid littermates at 3 and 15 months of age
(n=6 per group), were thawed in RIPA buffer (pH 7.4) containing 50 mM Tris-HCI (pH 7.4),
150 mM NaCl, 1% NP-40, 0.25 % sodium deoxycholate,ImM EDTA, 0,1% SDS, 1mM
PMSF, 1 mM NaF and 1 mM NagVOy,. Brains were homogenized by 20 passes of a
Wheaton tissue homogenizer, and the resulting homogenate was centrifuged at 14,000 xg
for 10 min to remove cellular debris. The supernatant was extracted to determine the total
protein concentration by the Bradford assay (Pierce, Rockford, IL).

Western Blot

For Western blots, 30 ug of proteins (CTR and DS) were separated by 12% and 7.5% SDS—
PAGE using Criterion Gel TGX and blotted into a nitrocellulose membrane (Bio-Rad,
Hercules, CA, USA). Before blotting the gel image analyzed for total protein load was
acquired to normalize blot analysis. Membranes were blocked with 3% bovine serum
albumin in T-TBS and incubated for 90 min at room temperature with primary antibodies:
anti-Bachl, anti-ubiquitin (Santa Cruz Biotechnology, Dallas, TX, USA), anti-poly-
ubiquitin (K®3-linkage-specific), anti-HO-1, anti-HO-2 (Enzo Life Science, Farmingdale,
NY, USA) anti-NQO1, anti-BVR-A (Sigma- Aldrich, St Louis, MO, USA), anti-B-actin and
anti-3NT (Millipore Billerica, MA, USA). After three washes with T-TBS, the membranes
were incubated for 60 min at room temperature with anti-rabbit/mouse 1gG (1:5000; Sigma—
Aldrich, St Louis, MO, USA) secondary antibody conjugated with horseradish peroxidase.
Membranes were developed with the Super Signal West Pico chemiluminescent substrate
(Thermo Scientific, Waltham, MA, USA) acquired with Chemi-Doc MP (Bio-Rad,
Hercules, CA, USA) and analyzed using Image Lab software (Bio-Rad, Hercules, CA, USA)
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that permit the normalization of a specific protein signal with the p-actin signal in the same
lane or total proteins load.

Immunoprecipitation

The immunoprecipitation procedure was performed as previously described with
modifications [45]. Briefly, 150 ug of protein extracts were dissolved in 500 ul of RIPA
buffer (10 mM Tris, pH 7.6; 140 mM NaCl; 0.5% NP40 including protease inhibitors) and
then incubated with 1 pg of primary antibody at 4°C overnight. Immunocomplexes were
collected by using protein A/G beads suspension for 2 h at 4°C and washed five times with
immunoprecipitation buffer. Immunoprecipitated protein was recovered by resuspending the
pellets in reducing SDS buffers and subjected to electrophoresis on 12% gels followed by
Western blot analysis.

BVR-A reductase activity assay

To test BVR activity in frontal cortex of CTR and DS cases, and of euploid and Ts65Dn
mice, the biliverdin reductase assay kit (Sigma-Aldrich, St Louis, MO, USA) was used
following the standard protocol with minor changes. Briefly, 150 ug of protein samples were
prepared for the assay and loaded in a 96 well plate. Furthermore, BVR positive control
solution (2.5, 5, 10, 15 20 pl) was included in the assay for generation of a standard curve.
Then, 50 pl of assay buffer and 150 pl of working solution (containing NAPDH, substrate
solution and assay buffer) were added to standards and samples on the plate. The plate was
placed on the UV-VIS plate reader at 37° C and read every minute for ten minutes. The
reading after 5 min, that presented a linear reaction rate, was chosen for BVR activity
calculation.

