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Abstract

INTRODUCTION: People with Down syndrome (DS) are predisposed to Alzheimer’s disease
(AD). The amyloid hypothesis informs studies of AD. In AD-DS, but not sporadic AD, increased
APP copy number is necessary, defining the APP gene dose hypothesis. Which APP products
contribute needs to be determined.

METHODS: Brain levels of fl-hAPP, C-terminal fragments (hCTFs), and Ap peptides were
measured in DS, AD-DS, non-demented controls (ND) and sporadic AD cases. The APP gene-
dose hypothesis was evaluated in the Dp16 model.

RESULTS: DS and AD-DS differed from ND and AD for all APP products. In AD-DS, Ap42
and AP40 levels exceeded AD. APP products were increased in the Dp16 model; increased APP
gene dose was necessary for loss of vulnerable neurons, tau pathology, and activation of astrocytes
and microglial.

DISCUSSION: Increases in APP products other than Ap distinguished AD-DS from AD.
Deciphering AD-DS pathogenesis necessitates deciphering which APP products contribute and
how.

"Correspondence to: William Mobley M.D., Department of Neurosciences, UCSD School of Medicine, 9500 Gilman Drive, GPL 355,
La Jolla, CA 92093-0624; wmobley@ucsd.edu.

Author contributions

MS, CO, AB, and WM were involved in the study conception. MS, CO, AB, DD, RA, and WM were involved in data processing

and interpretation. MS, CO, and WM wrote the manuscript. All authors contributed to revising the manuscript and were involved in
the acquisition of data, procurement of samples, acquisition of molecular data, or provision of comparison data sets. All authors have
approved the final manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sawa et al.

Keywords

Page 2

Alzheimer’s disease; trisomy 21; Dp16; neurodegeneration; sex differences

Narrative

The ongoing epidemic of Alzheimer’s disease (AD) [1] motivates studies to understand
underlying pathological mechanisms and discover treatments to prevent or ameliorate
dementia. Regarding these objectives, it is noteworthy that the most common genetic cause
for AD is Down syndrome (DS) [1]. By deciphering the genetic and mechanistic basis

for AD in DS (AD-DS) it may be possible to accelerate progress toward treatments for
those with DS as well as for those with sporadic and other genetic causes of AD. An
important step is discovering the responsible gene(s) and mechanisms. Studies in DS point
compellingly to a third copy of the gene for APP as necessary for AD, but how increased
APP dose confers increased risk for AD is unknown. The existing literature suggested

that increased APP dose would be correlated with increased levels of APP products in the
DS and AD-DS brain. However, few quantitative studies had been undertaken, especially

a comparison of the levels of APP products in DS and AD-DS versus AD. Herein, we
addressed the impact of increased APP dose by examining the full-length protein (fl-hAPP)
as well as its C-terminal fragments (hCTFs) and AP peptides in the brains of those with DS
and AD-DS, comparing their levels to those in non-demented (ND) controls and in patients
with AD. We reasoned that increases in APP products, including possible deviations from
dose-linked proportional increases, would nominate APP products for a role in AD-DS. The
differences we discovered differentiated DS and AD-DS from both ND controls and AD.
The resulting updated hypothesis points to the possibility that several APP products may
contribute to pathogenesis in DS and AD-DS brains and encourages studies for deciphering
the impact of APPdose that go beyond the amyloid hypothesis.

DS, the most common survivable aneuploidy, occurs in ~1 in 800 births [2]; there are more
than 250,000 people in the US with DS [3, 4]. In 95% of cases, DS is caused by trisomy

for an entire copy of chromosome 21 [5-8]. The syndrome features characteristic changes in
many organ systems and tissues. Nearly universal are difficulties with cognitive development
in children and emergence of dementia in adults [9-11]. The impact of brain disorders in DS
motivates studies to explicate the genetic and cellular bases. Manifestations in DS are due,
directly or indirectly, to the triplication of a gene(s), an extra copy of regulatory sequences,
or other chromosomal material on human chromosome 21 (HSA21) [5, 12]. Advances in
genetics and cellular biology in the past two decades enabled studies to define the genes
underlying the changes (i.e., phenotypes) induced by trisomy for HSA21. The chromosome
contains 235 protein-encoding genes, 423 non-protein-coding genes, and 188 pseudo-genes
(reviewed in [5]). Cognitive deficits may be linked to an increased dose of several HSA21
genes [5, 13, 14], as well as HSA21 gene dose-induced changes in the expression of genes
on other chromosomes [15-17]. Indeed, a recent comprehensive study of gene expression

in the DS brain examining tissue at ages from 14 post-conception weeks to age 42 years
demonstrated genome-wide changes in expression pointing to the involvement of distinct
biological pathways and all brain cell types [16].
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Of the many medical comorbidities present in adults with DS [1, 18], the most significant
for those beyond age 40 years is dementia. Similarities to Alzheimer’s disease (AD) in
clinical presentation and the striking concordance of neuropathological features enable

a diagnosis of AD in DS —i.e., AD-DS [10, 11]. As for AD, the neuropathology of

AD-DS includes the presence of neuritic amyloid plaques containing the Ap peptide product
of the human amyloid precursor protein (hAPP) and neurofibrillary tangles containing
phosphorylated isoforms of tau [19-21]. Also, in the context of increasing neurofibrillary
pathology, microglia show dystrophic processes in the fifth decade [22]. Less well
appreciated is the enlargement of early endosomes, a change present in early AD and present
in the DS brain as early as the fetal period [19, 23, 24]. While the pathological diagnosis of
AD-DS can be made in essentially all those with DS by the age of 40 years [25], the average
age of clinical diagnosis of dementia is ~56 years, with more than 80% affected by age 69
[5, 11, 26].

Despite the complex genetic environment created by an entire extra chromosome, it is
remarkable that an extra copy of a single gene, Amyloid Precursor Protein (hAPP) located
on HSA21, is essential for AD-DS. hAPPencodes a highly conserved Type 1 integral
membrane protein (fl-hAPP) that is highly expressed in CNS neurons. Compelling evidence
for an essential role for increased h APP gene dose for AD-DS is case reports in which

a person partially trisomic for HSA21, and carrying only two copies of the hAPP gene,
demonstrated neither the pathology of AD nor became demented even in old age [27, 28].
hAPP multiplications and missense mutations have also been linked to familial and sporadic
forms of AD [29]. Thus, increased hAPP gene dose is also sufficient for a form of familial
AD (FAD) [30, 31].

It is essential to decipher how increased hAPP gene dose induces AD pathogenesis. Given
that increased APP dose is not present in sporadic AD, one must question whether the
amyloid hypothesis for AD suffices to explain pathogenesis in those with DS. Toward
understanding AD-DS it is essential to demonstrate that the extra copy of APPresults in
increased levels of its products, an expectation not well established. Indeed, relatively few
studies quantitatively document levels of fl-hAPP and its products in the DS brain, and
only one directly compared the levels to those in AD. An early study linked gene-dose to
increases in fl-hAPP and AB in DS in the brains of DS and AD cases, but the number of DS
samples whose age puts them at increased risk for AD-DS was very small [32]. Relative to
controls, later reports showed that increased hAPP gene dose in DS is reflected in increases
in the levels of gene expression at the levels of APPmRNA [33, 34], fl-hAPP [32, 35-38],
and its C-terminal fragments (CTFs) [34, 37, 39-41]. AP peptides in the brain and plasma
are also increased in DS [32, 36, 37, 42-48] and CSF Ap42 levels demonstrate decreases
coincident with cognitive decline, as in AD [47].

To explore how increased APP gene dose is linked to AD-DS, we tested the hypothesis that
increased dose is registered in increases in fl-hnAPP and its products in those whose age

puts them at risk for this diagnosis. We reasoned that APP products potentially relevant to
pathogenesis would be present in the DS and AD-DS brain at levels increased relative to
ND controls and possibly to AD. In pathologically and clinically characterized cases of DS
and AD-DS we quantitatively examined brain levels of APP products. Our studies employed
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detergent soluble lysates of the frozen prefrontal cortex in which the levels of fl-hAPP,
hCTFs, AB42, Ap40, and AB38 were measured.

We discovered that DS and AD-DS samples differed significantly from ND controls and

AD in all measures. Increased APPdose resulted in increases in fl-hAPP proportional to
gene dose. Greater than proportional increases were seen in AB42 and AB40, with levels that
exceeded by several-fold those in AD. Increased hCTFS were present in males and females
in DS and AD-DS; only in females did the levels exceed the increases in fl-hAPP. These
findings support the hypothesis and point to the possibility that several APP products could
contribute to pathogenesis. They also suggest APP dose-mediated changes in processing and
clearance of APP products as a possible contributor.