Real-Time RT-PCR

RNA preparation from total brain was performed using RNeasy Plus Mini kit (QIAGEN,
Milan, Italy), according to the manufacturer’s instructions. For each sample 500 ng of RNA
were retrotranscribed into cDNA for 1h at 42°C by Superscript 111 (Life Technologies,
Logan, UT, USA) according to the manufacturer's instruction using both random primers
and OligodT. The quantitative real-time PCR was performed on the i-Cycler iQ detection
system (BioRad Laboratories Inc., Milan, Italy), using the kit for SYBR Green (KAPA
Biosystem, Wilmington, MA, USA), according to the manufacturer instruction. For each
reaction 5 ng of cDNA were used. Specific sequences were amplified in separate tubes for
HO-1, NQO1 and human B-Actin gene primers as a reference, using the following protocol:
95°C for 3 min, followed by 40 cycles of 95°C for 5 min, 60°C for 30 min. The increase in
fluorescence was measured in real time during the extension and the relative expression of
the transcripts was quantified with the 2-ACt method [25, 51, 52]. Primers for -Actin were:
Act-up (5'-ACCACACCTTCTACAATGAGCTGCGTG-3') and Act-down (5'-
CACAGCTTCTCCTTAATGTCACGCACG-3). RNA and PCR mixtures were prepared
and kept in separate rooms.
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Statistical analysis

Data are expressed as mean + SD per group. All statistical analyses were performed using a
non-parametric one-way ANOVA with post hoc Bonferroni t-tests. p<0.05 (*) was
considered significant. Since the DS/AD group PMI is significantly lower in comparison to
the other three groups we performed linear regression analyses between each experimental
marker vs. PMI in order to test if our results were affected by variable PMI. Moreover, we
correlated experimental data from CTR group (CTRY and CTRO) and DS group (DS and
DS/AD) with age to analyze the effects of age variations. Finally, to determine how our data
were affected by genotype (DS) and age and the interaction of such factors, a 2-way
ANOVA analysis was performed. All statistical analysis was performed using GraphPad
Prism 5.0 software.

RESULTS

Bachl protein levels and ubiquitination

In order to clarify the role of Bachl in the regulation of HO-1 during the progression of DS
neuropathology, total Bachl protein levels were evaluated (Fig. 1A&D). The first analysis
concerned the increased expression levels, genotype dependent, in DS compared to CTRY
(about 1.5-fold) and in DS/AD compared to CTRO (about 1.5-fold). Consistent with these
observations, a 2-way ANOVA analysis showed that genotype significantly accounts for
44.2% (Table 3, p<0.0001) of total variance, while age is not significant. The lack of age-
associated effects on Bachl levels is confirmed by the results of the linear regression
analysis that showed an absence of any association between Bachl protein levels and
chronological age either in CTR or DS cases (Sup. Fig.1). Moreover, no differences in
Bachl levels were observed between young controls (CTRY, <40 years) and old controls
(CTRO, >40 years). Similarly, the effect of PMI, which conceivably could represent a
significant contributor to the evaluation of OS/NS-induced proteins, did not contribute to
variability in Bachl (Sup. Fig.1).

To determine the involvement of ubiquitin-mediated protein degradation [53] on Bachl
protein levels, Bachl total ubiquitination and poly-ubiquitination levels were evaluated.
Decreased levels (~2-fold) of total ubiquitination of Bachl were observed in DS compared
to CTRY and in DS compared to DS/AD (Fig.1B&E). Increased levels of poly-ubiquitinated
Bachl (1.4-fold) were found between DS/AD vs. DS and DS/AD vs. CTRO (Fig.1C&F). In
addition, no differences were observed between CTRY and CTRO for both total and poly-
ubiquitination, thus excluding once again an age contribution.

The analysis of Bachl protein levels and ubiquitination has also been investigated in
Ts65Dn mice at 3 months (young group) and at 15 months (old group) of age compared to
age-matched euploid animals. Previous studies on this mouse model suggested the
triplication of this transcription factor due to trisomy condition as well as in humans [54].
Our data confirm that in both young and old Ts65Dn mice groups compared to euploid
animals demonstrate an increase of Bach1 expression of about 1.45-fold and 1.5-fold
respectively (Fig. 5A&C). Regarding poly-ubiquitination of Bach1 no differences were
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found between Ts65Dn and euploid animals (Fig. 5B&D) thus suggesting differential
mechanisms of Bach1 levels regulation between mice and humans.

HO-1, HO-2 and NQOL1 expression levels

As cited above, Bachl inhibits HO-1 transcription by binding to AREs. Given our
observation that Bachl is increased in DS cases, we hypothesized that HO-1 induced
transcription would be inhibited in the same groups. To determine if changes in Bachl
protein levels inhibit HO-1 expression, HO-1 mRNA and protein levels were analyzed. As
showed in Fig. 2D, HO-1 mRNA levels show no significant difference across the 4 groups,
while differences are seen when compared to AD samples (Sup.Fig.3). Similarly, no overall
differences were found for HO-1 protein levels between CTR and DS groups as result of
genotype effects.

The analysis of DS subjects revealed no significant changes for HO-1 protein levels with
respect to age-matched controls (DS vs. CTRY and DS/AD vs. CTRO). Conversely, an age-
dependent increase of HO-1 protein levels was observed with a significant increase of about
1.4-fold in DS/AD compared to DS and of about 1.3-fold in CTRO compared to CTRY (Fig.
2A&C) consistent with previous findings [55]. Increased HO-1 protein levels with age also
were supported by the positive and significant linear regression analysis with age found in
both CTR and DS groups (Sup. Fig.2). No association between PMI differences and HO-1
was found (R2=0.01, p=0.53). A two-way ANOVA analysis confirms the linear regression
data by showing that age (unlike in the Bach1 analyses) significantly accounts for 25.6%
(p=0.011) of the total variance, while genotype had no significant effect on HO-1 protein
levels (Table 3). The analysis of HO-1 protein levels in Ts65Dn model compared with
euploid counterpart shows no significant increase between Tg and euploid animals neither
between groups at different age (Fig. 5A&E) supporting the role of Bach1l in repressing
HO-1 induction.

HO-2, the constitutive isoform of heme oxygenase is not regulated by Bachl and is reduced
in pathological conditions such as AD [46, 56, 57]. Our data show an age-dependent
increase of the HO-2 protein levels in controls but not DS (Fig.3A&B). Linear regression
analysis shows that HO-2 levels are not associated with PMI differences (R?= 0.00048, p=
0.98), while they are apparently associated with age but only in CTR subjects (R?= 0.47, p=
0.019, sup. Fig.5). A two-way ANOVA confirmed that the age-associated differences with
regard to HO-2 expression accounts for 18.9% (p=0.02) of total variance. HO-2 in DS was
similar to CTRY cases, but significantly lower HO-2 levels were observed (2-fold) in
DS/AD compared to CTRO.

To extend our results of the consequences of increased Bachl in DS we analyzed mRNA
and protein levels of NQOZ1, another well-known protein whose expression is regulated by
Bachl [58]. NQOL1 is a phase Il antioxidant enzyme that catalyzes the detoxification of
quinones, which prevents the generation of reactive semiquinones, O5°, and H,O, [59]. Our
results show unaltered levels of NQO1 mRNA among the 4 groups (Fig.2E), consistent with
HO-1 data. NQOL1 levels are similar in DS overall compared to control cases overall.
However an age-associated increase (about 1.3-fold, CTRY vs. CTRO) is found in control
cases but not DS cases. The linear regression analysis supports the influence of age in the
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controls on NQO1 protein induction in CTR (R2= 0.53, p= 0.04) but not DS (R?= 0.31, p=
0.14) cases. In addition, a two-way ANOVA analysis confirms that age significantly
accounts for 63.3% (p=0.0001) of the total variance, while genotype did not significantly
affect NQOL1 protein levels (Table 3). Similar to HO-1, DS/AD subjects showed a
significant increase of about 1.3-fold (Fig. 2) in NQO1 protein levels compared to younger
DS cases without AD pathology (Fig.2B&D).

BVR-A protein levels, nitration and reductase activity

BVR-A with HO is part of the heme degradation pathway in which this enzyme catalyzes
the reduction of BV to BR [32, 46]. In addition, through its serine/threonine/tyrosine kinase
activity BVR is able to modulate several signaling transduction pathways having
neuroprotective effects [32]. To extend our knowledge about the role of HO/BVR-A system
in the progression of DS pathology, BVR-A protein levels and activity were evaluated.
Interestingly, a significant increase of BVR-A protein levels was found in DS (1.4-fold vs.
CTRY) and DS/AD (1.5-fold vs. CTRO) cases (Fig. 4A&C). Furthermore, BVR-A protein
levels are not associated with age as the same levels were found in CTRY and CTRO.
Linear regression analyses support these observations by showing that BVR-A levels are
independent of PMI (R2= 0.09, p= 0.66) as well as from age in both CTR (R?= 0.04, p=
0.53) and DS (R?= 0.001, p= 0.92) groups. Furthermore, a two-way ANOVA analysis
indicates that, with regard to BVR-A protein levels, genotype significantly accounts for
49.8% (p<0.0001) of the total variance, while age is not significantly involved (Table 3).
The analysis of 3- and 15-month old Ts65Dn mice and their euploid counterpart support the
above data on BVR-A in DS cases, showing a slight but not significant increase in the young
group of mice, as seen in young DS, and a consistent increase of about 1.5-fold in the aged
group (Fig. 5A&F). Regarding BVR-A levels, the discrepancy about data obtained in young
DS and in young Tg mice in respect to their controls might be due to different thresholds of
OS/NS.