Limitations inherent in the use of human tissue include that the values measured provide
but a ‘snapshot’ of APP products, one that is possibly impacted by premortem status.
Moreover, our measures were undertaken only in older adults, obviating the ability to
define and quantitate possible age-related changes. Equally limiting, postmortem samples
do not support the ability to discriminate between cause and effect. However informative
are such studies, they do not readily admit of the ability to define which APP product(s) is
responsible for neurodegeneration, how it acts, and when it does so. To ask such questions
we determined if the changes in DS and AD-DS were recapitulated in a mouse model of
DS. In the Dp16 model, increases for fl-mAPP, mCTFs, Ap 40, and 42 were proportional to
APPdose. Age-related increases in Ap40 and 42 were detected in both Dp16 and 2N mice.
Significantly, we found APP dose-dependent degeneration of vulnerable neurons. Moreover,
tau pathology and activation of astrocytes and microglial also responded to increased APP
dose. Finally, enlargement of early endosomes was also linked to increased APP. Studies

in the model further inform the hypothesis, and importantly, converge with human data to
demonstrate the necessity of increased APP dose for neurodegeneration in DS.

Taken together with other studies our findings point to increased APP dose leading to
essentially life-long increases in APP products in both humans with DS and the Dp16
model. In so doing they point to the possibility that the mechanisms responsible for

AD-DS are active decades before disease diagnosis, as assertion consistent with clinical

and pathological observations [1, 24, 49, 50]. In demonstrating significant differences
between AD-DS and AD, they raise the possibility that several APP products could
contribute to pathogenesis, possibly through different mechanisms. Importantly, they argue
that investigations to define the APP product(s) responsible for pathogenesis in DS are
essential and against assigning to any product a singular role. Studies in which each of
several APP products are examined in rodent and human model systems will be necessary to
clarify which products act, when they act, how they act and whether their actions contribute
to AD in DS. In summary, our findings help to create a roadmap for studies to further
explore the hypothesis and to decipher how an extra copy of the APPacts to cause AD in
DS. We highlight possible approaches and speculate on what methods and reagents could be
used to reduce APPexpression in those with DS. Finally, we address near-term possibilities
for preventing AD in DS that build upon the rationale that reducing APP products may prove
effective even absent a full explication of pathogenesis.
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Materials and Methods

Analysis of Human Brain Tissues

The postmortem human brain tissues from the mid-frontal cortex were obtained from the
Banner Sun Health Research Institute (Phoenix, AZ; SHRI), UCSD-ADRC (La Jolla, CA),
and UCI-ADRC Brain tissue repository (Irvine, CA)(Table 1). Controls (ND: non-demented)
ranged in age from 58 to 102 (average: 83 years), AD cases from 64 to 94 (average: 85
years), and AD-DS cases from 45 to 70 (average: 53 years). Though younger on average
than the ND and AD cases, the ages for AD-DS cases correspond to those at which people
with DS are at markedly increased risk for AD; this is borne out by neuropathological
staging (Table 1). As referenced, ~50% of people with DS are diagnosed with AD-DS at
age 56 [51] — two or three decades younger than for sporadic AD, in which disease is most
common in the 75 to 84 (48%) and 85 and older (38%) age cohorts [52].

In all cases, the staging of neurofibrillary pathology was via Braak and Braak (1991).

For SHRI cases: 1) non-demented control cases were without dementia or parkinsonism
during life and without a major neuropathological diagnosis. Cases with mild cognitive
impairment (MCI) were grouped with control cases, as were cases with incidental Lewy
bodies, essential tremor, restless legs syndrome, and other tremor disorders. 2) Diagnosis
of AD was defined as intermediate or high NIA Reagan criteria [53]. Neuropathological
classification of plagues was based on CERAD neuritic plaque frequency at maximum
density in the neocortex (0, sparse, moderate, frequent, or 0-3) [54]. For the ADRC cases,
the pathological staging of amyloid used the Thal Phase (0-5) to score the hierarchical
deposition of AB-containing plaques - i.e. a measure of amyloidosis not a measure of
neuritic plaques- in the following regions: hippocampal sectors CA1, CA2, CA3, and CA4,
the outer and inner portion of the molecular layer of the fascia dentata, the fascia dentata
granule cell layer, the layers of the entorhinal cortex, all neocortical areas, the cingulate
gyrus, the basal nucleus of Meynert, the hypothalamus, the thalamus, the basal ganglia, the
subthalamic nucleus, the midbrain, the pons, the medulla oblongata, and the cerebellum
[55].

Two groups of cases with DS were included in this study from the UCI-ADRC Brain
tissue repository: with and without AD dementia (AD-DS and DS respectively). AD-

DS dementia status classification followed comprehensive assessments including medical
history, neurological examination, and neuropsychological evaluation with particular
attention given to other health co-morbidities or neuropsychiatric conditions that might
cause or mimic dementia (e.g., thyroid dysfunction, sensory impairment, depression,
seizures, medication side effects, and other systemic illnesses). The diagnosis of dementia
in AD-DS was based upon a consensus opinion from two or more independent raters after
a comprehensive evaluation of existing records and data. Participants were classified as
demented if there was a history of progressive memory loss, disorientation, and functional
decline over at least six months. One DS case with partial trisomy 21, reported previously
[28] was included in the study. Neuropathological classification of amyloid was based on
amyloid plaque stages — 0, A, B, and C [56].

Alzheimers Dement. Author manuscript; available in PMC 2023 June 01.
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The frozen tissues were homogenized in a two- to three-times volume of RIPA buffer (25
mM Tris-HCI pH 7.5, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS)
containing Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific)
using the Bullet Blender (Next Advance). After centrifugation for 15 min at 13,000 rpm at
4°C, the supernatant was collected for biochemical analyses. For quantification of fl-hAPP
and hCTFs, 30 pg of total lysate was loaded on 10% Bis-Tris Criterion gels or 16.5%
Tricine gels (BioRad). Proteins were transferred onto polyvinylidene fluoride (PVVDF)
membranes. After boiled in 1xPBS for 5 min, membranes were blocked with 5% milk

at RT for 1hr and blotted using antibodies against hAPP for detection of fl-hAPP and hCTFs
(Y188, 1:2000, Abcam). For separation of hCTFs at higher resolution, 16.5 % tricine gels
(BioRad) or 16% tricine gels prepared using SE660 Tall Standard Dual Cooled Vertical
Protein Electrophoresis Unit (Hoefer) were used. For the analysis of expression levels

of enzymes, the following antibodies were used: anti-Nicastrin antibody (D38F9, 1:1000,
Cell Signaling), anti-PEN2 antibody (D6G8, 1: 1000, Cell Signaling), anti-Presenilin 1
antibody (D39D1, 1:1000, Cell Signaling), anti-Presenilin 2 antibody (D30G3, 1:1000,

Cell Signaling), anti-ADAM10 antibody (#14194, 1:1000, Cell Signaling), anti-BACE1
antibody (MAB931, 1:250, R&D systems) and anti-BACE2 antibody (ab27045,1:1000,
Abcam). For total and pT212-Tau analysis, protein lysates were resolved using 8% hand-
casted Tris-polyacrylamide gels or 10% Criterion™ XT Bis-Tris Protein Gels (BioRad)

and detected using anti-Phospho-Tau (Thr212) antibody (44-740G, 1:1000, Thermo Fisher
Scientific), or anti-Tau antibody (Tau-5, 1:5000, Abcam). Anti-p-Actin (A5441, 1:5000,
Sigma), anti-GAPDH (MAB5718, 1:10,000, R&D SYSTEMS), and anti-p-Tubulin (T0198,
1:5000, Sigma) antibodies were tested; the anti-Actin antibody was used as an internal
control for quantification. After incubation with secondary antibodies, signals were detected
using enhanced chemiluminescence (BioRad) and analyzed using a ChemiDoc XRS+
imaging apparatus (BioRad) and Image J. Quantitation of western blot (WB) images used
densitometry for exposures in the linear range of detection.

Analysis of Mouse Brain Tissues

Dpl16 mouse model of DS.—Dp(16)1 Yey/+ (Dp16) mice [57] and their 2N

control littermates were used. Dp16 mice contain a duplication orthologous to human
chromosome 21q11-g22.3 and carry 113 genes orthologous to genes on HSA21.