To test if increased BVR-A protein levels were paralleled with an increase in activity, BVR-
A reductase activity was evaluated. DS cases showed similar BVR-A activity levels
compared to CTRY (Fig.4E). Conversely, DS/AD subjects showed a significantly reduced
activity when compared with CTRO (about 1.8-fold). In addition, DS/AD subjects had
reduced BVR-A reductase activity compared to DS (~2.2-fold decrease), thus highlighting
that AD pathology is associated with reduced BVR-A function. In support of these data, a
linear regression analysis revealed a significant negative association between age and BVR-
A activity (Sup. Fig.4). BVRA activity is independent of PMI (R2= 0.21, p= 0.055; Sup. Fig.
4). Further, our data demonstrate no significant differences with age in CTR subjects, thus
excluding age-associated effects (Fig.4; Sup. Fig.4). Overall, a two-way ANOVA shows that
age significantly accounts for 33.9% (p=0.012; Sup. Fig.4) of total variance in BVR-A
activity while genotype did not significantly influence BVR-A activity.

To determine if changes of BVR-A activity were dependent on OS/NS-induced post-
translational modifications as previously reported [43-45, 60], 3-NT levels of BVR-A (3-
NT-BVR-A) were evaluated. As shown in Fig. 4B&D, BVR-A nitration was comparable
between DS and CTRY, while a significant increase (about 1.4-fold) was observed in
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DS/AD subjects with respect to CTRO. Intriguingly, an increase of 3-NTBVR-A was
observed in DS/AD compared to DS (about 1.8-fold). These last findings parallel with lower
BVR-A activity (Fig.4F) and are consistent with the evidence that increased OS/NS levels
reduce BVR-A activity as previously reported in AD and MCI subjects and aged beagles
[43-46, 60]. There was no effect of PMI, which could affect OS/NS levels [61] (R?= 0.09,
p=0.32, Sup. Fig.4). Linear regression analysis supports the age-associated effects in terms
of protein nitration in both CTR (R?=0.80;p=0.014) and DS (R?=0.69; p=0.04) cases (Sup.
Fig. 5) A two-way ANOVA analysis suggests that age significantly accounts for 93.8%
(p=0.0001) of total variance in 3-NT-BVR-A, while genotype did not influence BVR-A
nitration (Table 3). Further, analysis on BVR-A activity has been performed on Ts65Dn
mice model compared to age-matched euploid groups showing that the activity of BVR-A
does not change significantly at 3 months of age between the groups of comparison but
decreases at 15 month-old Ts65Dn when compared to both age-matched euploid animals
(1.35-fold) and 3 month-old Ts65Dn (1.5-fold) (Fig. 5G)

DISCUSSION

The mechanism(s) relating HSA21 trisomy and neurodegeneration are not still completely
elucidated, and recent data suggest the contribution of increased OS/NS, [48, 62-70].
Similar to AD [71-74], Ap accumulation in DS is associated with enhanced formation of
reactive oxygen species (ROS) in neurons leading to premature neuronal dysfunction and
death [75-77]. DS individuals possess a higher risk of developing AD than the general
population [3, 63]. Trisomy of HSA21 likely increases levels of the proteins involved in
redox homeostasis such as SOD-1 that when overexpressed could promote increased levels
of OS, as observed in DS [3, 7, 11, 47, 78, 79]. A current challenge is to identify the
intracellular pathways that are altered as a consequence of genetic contributions to AD
neuropathology in DS, with the aim of providing a mechanistic basis to understand the
neurodegenerative process and facilitate the design of new treatments.

To investigate this hypothesis, we analyzed the Bach1/HO-1/BVR-A axis that represents
one of the main systems through which cells counteract/prevent OS-induced intracellular
damage [25, 46, 80-82]. Here we report for the first time that total Bach1l is overexpressed
in the brain of young DS cases. Interestingly, DS/AD cases show the same levels of Bachl
protein with respect to younger DS without AD pathology. Since DS cases are both higher
than their respective controls, a dominant effect of DS pathology/genotype in accordance
with the “gene dosage hypothesis” can be proposed [83]. This evidence is also supported by
the lack of any association between age and Bach1 protein levels in DS, suggesting that the
observed increase of Bachl expression in DS subjects is strictly linked to the trisomy. Bachl
plays an important role in the regulation of several proteins involved in the cell stress
response by blocking their induction under physiological conditions. In turn, increased OS
levels suppress the function of Bachl [53, 84, 85] by promoting Bach1 nuclear export, poly-
ubiquitination by the heme-responsive E3 ubiquitin-protein ligase HOIL-1, and subsequent
degradation by the 26S proteasome pathway [53]. ROS can also directly target the
sulfhydryl groups of Bachl to inhibit its binding to AREs, thus promoting nuclear export
and degradation [26].
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Increased Bachl expression levels are involved, overall, in repressing the induction of HO-1
in DS cases, thus reducing HO-1 overexpression in stress conditions as observed in AD [56]
(Fig.2; Sup.Fig.3). To date, other genes mapped on HSA21, such as GABPA or UBC, which
modulate NRF2 (trough Keapl) or the same Bachl, might be involved in the regulation of
HO-1 expression, thus amplifying the effects of trisomy on the alteration of the heme
degradation pathway. A further novelty reported in this study is represented by the different
pattern of ubiquitination among DS and CTR cases. We measured Bach1 total (mono- and
polyubiquitination) and poly-ubiquitination. Mono-ubiquitination is involved in modulating
protein function, compartmentalization and interactions, while polyubiquitination is a signal
of protein degradation. Our data demonstrate that in the brain of DS the total ubiquitination
but not poly-ubiquitination of Bachl is reduced compared to controls. This effect together
with increased total Bachl levels might contribute to regulate HO-1 levels in DS comparable
to CTRY. The presence of AD pathology increases Bachl poly-ubiquitination in DS to
levels higher than those observed in age-matched controls (Fig.1F). Despite increased
protein levels of Bachl both in DS and DS/AD, the different pattern of poly-ubiquitination
may account for the differences of HO-1 and NQOL1 protein levels between DS/AD and DS
cases (Fig.2C&D). Nevertheless, HO-1 and NQOL are selectively increased in aged groups
(DS/AD and CTRO) compared to young groups (DS and CTRY) as a function of age or OS
(Fig.2). In addition, the significant differences found between DS and DS/AD individuals
(Fig.1) suggest a potential compensatory effect between DS and AD pathology. We might
speculate that the increased Bachl poly-ubiquitination in DS/AD with respect to DS is a
result of increased OS observed in these individuals. Overall, it appears that Bachl levels,
and therefore HO-1 expression, in DS might result from the combination of genotype-related
Bachloverexpression and Bachl poly-ubiquitination levels. This observation is strengthen
by data obtained on Ts65Dn mice (young and old) compared to euploid controls that show
increased Bachl expression levels but not Bachl poly-ubiquitination. Increased Bachl
levels in Tg animals tend to maintain HO-1 expression levels comparable to those of euploid
animals, without any contribution of the ubiquitination process. Therefore, the lack of
different Bach1 poly-ubiquitination between young and old mice is conceivably responsible
of the lack of age-dependent increase of HO-1 levels between the same groups observed in
human samples.

However, whether inhibition of Bachl is required to support HO-1 transcription driven by
other transcription factors is not clear and requires further analysis [86]. It is important to
address that ubiquitination process in DS cases might be altered as result of the triplication
of USP25, USP16 (ubiquitin proteases); UBE2G2 (ubiquitin conjugating enzyme); SMT3A
(ubiquitin-like) genes and ZNF294 (Listerin E3 Ubiquitin Protein Ligase 1) [54], thus
contributing to the alteration of ubiquitination/de-ubiquitination processes in trisomic
individuals.