Dp16 mice demonstrate behavioral deficits [57-59], and impaired hippocampal-mediated
learning and memory [58]. Dp16 mice were maintained by crossing females to male
(C57BL/6J x C3H/HeJ) F1 mice (B6C3). Diploid (2N) littermate mice on the same
background served as controls. To produce Dp16 mice harboring only 2 mouse App
alleles (i.e. Dp16:App++- ), Dp16 mice were crossed with 2N mice lacking one copy

of App (i.e. 2N: App+- mice) [60] on the same strain background. The genotype

of all animals was confirmed by polymerase chain reaction (PCR). For genotyping,

tail samples were used to extract genomic DNA. A protocol was used to amplify

the HPRT insertion which is only found in Dp16 mice along with amplification of

the IL-2 gene as an internal control. The primer sequences used for HPRT were:

fwd: 5’-AGGATGTGATACGTGGAAGA-3’; rev: 5’-CCAGTTTCACTAATGACACA-3’;
while the primers for IL-2 were: fwd: 5’-CTAGGCCACAGAATTGAAAGATCT-3’;

rev: 5’-GTAGGTGGAAATTCTAGCATCATCC-3’. For mApp the primers were fwd: 5’-

Alzheimers Dement. Author manuscript; available in PMC 2023 June 01.
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AGAGCACCGGGAGCAGAGCG-3’; rev: 5’- AGCAGGAGCAGTGCCAAGC-3’. For the
Neo insert the primers were: inNeo F1: 5’-ATGGATACTTTCTCGGCAGGAGC-3’; inNeo
R1: 5’- GAGGCTATTCGGCTATGACTGGG-3'.

All animals were maintained and bred according to standard procedures. Mice were housed
2 to 5 per cage with a 12 hr light-dark cycle and ad-/ib access to food and water. Mice for
all studies used sample sizes targeted to detect statistically significant differences of >20%.
Mice were 2, 4, 8, 12, 14, or 19-20 months of age for biochemical experiments; 4-6, 8-10,
or 13-19 (mean 16) months of age for neuropathological experiments. The evaluation of
mAPP gene dose on biochemical and neuropathological phenotypes was carried out in a
blinded fashion. Sacrifice was between 7 AM and 7 PM daily; best efforts were made to
minimize suffering.

RNA extraction and real-time quantitative PCR (RT-gPCR) analysis—Total RNA
was extracted from the mouse cortex, cerebellum, and hippocampus using the RNeasy
Lipid Tissue Mini Kit (QIAGEN). Complementary DNA (cDNA) was synthesized using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystem). Total RNA (1 pug)
was used as a template. RT-gPCR reaction was performed using PowerUp™ SYBR™ Green
Master Mix (Applied Biosystem) with 10 ng of cDNA as a template. Eight genes (mAPF
Dyrkla, Kenf6, Synf1, Rcan, BaceZ, Itsn, Sod1) were analyzed to evaluate gene expression
in the cortex of 2N and Dp16 mice at 4 and 19 months and cerebellum at 12 months. For
validation of the NanoString analysis, an additional four genes (O/fm3, Per1, Ctss, Psmg1)
were analyzed in the hippocampus at 4 months and four genes (Aphla, Samad4, Fxyads,
Psmg1) in the hippocampus at 19 months. Gapd/h was used as an internal control. Data was
acquired using Applied Biosystems 7300 Real-Time PCR System (Applied Biosystem) and
analyzed using Applied Biosystems 7300 Fast SDS Software (Applied Biosystems™).

Gene expression study using a NanoString AD panel—Alterations of gene
expression among 770 AD-associated genes discovered in the AMP-AD consortium study
[61] were examined using the nCounter mouse AD panel (NanoString Technologies).
Briefly, total RNA was extracted from the hippocampus of 2N and Dp16 mice at 4

and 19 months using the methods outlined above. 100ng of total RNA was used for
hybridization to the capture and reporter probes following the manufacturer’s protocol.
Image acquisition was done using the nCounterSPRINT profiler (NanoString Technologies).
The data was processed and analyzed using nSolver and nCounter Advanced Analysis 2.0
software (NanoString Technologies). Nine housekeeping genes were used for normalization.
Differentially expressed genes between the groups were selected with a p-value of <0.05
(adjusted p-value, t-test).

Immunoblot analysis of mouse brain—Cortex and hippocampus of 2N and Dp16
mice at 4 and 19 months were dissected and homogenized in a three- to five-fold volume of
RIPA buffer (25mM Tris-HCI pH 7.5, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS) containing Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific) using the Bullet Blender (Next Advance). After centrifugation at 13,000 rpm

for 15min at 4°C, the supernatant was used for immunoblot analysis. 45 g of total

protein was loaded on 4-12% NuPAGE Bis-Tris gels and blotted onto PVDF membranes.
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Membranes were boiled in 1xPBS for 5 min followed by blocking with 5% milk for 1hr

at RT. fl-mAPP and mCTFs were detected with antibodies against hAPP (Y188, 1:2000,
Abcam), which cross-reacts with mAPP, followed by incubation with secondary anti-Rabbit
IgG antibodies tagged with horseradish peroxidase (1:5000, Santa Cruz Biotechnology).
The Anti-BACE1 and BACE?2 antibodies and anti-pT212 and anti-total Tau antibodies listed
above were used for the analysis of enzymes, and total and pT212-Tau analysis, respectively.
Signals were visualized with enhanced chemiluminescence and analyzed with a ChemiDoc
XRS+ imaging apparatus (BioRad). Anti-p-tubulin antibody (T0198, 1:5000, Sigma) or
anti-GAPDH antibody (MAB5718, 1:10,000, R&D systems) was used as a loading control.
WB images were quantified using densitometry of exposures in the linear range of detection.

Immunohistochemistry, immunofluorescence, and image analysis—To evaluate
the effects of APPdose on neurodegeneration, tissue from Dp16 and 2N control mice

was serially sectioned every 40 um in the coronal plane using a vibratome. Sections were
incubated overnight at 4°C with antibodies against the pan-neuronal marker NeuN (1:1000,
Millipore), the cholinergic cell marker choline-acetyl transferase (ChAT, 1:1000, Millipore)
or the catecholaminergic cell marker tyrosine hydroxylase (TH, 1:1000, Millipore). pTau
(PHF-1, 1:10,000, Courtesy of P. Davies), and a microglial marker (IBA1, 1:1,000, Wako
Laboratories) were employed to detect tau pathology and microglial activation, respectively.
Primary antibody incubation was followed by biotinylated secondary incubation (1:1000,
Vector Laboratories), Avidin-Biotin Complex (ABC Elite, 1:200, Vector), and developed by
incubation with diaminobenzidine.

The numbers of NeuN (entorhinal cortex; layer 2/3), ChAT immunoreactive (medial
septum) and TH immunoreactive (locus coeruleus) neurons were estimated using unbiased
stereological methods [62]. Sections containing the entorhinal cortex, medial septum, or
LC were outlined using an Olympus BX51 microscope running Stereolnvestigator 8.21.1
software (MicroBrightField). The average coefficient of error for each region was 0.09.
Sections were analyzed using a 100X 1.4 PlanApo oil-immersion objective. A 5-um-high
dissector allowed for 2 um top and bottom guard zones. For the medial septum grids

were set as previously described [63]. For densitometry analysis of PHF-immunoreactivity,
images of the cortex above the rostral hippocampus were taken under identical conditions
using a 100 X 1.4 oil-immersion objective on an Olympus BX50 microscope running
custom-written code in MatLab. One section was re-analyzed at the beginning and end of the
imaging session each day to control for light intensity changes.

To probe for Rab5, sections were incubated in sodium citrate buffer (L0mM sodium citrate
0.05% tween 20, Ph6.0) (Thermo Fisher Scientific) at 90° for 20 minutes. After antigen
retrieval, sections were washed 3x for 5 min with Tris buffered saline (TBS) (100mM TBS,
137mM NaCl, pH 7.8) and permeabilized with 0.1% Triton X-100 (TX) (Thermo Fisher
Scientific) for 15min. Non-specific binding was blocked with 2% normal goat serum in
TBS with 0.1% TX for 30 min before overnight incubation in 5ug/mL anti-Rab5 (Clone
C8B1, Cell Signal Technologies) primary antibody along with the primary antibody for
cholinergic cell marker choline-acetyl transferase (CHAT; 1:1,000; Millipore, Temecula,
CA). After washing 3x in TBS with 0.1% TX and blocking with 2% normal goat serum
(Vector Laboratories) in TBS with 0.1% TX for 30 min, sections were incubated in
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ALEXAB55 conjugated anti-rabbit secondary (Invitrogen) at a dilution of 1:500. Cell nuclei
were counter-stained with DNA dye TOPRO3 (Invitrogen) by incubating at a concentration
of 1uM for 15 minutes. An investigator blinded to genotype examined randomly selected
fields for analysis. Confocal micrographs were obtained with Leica DMi8 equipped with a
white light laser source for fluorescence measurements, using 551 and 630 nm excitation
wavelengths for ALEXAS555 and TOPRO3, respectively. Optical sections (58.13um x
58.13um) were taken using HC PL APO CS2 100x/1.40 oil immersion objective and
processed using Leica LAS X Software (Germany) and analyzed using ImageJ particle
analysis (NIH, USA).

To probe for GFAP, sections were washed 3x for 5 minutes with TBS and permeabilized
with 0.1% TX for 15 min. Non-specific binding was blocked with 2% normal goat serum

in TBS with 0.1% TX for 30 minutes before overnight incubation in 1ug/mL anti-GFAP
(Agilent/Dako) primary antibody. After washing 3x in TBS with 0.1% TX and blocking with
2% normal goat serum in TBS with 0.1% TX for 30 minutes at RT, sections were incubated
in biotinylated goat anti-rabbit secondary (1:1000, Vector Laboratories) for 1 hour at RT.
Signal amplification and visualization were accomplished with 1-hour incubation in Avidin-
Biotin Complex (ABC Elite, 1:200, Vector), followed by incubation with diaminobenzidine
(DAB, Vector). Stereological analysis of the numbers of GFAP-immunoreactive cells in

the entorhinal cortex (Allen Brain Atlas) was conducted with Stereologer ver 11.0 (SRC
Biosciences); counts were conducted on a Nikon E600 with 100x/1.25NA. The number of
GFAP+ cells was quantified in every 12th section (with 480 um between sections) through
the entire anteroposterior extent of the entorhinal cortex. We used a counting frame of 1000
um?2 with step lengths 316 um x 316 pm. Cell counts are represented as the number of cells
per mm3 and data collection and statistical analysis were conducted with groups blinded.

MSD assay of human and mouse brain tissue

Concentrations of Ap38, 40, and 42 were measured using the V-PLEX AP Peptide Panel
(4G8: Meso Scale Discovery) following the manufacturer’s instructions. 250 pg of mouse
brain lysate and 350 pg of human lysate were analyzed in a volume of 25 pl. Data

were obtained using the MESO QuickPlex SQ 120 and analyzed using DISCOVERY
WORKBENCH 3.0 (Meso Scale Discovery). The pg concentration of Ap species in 25 pl
was converted to pg/ml values for determining mean values and for comparison of samples.
The protein concentrations (pg/mg) in lysates were also calculated.

Experimental Design and Statistical Analysis

All analyses were performed using GraphPad Prism (version 8.0) software, and values in the
Figures are expressed as means £ SEM. For the statistical analyses of human protein lysate,
all experiments were in performed in triplicate and analyzed using, either one-way analysis
of variance (ANOVA) followed by Dunn Multiple comparison test or two-way ANOVA

with Tukey’s multiple comparisons performed, depending on the categories of the factors.
For analysis of the mouse model, we performed either a t-test or Mann Whitney test. All
IHC experiments and analysis were performed blind-coded, and values were compared using
one-way analysis of variance (ANOVA) with Dunnett’s post-hoc test. Each type of statistic
is specified in each Figure legend. Adjusted p-values are reported for specific comparisons
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in the Preliminary Findings. The differences were significant if the p-values were less

than 0.05. A one-way ANOVA analysis was performed for PMI. There were no significant
differences between groups for PMI when evaluating the full data set. Out of an abundance
of caution, outlier analysis was performed using GraphPad Prism 8. ROUT outlier analysis
identified 5 cases which outliers for their respective PMI; namely X5783 (ND, 36 hrs);
ND:X5302 (ND, 72 hrs); X5812 (AD, 16 hrs); X5799 (AD, 15 hrs); X5583 (AD, 14 hrs).
The inclusion of these cases did not influence the conclusion of the statistical analyses.

Preliminary Findings

APP and Its Cleavage Products in DS Brains: Comparisons to AD and ND

Gene dose-dependent increasesin fl-hAPP in AD-DS and DS.: To evaluate hAPP
expression and processing in brains of DS and AD-DS, and to compare the findings to

those in other populations, we examined cases of non-demented (ND) populations without
DS (male: n=12, age 74-94; female: n=8, age 58-102), DS cases with AD (AD-DS; male:
n=4, age 46-70, female: n=7, age 45-62), DS without AD (DS; female: n=4, age 42-62) and
AD without DS (AD; male: n=10, age 64-89; female: n=11, age 80-94). The ages for DS
and AD-DS cases correspond to those at which people with DS are at markedly increased
risk for AD, as supported by neuropathological staging (Table 1). Approximately 50% of
people with DS are diagnosed with AD-DS at an age that is two or three decades younger
than for sporadic AD [51], explaining the use of NDs in this age range for both the AD and
DS cases. The demographics of cases are given in Table 1. APOE allele status was recorded
in all AD cases, and in all but one ND; the E3 allele was the most frequent, with only one E4
homozygous AD female. Of a total of 16 DS cases, APOE status was recorded in 9. As in
the general population, the E3 allele was most frequent; none were E4 homozygotes.

Protein lysates were prepared from the frozen frontal cortex. fl-hnAPP and hCTFs levels
were analyzed by SDS-PAGE and western blots. Anti-Tubulin, anti-Actin, and anti-GAPDH
antibodies were tested as loading controls. Anti-actin was selected for quantification of
human samples since this antibody showed the most consistent pattern of signals with
respect to the amount of total protein loaded per lane (Figure 1a, d). We first analyzed

the samples in a sex-matched manner. There was no consistent difference in the banding
pattern for fl-hnAPP when comparing AD-DS, DS, and AD with ND (Figure 1a, d). However,
consistent with increased APPdose, there was an increase in the amount of fl-hAPP in

DS independent of the diagnosis of AD. In AD-DS, significant differences were observed

in both males and females (Figure 1b, e, Table S1). In males, fl-hnAPP averaged ~2-fold

in comparison to ND (p = 0.0119) (Figure 1b); in both AD-DS and DS females the ratios
were increased to ~1.5-fold relative to ND (p = 0.0115) (Figure 1le; Table S1). In AD cases,
the levels of fl-nAPP in males and females varied when normalized to the actin control,

but neither group differed significantly from ND (male p > 0.9999, female p=0.4467)
(Figure 1a, b, d, e, Table S1). These data are evidence that fl-nAPP was increased to levels
proportional to gene dose in both male and female adults with AD-DS and DS.

hCTF levelsin AD-DS and DS.: hCTFs were detected at apparent molecular weights
between ~11 and 17 kDa in all the human postmortem brain samples (Figure 1a, d). There
was variability in the levels and relative intensity of longer (i.e., pC99 and C99; also known
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as B-CTFs) versus shorter (pC89, C89, pC83, C83; a-CTFs) forms, across samples. hCTFs
were increased in both males and females with DS, with or without AD, in comparison to
ND (Figure 13, c, d, f). In AD-DS males, compared to ND males, there was a significant

(p = 0.0095) ~ 2.5-fold increase in hCTFs relative to actin. There was also a significant

~ 2.5-fold increase in AD-DS males compared to AD males (p = 0.0203) (Figure 1a,

c). However, this increase was not significant compared to fl-hAPP (p > 0.9999) (Table

S1; Figure S1a). Increases in hCTFs were also detected in both AD-DS and DS females.
Compared to female ND, hCTFs were approximately 5-fold increased in AD-DS and DS
relative to actin (AD-DS, p = 0.0149, DS, p = 0.0307), and female AD-DS cases had
significantly increased hCTFs compared to female AD cases (~2.8-fold, p = 0.0312) (Figure
1d, f). Moreover, the ~ 3- to 4-fold increases with respect to fl-nAPP (Figure S1b) were
significant [ND: CTF/APP = 1.070 £ 0.1394 (average + SEM); AD-DS =2.938 + 0.3911
[p=0.0391]; DS: 3.789 + 0.7698 [p=0.0493] (values were normalized to the ND average
hCTF/fl-hAPP) (Table S1). In those with AD but not DS, the levels for hCTFs varied in
males and females (Figure 1a, d), but on average showed no significant difference relative
to ND when normalized to actin (Figure 1c, f) or in proportion to fl-hAPP (Figure S1a, b,
Table S1). These data demonstrate that while the increase in hCTFs in the brains of people
with AD-DS was present in both males and females, in females the increases exceeded those
predicted based on APP dose, as reflected in the levels of fl-hAPP.