Interestingly, HO-2 protein levels apparently are not affected by DS, but rather by age only
in the controls (Fig.3). Furthermore, the significantly lower levels of HO- 2 found in DS/AD
with respect to CTRO is consistent with previous studies in sporadic AD and MCI showing
reduced HO-2 protein levels in the brain undergoing neurodegeneration [56, 57].
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Another novelty of the present study is the differential regulation of BVR-A protein levels
that are increased in both DS and DS/AD brain. This observation suggest that the DS
genotype is associated with higher BVR-A conceivably as a consequence of early increased
OS in DS brain [3, 15, 33, 87-89]. These notions parallel with previous findings in brain of
MCI and AD cases showing an association of HO-1 and BVR-A protein levels with OS [45,
56]. Considering the pleiotropic functions of BVR-A in the maintenance of cellular
homeostasis [32], it is plausible that the induction of BVR-A is a process more sensitive to
OS changes and precedes that of HO-1, as previously suggested [44, 45].

However, increased and prolonged nitrosative stress levels exert a critical detrimental effect
on BVR-A function, modulating its catalytic activity. Indeed, we show a negative
correlation between the significant increase of protein-bound 3-NT and decreased BVR-A
activity in the brain of DS/AD when compared to either CTRO and DS (Fig.4) [43-46, 60].
Overall, BVR-A appears to respond to increased OS in young DS individuals (increased
expression) but at the same time is highly susceptible to oxidative damage, which
compromises its functional activity. The results obtained on Tg mice show, as in humans, an
increase of BVR-A expression levels coupled with decreased levels of BVR-A reductase
activity in the aged, but not in the young, trisomic group suggesting again the involvement
of OS/NS in the regulation of BVR-A protein functionality.

To summarize, the results of the current study show that a dysfunction of the HO/BVR-A
system occurs in DS and that this phenomenon appears to be an early event that may be
linked to increased OS. Bachl, encoded on HSA21, is overexpressed in DS humans and
mouse models of the disease playing a key role in the regulation of HO-1 protein expression,
but not BVR-A. The further increase of OS over time could be responsible for the nitration
and subsequent impairment of BVR-A activity, thus negatively affecting both the production
of bilirubin and the BVR-A-mediated cell stress response (Fig.6). Taken together, this series
of changes could impact the progression of the neuropathology from DS to DS/AD. The
implication of these results for understanding the molecular mechanisms leading to OS-
mediated neurotoxicity are interesting, and offer a molecular bridge connecting DS and AD.
Two major theories, the “gene dosage hypothesis and the “amplified developmental
instability hypothesis” have been proposed to explain the high susceptibility of DS
population to AD. Our study suggests that the triplication of genes encoded on HSA21 are
directly involved in the appearance of harmful conditions such as increased OS/NS which
over time contributes to the early development of AD pathology in DS individuals. The
understanding of such altered molecular mechanisms and their impact on DS brain could
lead to novel therapies to prevent or treat AD, and research on this topic is ongoing in our
laboratory.
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Figure 1. Bachl protein levels and ubiquitination in the brain of DS and DS/AD cases
Human frontal cortex of DS (n=8) and DS/AD (n=8) with respect to matched controls, i.e.,

control young (CTR Y, <40 years, n=8) and control old (CTR O, >40 years, n=8), has been
analyzed to evaluate Bachl protein levels and ubiquitination. For total protein levels
samples were analyzed by WB using anti-Bach1 antibody (panel A and C), while for protein
total and poly-ubiquitination, samples were immunoprecipitated with anti-Bach1 antibody
and analyzed by WB using anti polyubiquitin antibody (panel B&E and D&F). All the gel
images show two representative bands for each group. The bar graph were built on all the
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samples values normalized on CTRY that was set at 100%; Means + SD are reported,
*P<0.05.
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Figure 2. Heme oxygenase-1 (HO-1) and NAD(P)H:Quinone oxidoreductase-1 (NQOL1) protein
levels and mRNA expression levels in the brains of DS and DS/AD cases