Increased AB peptide levelsin AD-DS, DS, and AD: comparison to ND.: We measured
concentrations of AB38, 40, and 42 in brain lysates using the V-PLEX AP Peptide Panel 1
(4G8: Meso Scale Discovery). Table S2 reports on the absolute levels of each A peptide
in ND, AD-DS, DS, and AD samples in the assay. Though individual samples varied,
increases in average absolute levels relative to the ND values were detected for each of the
AP peptides examined in each set of DS samples (Figure 1g-i). With respect to Ap42 the
increases in AD-DS males and females with AD-DS and DS averaged ~ 45 to ~100-fold
the ND values (absolute values: ND = 18.73 = 12.08 pg/ml (average £ SEM); male AD-DS
=856.0 + 143.6 [p vs ND = 0.0002]; female ND= 6.339+ 3.168; female AD-DS= 658.1 +
258.1 [p vs ND =0.0017]; female DS= 603.1 + 87.30 [p vs ND = 0.0028])(Table S2). These
values were increased in proportion to fl-hAPP levels by ~ 20-fold in AD-DS males and
~40-fold in AD-DS and DS females (Table S3); all increases with respect to fl-hAPP were
statistically significant (statistics: vs sex-matched ND; AD-DS males p = 0.0059; AD-DS
females p = 0.0109; DS females p= 0.0094) (Figure Slc, Table S3). When comparing ND
males versus ND females, or AD-DS males versus AD-DS females, Ap42 did not show
statistically significant differences in absolute levels (for ND, p = 0.2463; for AD-DS,

p = 0.3152) (Figure 1g); the same comparisons between sexes failed to show significant
differences when expressed with respect to fl-hAPP (for ND, p = 0.2303; for AD-DS, p

= 0.2544) (Figure Slc; Table S3). Statistically significant increases of Ap40 were also
observed in male and female AD-DS (Figure 1h, Table S2); relative to sex-matched ND:
~42-fold in male AD-DS (p = 0.0214), ~45-fold in female AD-DS (p = 0.0103) (Figure 1h,
Table S2). AB40 levels were also significantly increased in proportion to fl-hAPP; relative
increases to the sex-matched ND: ~15-fold in male AD-DS (p = 0.0214), ~50-fold in female
AD-DS (p = 0.0103) (Figure S1d, Table S3). Comparing males and females with AD-DS,
no statistically significant difference was observed in the absolute values of Ap40 (p >

Alzheimers Dement. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sawa et al.

Page 12

0.9999) or in proportion to fl-hAPP levels (p = 0.7360). Lesser but significant increases of
~10-fold were detected in DS females (p = 0.0433 versus female ND) (Figure 1h, Table S2);
for these subjects, the increase in AB40 with respect to fl-hAPP was not significant (p =
0.2534, Figure S1d, Table S3). For AB38 relative to the sex-matched ND, the concentration
was increased in both male AD-DS (p = 0.0045) and female AD-DS (p = 0.0012) (Figure
1i), averaging ~30-fold in males and ~50-fold in females (Table S2). Lesser increases were
present in DS females relative to ND females; they averaged 19-fold (Figures 1i, Table

S2) but they were not statistically significant (p = 0.1068 relative to female ND). While

the increase in ApP38 relative to fl-hAPP was statistically significant for AD-DS males

(p = 0.0154), this was not the case for AD-DS or DS females (p = 0.0601, p > 0.9999,
respectively) (Figure Sle, Table S3).

We also measured Ap peptide levels in those with sporadic AD. AB42 levels were increased
in both males (~15-fold enrichment) and females (~30-fold) (Figure 1g. Table S2); while

in males the increase was significant with respect to the sex-matched ND (p = 0.0061), in
females the very strong trend failed to reach statistical significance (p = 0.0608). However,
in neither males nor females were the increases significantly greater than predicted by
fl-hAPP in comparison to the sex-matched ND (male, p = 0.161; female, p = 0.1598) (Figure
Slc, Table S3). Levels of Ap42 in AD did not show significant differences between males
and females with respect to concentration (p = 0.7013) or with respect to fl-hAPP (p =
0.1964). AB40 levels were increased in AD males and females by ~4-fold, a result that was
significant in males (p = 0.0045) but not in females (p = 0.3908) (Figure 1h, Table S2).
Relative to fl-hAPP neither the increases in males nor females were significant (Figure S1d;
Table S3). For AB 38 levels, while average increases of ~ 4- to 9-fold were detected in AD
males and females, respectively (Figure 1i, Table S2), the increases were not significant as
compared to sex-matched ND (males p = 0.7777, females p = 0.0596, respectively) (Figure
1i) or with respect to fl-hAPP (Figure Sle, Table S3).

Comparing AD-DS versus AD, both males and females with AD-DS had much higher levels
of all three AR species than in AD males and females (Table S2). Indeed, a several-fold
increase was documented for each AP species (~3-fold for Ap42, ~11-fold for A 40 and
~6-fold for AB38; Table S2); the increases in Ap42 and Ap40 in AD-DS significantly
exceeded those predicted by fl-hAPP (Table S3). These data are evidence that the AD-DS
brain differs from the AD brain in much larger increases in Ap species.

The ratio of Ap42 to Ap40 provides indirect estimates for the activity of -y-secretase, as
well as the regulation of Ap metabolism and clearance [37, 64, 65]. In an earlier study,
the kinetics of synthesis and clearance used the SILK method, which radiolabels newly
synthesized proteins and follows their appearance over time in CSF [66]. While similar
kinetics were observed for AB42, AB40, and ApP38 in patients without amyloid plaques, in
those with plaques there was an increase in the fractional turnover rate for AB42 relative
to Ap40 and AP38 [66]. Positive correlations for an increase in the ratio of AB42/Ap40
turnover rates with plaque load and plaque growth rate combined to suggest that Ap42 is
more readily incorporated into amyloid plaques than AB40 or AB38 [66—68], a posit also
consistent with the decrease in the CSF AB42/40 ratio in AD [69].
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We explored the hypothesis that as for AD, due to sporadic, late-onset disease as well as
familial AD (FAD), in AD-DS there would also be an increase in the AB42/AB40 ratio

[70, 71]. As expected, in males and females with sporadic AD the AB42/Ap40 ratio was
significantly increased compared to the sex-matched ND (males p = 0.0014, females p =
0.0024) (Figure S1f). In females with DS, a significant increase in the AB42/Ap40 ratio was
also observed (p = 0.0291). However, concomitant large increases in both Ap42 and AB40 in
AD-DS males and females reduced the ratio (Figure 1g, h, Figure S1f, g). The AB42/Ap38
ratio was also significantly increased in males and females with sporadic AD compared to
the sex-matched ND (males p = 0.0008, females p = 0.0209) (Figure S1g). Females with

DS also showed a significant increase in AB42/Ap38 (p = 0.0353); however, relatively larger
increases in Ap38 in males and females with AD-DS blunted this ratio (Figure 1i, Figure
S1f, g). Thus, while in AD increases in the AB42/40 and Ap42/38 ratios were confirmed,

the concomitant and greater increases in AB40 and AB38 precluded this demonstration in
AD-DS.

APP and Its Cleavage Productsin Partial Trisomy and Mosaic DS.: To further evaluate
the impact of APP gene dose in AD pathogenesis in DS, we examined fl-hAPP, hCTFs, and
AP peptides in the brain lysate of an individual with partial trisomy 21 (PT-DS) (Table 1).

In extremely rare cases [72—74], only a portion of HSA21 is present in excess [75], resulting
in PT-DS. This person was the subject of a previous report of PT-DS in which the genome
was shown to harbor the normal 2 copies of hAPP. While demonstrating many of the clinical
features of DS, molecular analysis revealed an increase in copy humber for only 18.8Mb,
extending from position 28.12 Mb to the telomere of HSA21; excluded from the duplication
was a 1.95Mb region containing APP (26.17 Mb). This and another report highlighted the
important role of hAPP gene dose in AD pathogenesis in DS [27, 28] because neither

case manifested declining cognition in old age or the pathology of AD at postmortem
examination. This male PT-DS reported by Doran et a/. [28] was a 65-year-old man followed
over 7 years during which time normal plasma levels of Ap40, and undetectable plasma
levels of AB42, were documented. On PiB-PET scanning he registered SUVr values lower
than for AD and typical DS subjects and that was similar or lower than healthy controls.
Postmortem exam showed the absence of neuritic plaques except for trace amounts in CA1
and NFTs judged to be Braak stage 111 [28]. The brain lysate from this patient demonstrated,
as expected, the typical banding pattern for fl-hnAPP with no increase in the level of fl-hAPP,
in the levels of AB42, AB40 or AP38, or the ratios of AR42/40 or AR42/38 (Figure 1a, b,
g—-i; Figure S1c—g). Surprisingly, there was a marked increase in the levels of hCTFs (Figure
1c) with values comparable to those in males with AD-DS; indeed, the ~2:1 ratio of CTFs to
fl-nAPP was greater than seen in AD-DS males (Figure S1a).

Another rare type of DS results from mosaicism for HSA21 (~2% of total cases) in which
cases the extra chromosome is present in some but not all cells, the percent of which may
vary across tissues [14]. In a single female case of mosaic DS examined herein (aged 48,
Plague Stage B, Braak Stage I11) (Table 1) we expected to find that the extent to which
neurons harbored the extra chromosome would be reflected in increases in fl-hAPP and its
products. However, whereas fl-hAPP was not increased, there was an increase in hCTFs and
the ratio of hCTFs to fl-nAPP; the values recorded approximated those in DS and AD-DS
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females (Figure 1d—f, Figure S1b). Consistent with the presence of amyloid plaques on
postmortem exam, we detected an increase in the absolute levels of AB42 and AB40, but
not Ap38 (Figure 1g—i). The increase in Ap42 and the ratio of AB42/40 (Figure S1f) were
equivalent to those in DS and AD-DS females, while the AB42/38 ratio exceeded the same
ratio in DS and AD-DS females (Figure S1g).

Summarizing the data for DS, the levels of fl-hAPP and its products are impacted in

the context of full trisomy for HSA21 as well as in the cases of PT-DS and mosaic DS
examined herein. These findings point to APP dose as one factor for regulating the levels of
fl-hAPP and suggest that increased APP dose influences other processes, possibly including
processing and clearance of fl-hAPP. Given the data for the mosaic DS case, the further
possibility is raised that aneuploidy in a minority of cells may induce changes in hAPP
products.

Evidence for Sex Differencesin hAPP processing in DS: studiesin AD-DS, PT-DS,
and DS-mosaic cases.: Our initial analysis (Figure 1a—f and Figure Sla, b) indicated that
male and female cases with AD-DS differ in the levels of CTFs. To further address possible
sex effects, we reexamined the levels of fl-hAPP and hCTFs in male and female ND

and AD-DS cases on the same blot (Figure 2a—g). When normalized to the actin control
and expressed relative to the male ND, the female ND cases showed a slight increase in
fl-nAPP. There was a significant increase in fl-APP in the female AD-DS cases compared
to both ND males (p-value = 0.0029) and ND females (p-value = 0.0223; Figure 2b). Male
AD-DS cases also showed an increase, albeit smaller than shown in Figure 1b (1.6-fold

vs 2.1-fold the ND male control) and insignificant using a two-way ANOVA followed by
Tukey post hoc analysis. Note, however, that comparing male ND to male AD-DS there
was a significant difference when evaluating this data using a one-way ANOVA followed by
Dunn’s multiple comparison post hoc test (p-value = 0.0375). The increases in both male
and female AD-DS thus approximated APP dose. There was no significant difference for
the sex and genotype interaction (two-way ANOVA, p=0.5148) (Figure 2a, b). On the other
hand, evaluation of hCTFs in female AD-DS compared to male AD-DS cases revealed a
significant difference (post-hoc Tukey’s multiple comparisons test, p = 0.0217), as well as
for the sex and genotype interaction (two-way ANOVA, p= 0.0230) (Figure 2a, ). Thus,
while the increase in AD-DS males were ~2.5-fold the ND males, for AD-DS females it
was ~ 4-fold the ND females. After expressing the level of hCTFs with respect to fl-hAPP,
the difference in male and female AD-DS was again apparent. While for male AD-DS
there was no significant difference relative to ND subjects, the increase in female AD-DS
was significant relative to both ND females and ND males (two-way ANOVA followed by
post-hoc Tukey’s multiple comparisons test, female AD-DS vs female ND: p = 0.0024;
female AD-DS vs male ND p= 0.0158) (Figure 2d).

The enzymatic processing of fl-nAPP leads to the production of hCTFs of different
molecular weights [76]. To better understand fl-hAPP processing in DS we evaluated the
distribution of hCTF isoforms, quantifying shorter bands, corresponding to a-hCTFs (i.e.,
pC89, C89 plus pC83, C83) and longer ones, corresponding to B-hCTFs (i.e., pC99 and
C99). The increase in hCTFs in female AD-DS was due to increases in both shorter
(a-hCTFs; Figure 2e; p-value < 0.0001) and longer forms of hCTFs (B-hCTFs; Figure
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2f; p-value < 0.0001). In males the, the increases relative to ND cases was only significant
(p-value = 0.0444) for the shorter forms of hCTFs (Figure 2e, ). The ratio between shorter
and longer hCTFs showed no significant differences comparing AD-DS to ND or comparing
males to females (Figure 2g). To further characterize the distribution of hCTF fragments

in samples, and explore the findings for hCTFs in the PT-DS and DS-mosaic cases, we
analyzed a representative subset of AD-DS cases, and the PT-DS and DS-mosaic cases,
using 16% tricine gels (Figure S2a—d). The PT-DS and DS-mosaic cases demonstrated a
relatively larger fraction of a-hCTFs as compared to B-hCTFs (Figure S2a—d). Finally,

we also compared AD-DS to AD by examining CTFs in AD cases (Figure S2e—h). No
significant differences in the relative levels of a-hCTF species, B-hCTF species, or in the
ratio between a-/B-hCTF species were found in comparing AD cases to sex-matched NDs.
In summary, sex-based changes in the levels of the hCTFs were seen in AD-DS, with
increased levels of hCTFs in females with full trisomy as well as in the mosaic DS. While in
AD-DS cases both a-hCTFs and B-hCTFs were increased, the PT-DS and DS-mosaic cases
demonstrated greater increases in a-hCTFs.

Examining the levels of APP processing enzymesin AD, AD-DS, PT-DS, and DS
mosaic cases.: To further explore hAPP processing, and in particular, to ask if the increase
in hCTFs in females with DS was correlated with changes in the levels of processing
enzymes, we examined the relative levels of ADAM10, BACEL, and 2 and components

of the -y-secretase complex, including presenilin (PSEN) 1 and 2, nicastrin, and presenilin
enhancer (PEN) 2 (Figure S2i—K) [76]. Brain lysates were subjected to SDS-PAGE and
immunoblotting with antibodies to each of the enzymes listed (Figure S2i—k). As compared
to ND females, significant increases were present in AD-DS females in the average levels of
BACE2 (3-fold the ND; p = 0.0439), Nicastrin (mature) (1.4-fold the ND; p = 0.0024), and
PENZ2 (1.5-fold the ND; p = 0.0255) (Figure S2i: one-way ANOVA followed by a multiple
comparison test). Mature BACEL levels showed a trend to an increase in AD-DS females
compared to female ND cases; statistical significance was observed by t-test between
AD-DS and ND females but not with ANOVA (p = 0.0567). There were no significant
differences for protein levels in male AD-DS versus their ND controls for any of the
proteins examined (Figure S2i, j). For proteins, whose levels were significantly different

in female AD-DS versus ND cases we calculated the ratio of the protein versus fl-hAPP;

no significant differences relative to fl-nAPP were seen for BACE2, the mature forms of
BACEL and nicastrin or PEN2. Nor did AD-DS males show a difference (Figure S2k). We
noted, however, that in the DS Mosaic case increases with respect to actin and relative to ND
were detected for BACE2, nicastrin, and PEN 2; moreover, mature BACEL1 levels were also
increased.

In summary, female AD-DS cases demonstrated differences relative to male AD-DS in

the levels of proteins that contribute to the processing of APP via BACE and the -y-
secretase complex. They are further evidence for sex-linked differences in AD-DS females.
Nevertheless, whether and how the changes are linked to increased hCTFs in DS females is
unclear. Remarkably, an extra copy of the BACEZ gene located on HSA21 was correlated
with a significant increase in the levels of the protein in the brains of females but not males

Alzheimers Dement. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sawa et al.

Page 16

with AD-DS. Indeed, neither AD-DS males nor the PT-DS male had significantly increased
levels of BACEZ2, though their genomes harbor an extra copy of BACEZ.

The phosphorylation status of Tau at Thr212 (pT212) correlateswith tau

pathology.: Hyperphosphorylation of Tau and the presence of these species in
neurofibrillary tangles is a hallmark in AD pathogenesis, a relationship defined in part

by the Braak stage [56, 77, 78]. Table 1 reports the Braak stage determined in our cases.