HO-1 and NQOL1 protein levels and mMRNA expression levels in the brain of DS (n=8) and
DS/AD (n=8) with respect to their matched controls, i.e., control young (CTR Y, <40 years,
n=8) and control old (CTR O, >40 years, n=8), respectively. For total protein levels samples
were analyzed by WB using anti-HO-1 antibody (panel A and C) and anti-NQO1 antibody
(panel B and D). mRNA levels were evaluated by real time PCR as described in materials
and methods section. Representative gels of 2 independent samples per group are shown.
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The bar graph were built on all the samples values normalized on CTRY that was set at
100%; Means = SD are reported, *P<0.05.
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Figure 3. Heme oxygenase-2 protein levels in the brains of DS and DS/AD cases
HO-2 protein levels in the brain of DS (n=8) and DS/AD (n=8) with respect to their matched

contrals, i.e., control young (CTR Y, <40 years, n=8) and control old (CTR O, >40 years,
n=8), respectively. For total protein levels samples were analyzed by WB using anti-HO-2
antibody (panel A and B). Representative gels of 2 independent samples per group are
shown. The bar graph were built on all the samples values normalized on CTRY that was set
at 100%; Means * SD are reported, *P<0.05.
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Figure 4. Biliverdin reductase-A (BVR-A) protein levels, activity and nitrosative post-
translational modifications (3-NT) in the brains of DS and DS/AD cases

BVR-A protein levels, reductase activity (expressed as bilirubi

n production) and nitrosative

post-translational modifications in the brain of DS (n=8) and DS/AD (n=8) with respect to

their matched controls, i.e., control young (CTR Y, <40 years,
>40 years, n=8), respectively. Protein levels were analyzed by
antibody (panel A and C), while for protein-bound 3NT levels

n=8) and control old (CTR O,
WB using anti-BVR-A
samples were

immunoprecipitated with anti-BVR-A antibody and analyzed by WB using anti-3NT

antibody (panel B and D). BVR-A reductase activity (panel E)
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assay as described in materials and methods section. In panel F the correlation analysis
between 3-NT and BVR-A reductase activity data is shown. All the gel images show two
representative bands for each group. The bar graph were built on all the samples values
normalized on CTRY that was set at 100%; Means * SD are reported, *P<0.05.
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Figure 5. Bachl protein and poly-ubiquitination levels, HO-1 protein levels and BVR-A protein

levels and activity in Ts65Dn mouse model at 3 and 15 months of age compared to age-matched

euploid animals

Proteins total levels were analyzed by WB using anti-Bach1 antibody (panel A and C), anti-

HO-1 antibody (panel A and E) and anti-BVR-A antibody (panel A and F), while for protein
ubiquitination samples were immunoprecipitated with anti-Bach1l antibody and analyzed by
WB using anti (poly-)ubiquitin antibody (panel B&D). BVR-A reductase activity (panel G)

was evaluated by enzymatic assay as described in materials and methods section. All the gel
images show two representative bands for each group. The bar graph were built on all the
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samples values normalized on CTRY that was set at 100%; Means + SD are reported,
*P<0.05.
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Figure 6. Proposed scenario of Bachl modulation and downstream signaling in DS pathology
HSAZ21 trisomy leads to Bachl repressor of transcription overexpression, which, in the

nucleus, forms heterodimers with small Maf proteins and bind to antioxidant response
elements (AREs), repressing transcription of HO-1 and NQO1 genes. DS individuals are
characterized by early increase of oxidative/nitrosative stress (OS/NS), and the inhibition of
HO-1 induction both contributes to BVR-A activity by increasing protein nitration. The
HO-1/BVR-A pathway, when impaired, is not able to exert its neuroprotective function thus
favoring the progression of AD pathology in DS individuals. Finally, the development of
AD pathology in DS individuals leads the ubiquitination of Bach1 partially recovering HO-1
induction but not the system functionality.
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Autopsy case demographics. A complete set of information is reported as supplementary material.

Table 1

Groups n Gender (M/F) Age PMI

(avg. £SD)  (avg. =+ SD)

Control Y 8 4/4 248+11.66 12.1+4.71
DS 8 612 233+16.83 134+213
ControlO 8 53 572+763 11.3+6.90
DSIAD 8 5/3 500+320  43g4+157"

Significantly shorter than the other 3 groups.
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Table 2

Mice demographics

Groups n Monthsof age Weight
(avg. £ SD) (avg. £ SD)
Euploid 3M 6 3001 236+13
Ts65Dn 3M 6 296+0.1 25020
Euploid 15M 6 15.0+0.1 39.4+7.0
Ts65Dn15M 6 15.0+0.1 425+33
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