To extend our studies comparing AD with AD-DS we investigated the phosphorylation of
Tau, specifically focusing on pT212. Thr212 is targeted for phosphorylation by DYRK1A,
whose gene is also encoded on HSA21. In addition to tau, many substrates are targeted

by DYRKZ1A, including APP and PSEN, raising interest in the possibility that DYRK1A
may contribute to AD pathogenesis, especially in the context of DS [13]. Thr212 is
hyperphosphorylated in the AD brain; increases in phosphorylation are equal to or greater
than other p-tau species in bands migrating at both greater than 65 kDa (high molecular
weight [HMW] tau) and less than 65 kDa (low molecular weight [LMW] tau) [79].
Immunoblot analysis of levels of pT212 tau employed the same methods used for APP.
pT212 tau was detected as a set of prominent bands at apparent molecular weights ranging
from ~50 to 68 kDa, values consistent with earlier reports [79, 80]. Little if any pT212 tau
was detected in either male or female ND cases (Figure 2 h—j, I). In AD-DS cases pT212 Tau
was readily detected in both males and females, as compared to the sex-matched ND cases
(males p = 0.0001, females p = 0.0252). Total Tau levels were detected using Tau 5, a pan-
tau antibody that labels all six isoforms, with major bands ranging in apparent molecular
weight from ~50 to 65 kDa. Interestingly, total Tau levels were also significantly increased
in AD-DS cases compared to the sex-matched ND cases in both males and females (one-way
ANOVA, followed by Dunn’s multiple comparison test, males: p = 0.0049, females: =
0.0049) (Figure 2h, i, k, m). In contrast, we found little if any pT212 tau signal in the DS
females without AD; total Tau levels were slightly but insignificantly increased. In the AD
cases, the levels of pT212 tau were less than in AD-DS; there was a significant increase

of pT212 in males (p = 0.0041) but not in females (p = 0.2595) (Figure 2j, I). Different
from AD-DS, total Tau was not significantly increased in either male or female AD cases
(males p > 0.9999, females p = 0.3947) (Figure 2k, m). Consistent with his Braak stage,
the PT-DS case showed no detectable signal for pT212 tau. Thus, even though this person’s
genome carried three copies of DYRK1A there was no evidence of this activity with respect
to pT212. In both PT-DS and DS Mosaic cases, no significant increase in total Tau was
detected (Figure 2j, I).

To determine whether the increased levels of pT212 and total Tau in AD-DS cases (Figure
2h—-m) showed a sex difference between males and females, representative samples of male
and female ND cases (n=6 each), all the AD-DS cases (male n= 4, female n=7) and the
PT-DS and DS-mosaic cases were run on the same gel. The levels of pT212 levels (Figure
S2l, m) in AD-DS show no significant difference between males and females (p = 0.6229).
Nor did we observe sex-based differences in total Tau expression in ND or AD-DS cases
(ND p =0.3946, AD-DS p = 0.4804) (Figure S2n, 0). The levels of pT212 and total Tau

in the PT-DS and DS-mosaic cases were equivalent to the ND cases. In summary, increases
in pT212 and total tau point to additional significant differences between AD-DS and AD.
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That the changes in AD-DS versus DS were correlated with increased Braak stage raises
the possibility that increasing levels of pT212 and total tau mark increasing tau pathology
during the progression of AD in this population.

Studies in the Dp16 mouse model of DS

Examining gene expression at the level of MRNA in the young and aged

brain.: Measurement of APP products in postmortem human brain provides an important
‘snapshot’ of APP expression but does not inform as to how age impacts these values,

or which can be implicated in neurodegenerative phenotypes. Examining APP gene dose
effects in model systems complements human studies by documenting age-related changes,
enabling comparisons between the levels of APP products in human and model brains,
and deciphering the contributions of individual APP products to phenotypes. The Dp16
mouse model of DS has proven useful in examining relevant developmental and cognitive
phenotypes [57] but a detailed evaluation of possible neurodegenerative changes has not
been reported. The Dp16 model builds on the extensive synteny between the long arm of
HSA21 and mouse chromosomes 16. It was created with chromosomal engineering and
through partial duplication of mouse chromosome 16 carries an extra copy of all mouse
chromosome 16 genes with a human homolog; in total, the Dp16 genome contains 105
genes also present on HSA21 [81]. mAPPis present in three copies in these mice, as are
several other genes with a possible role in the biology of AD, including Dyrk1A.

We first explored transcriptional alterations in Dp16 mice using the nCounter mouse AD
panel (NanoString Technologies). This panel reports RNA levels of 770 target genes selected
for relevance to AD based on postmortem studies of human AD samples [61, 82—-84]. We
assessed total MRNA extracted from the hippocampus of Dp16 and 2N mice at 4 and 19
months (n=3). Nine housekeeping genes (Crot10, Fam104a, Supt7l, Csnk2a2, Aars, Lars,
TadaZb, Ccdc127, Asb7) were used as internal controls to normalize data. Four comparisons
of gene expressions were conducted: 2N versus Dp16 mice at 4 months; 2N versus Dpl6 at
19 months, 2N at 4 months versus 9 months, Dp16 at 4 months versus 19 months. Results
are shown with a cut-off at p-values < 0.05 and for changes that were increased or decreased
> 25% (Table 2, Table S4). In comparing Dp16 to 2N, nine genes satisfied cut-off criteria at
both 4 months and 16 months; at 4 months, 4 genes were decreased and 5 were increased.
At 19 months only increases were detected. Three of the upregulated genes at both ages
(App, Syjnl, and Psmgl) are encoded on the trisomic region; the increase in their RNA
levels was in proportion to gene dose at both ages. Genes on other chromosomes were also
significantly impacted in Dp16; interestingly, the RNA changes for these genes at 4 months
showed no overlap with those present at 19 months (Table 2). Comparing RNA levels in

2N mice between 19 months and 4 months showed changes in transcripts for 12 genes that
met cut-off criteria (Table S4), there were 4 decreases and 8 increases. We also detected

12 genes whose transcripts differed in Dp16 mice, comparing 19 months versus 4 months;
in each case, the level of the RNA was increased and no genes on the duplicated segment
met the cut-off (Table S4). To validate the findings, we selected four genes that showed
significant changes across comparisons (O/fm3, Per1, Ctssand Psmgl [Dpl6 versus 2N at 4
months]; Aphala, Smad4, Fxyd5and Psmgl[Dpl6 versus 2N at 19 months]) and performed
RT-gPCR using cDNA synthesized with the total mMRNA extracted from the hippocampus.
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In the 4-month comparison, as predicted, expression of O/fm3and Perl showed significant
decreases and Ctssand Psmg1 showed significant increases (n=3, p-value = 0.05, one-tailed
Mann-Whitney test; Figure S3a—d). In the 19-month comparison, Aphala, Fxyd5and Psmgl
showed the predicted significant increases (n=3, p-value = 0.05, one-tailed Mann-Whitney
test; Figure S3e, g, h) but Smad4 did not (Figure S3f). Thus, except for Smad4, these
observations validated the findings from the nCounter mouse AD panel. Taken together,
these data are evidence for transcriptional differences between Dp16 and 2N mice as well as
for changes during aging in both genotypes.

Next, we separately analyzed the expression of mAPPand seven genes encoded in the
trisomic region that support neuronal function and/or are related to the pathology of AD:
Dyrkla, Kenf6, Synj1, Reanl, BaceZ, Itsnl, Sod1[5, 11, 14, 76, 85, 86]. mMRNAs extracted
from cortex of 2N and Dp16 mice at ages 4 and 19 months were analyzed using RT-qPCR
(n=4 and 5, respectively, at each age). We found significantly increased expressions of all
eight genes duplicated in Dp16 mice compared to 2N mice at both 4 and 19 months (Figure
3a—h), with changes in each case approximating the increase in gene dose. At 19 months,

7 of the 8 genes showed statistically significant increases (Figure 3a—h); the increases were
more variable with respect to gene dose (range: ~1.3 to 2.0-fold the 2N value). Bace2
mMRNA levels, while increased, failed to reach significance. To further characterize gene
expression, and to examine a region not impacted in AD-DS, we also analyzed mRNA from
the cerebellum of 12-month-old 2N and Dp16 mice. In the cerebellum, mRNAs for App,
Dyrkla, Kenf6, Synj1, and Rcanl were increased significantly in Dpl16 mice in comparison
to 2N; the increases were equal to gene dose (mApp, Dyrk1a) or slightly greater than gene
dose (Kcnjf6, Recanl, Synj1, ~2-fold 2N) (Figure S3i-m). While mRNA levels for BaceZ,
Itsn1, and Sod1 were increased, the changes were not statistically significant (Figure S3n—

p)-

These data are evidence for age-related and regional differences in transcriptional regulation
in Dp16 mice involving genes both within and distinct from the duplicated segment.
Changes were registered in the expression of genes that encode products whose functions
are linked to neurons and the biology of AD. Notably, increased levels of the mRNA for
mApp approximated the increase in mApp dose across all brain regions and ages tested. The
picture points to a widely disrupted transcriptional network whose contributions may impact
many distinct molecular pathways during aging.

Increased levels of mApp and its productsin young and aged Dp16 mice.: To examine
age-dependent effects downstream from mApp dose in the Dp16 mouse, we measured the
levels of fl-mAPP and its products in the cortex at 2, 4, 16, and 19 months of age and in
the hippocampus at 4 and 19 months. For analysis of mouse lysates, we used Tubulin or
GAPDH as internal controls due to reproducibility and the correlation with the normalized
total protein lysates. In cortex and hippocampus, the banding patterns for fl-mAPP and
mCTFs did not appreciably differ between 2N and Dp16 mice; they corresponded to

those in human samples expect that in mouse samples the relative amounts of shorter
(a-mCTFs) versus longer fragments (B-mCTFs) was more uniform (Figure 3i), consistently
demonstrating a predominance in a-mCTFs. fl-mAPP and its mCTFs were significantly
increased in male Dp16 mice, as compared to 2N control, in cortex and hippocampus at 4
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and 19 months of age; only the increase of fl-mAPP at 4 months in hippocampus failed to
reach significance (Figure 3i—k). Only in the hippocampus of the Dp16 mouse at 19 months
was the ratio of mMCTFs/ fl-mAPP significantly increased compared to 2N mice (p = 0.0066,
p = 0.0415; at 19 months and 4 months, respectively) (Figure S4a). Based on increased
mApp gene dose and given increased mApp mRNA levels at age 4 months, we anticipated
finding increased levels of fl-mAPP and its products at an early age. This expectation was
confirmed for both fl-mAPP and mCTFs in the cortex at age 2 months wherein increases
were present in Dp16 females compared to 2N females (Figure S5a—c). The increase in
fl-mAPP (~1.3-fold the 2N level) was proportional to gene dose; for mCTFs, the levels were
~2-fold than those in 2N mice.

Mouse AB38, 40, and 42 were also measured in the cortex of 2N and Dp16 males at 4 and
19 months using the V-PLEX A Peptide Pane 1 (4G8: Meso Scale Discovery, Rockville,
MD). Ap38 levels were under the detection limit in both Dp16 and 2N mice (data not
shown). Ap40 was increased in Dp16 versus 2N samples at both ages (Figure 3I). The
increases relative to 2N mice were 1.8-fold at 4 months (p=0.0286) and 1.8-fold at 19
months (p = 0.0079). Interestingly, there was a significant increase of Ap40 in both 2N

and Dp16 at 19 months compared to 4 months (2N: 1.7-fold, p = 0.0159, Dp16: 1.6 -fold,

p = 0.0159). Comparing Dp16 versus 2N samples, there was no significant change in the
ratio of Ap40/fl-mAPP at either 4 months or 19 months; however, the ratio in Dp16 mice

at 19 months was significant with respect to both 2N and Dp16 mice at 4months (Figure
S4b). A similar pattern was evident for Ap42 (Figure 3m) but with AB42 present at much
lower levels than for AB40. The increases relative to 2N mice were 1.4-fold at 4 months
(p=0.0286) and 1.6-fold at 19 months (p = 0.0079). There was a significant increase of
AB42 in both 2N and Dp16 at 19 months compared to 4 months (2N: 1.2-fold, p = 0.0238,
Dp16: 1.6 -fold, p = 0.0159). Comparing Dp16 versus 2N samples, there were no significant
changes for AB42/fl-mAPP at 4 months or 19 months. However, a significant increase was
observed in Dp16 mice at 19 months vs Dp16 at 4months (Figure S4c). We calculated the
ratio of Ap42/40 in Dp16 and 2N mouse samples. There was no significant change between
2N and Dp16 at either 4 or 19 months of age, however, there was a small but significant
decrease comparing Dp16 at 19 months versus 2N at 4 months (Figure S4d). In summary,
both 2N and Dp16 mice showed age-dependent increases in Ap40 and Ap42 (Figure 31, m).
The increase in the ratios of Ap40/fl-mAPP and Ap42/fl-mAPP in old Dp16 mice (Figure
S4a, b) is evidence suggesting accumulation of these species during aging albeit not beyond
that predicted by App gene expression, as registered by fl-mAPP.

Next, we hypothesized that the sex effect seen for DS in humans would also be present

in mice; fl-mAPP and mCTFs in male and female Dp16 and 2N mice were examined in

the cortex at 8 and 14 months. At each age, there were strong trends for increases for

both fl-mAPP and mCTFs in Dp16 males and females relative to 2N mice (Figure S5d—f).
The increases in fl-mAPP were somewhat greater in females, but there were no statistically
significant differences between male and female Dp16 mice for either fl-mAPP or mCTFs
(at p = 0.05 threshold). Examining further the possible correspondence of sex differences in
AD-DS, we also evaluated the levels of BACEL and 2 in 8-month-old Dp16 and 2N mouse
cortex. There was a modest increase in BACE2 in Dp16 versus 2N mice, but neither male
nor female Dp16 mice differed significantly with respect to each other or 2N mice (Figure
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S5g, i). However, as for females with AD-DS, female Dp16 mice showed a significant
difference in mature BACEL1 levels compared to male Dp16 mice by t-test, but not by
ANOVA (p=0.0009, p = 0.1748, respectively) (Figure S5h, j). There was no significant
difference in the levels of immature forms of BACEL (Figure S5h, k). Finally, as for DS
samples, we examined the levels of the pT212 tau epitope in the cortex and hippocampus of
male 2N and Dp16 at 4 and 19 months. Between 4 and 19 months, Dp16 samples showed
on average an increase in pT212; relative to the 2N level at 4 months, the increase in cortex
in Dp16 at 19 months was significant (Figure S5I, m). In hippocampus, the value in the 19
month Dp16 mouse was significantly increased relative to that in the 4 month Dp16 mouse.
Total Tau levels failed to show significant differences for age or genotype (Figure S5I, n).

In summary, studies of mApp gene expression in the Dp16 mouse brain demonstrated both
similarities and differences with respect to those in the AD-DS and DS brain. While neither
sex-dependent difference in CTF levels nor the increase of total Tau were recapitulated,
consistent gene-dose linked changes in the levels of mApp mRNA, fl-mAPP, mCTFs, and
age-related increases in A and Tau phosphorylation draw important parallels with AD-DS.

Effects of APP gene dose on neurodegeneration in Dp16 mice.: Loss of specific
populations of vulnerable neurons is characteristic in AD and AD-DS, (reviewed [87]).
Among vulnerable neuronal populations are those in layer Il of the entorhinal cortex (EC)
[88, 89], catecholaminergic neurons the locus coeruleus (LC) [90, 91], and cholinergic
neurons in the basal forebrain magnocellular complex (BFCN) [92, 93]. To ask if the same
populations are impacted in the Dp16 mouse, and to test for the necessity for increased
mApp gene dose for loss of neurons, we normalized the mApp gene dose in Dpl6 mice

by producing Dp16 mice (mApp ++-) on the same strain background. We then examined
Dp16, Dp16 (mApp ++-), and 2N mice using unbiased stereology in the entorhinal cortex,
locus coeruleus, and medial septum of the BFCN. By an average age of 16 months there
were significant decreases in the number of neurons in Dp16 mice compared to 2N mice in
BFCNs (p-value = 0.0474; Figure 4a panels, b) and LCNs (p-value = 0.0095; Figure 4d);
however, there were no significant differences between 2N and Dp16 (/mApp ++-) mice in
either region. The analysis also revealed a significant difference in EC (p=0.014). Although
post hoc analysis did not indicate which group(s) were different compared to 2N mice, the
average number in Dp16 mice was lower than in either 2N or Dp16 (mApp++-) mice. To
examine p-Tau epitopes in Dp16 and 2N mice, we immunostained using a well-established
antibody for IHC (PHF-1), which recognizes the phosphorylated sites at Ser396 and Ser404.
At an average age of 16 months, accumulation of pTau-ir was readily seen in the Dp16
mouse cortex but not in Dp16 (mApgp ++-) mice; (Figure 4e panels) [94]. In Dp16 mice,
quantitation of p-Tau-ir demonstrated an increase in pixel intensity (scale ranged from 0 =
black to 255 = white) with respect to 2N mice, where the lower the number, the darker

the pixel value, indicating greater immunoreactivity. ANOVA analysis revealed a significant
difference between the groups (p-value = 0.0167; Figure 4f); however, post hoc analysis did
not indicate which group(s) were significantly different compared to 2N mice. Nevertheless,
the values for Dp16 (mApp++-) approximated those of the 2N mouse. These findings are
evidence that increased mApp dose is necessary in Dp16 mice for the degeneration of

Alzheimers Dement. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sawa et al.

Page 21

neurons vulnerable in AD-DS and for increased levels of an immunostaining marker of tau
pathology.

To confirm the age-related degenerative nature of the reductions in neuron number we
examined the same populations in the younger Dp16 mice. There were no significant
differences at 4 months of age between the values in Dp16 normalized to 2N mice: Dp16
(0.9532 £ 0.0791) vs 2N (1.0 + 0.3580) mice in ECNs (p-value = 0.8603); nor between
the normalized numbers of LCNs: Dp16 (0.8658 + 0.06901) vs 2N mice (1.0 = 0.07367;
p-value = 0.2544). Likewise, there was no significant difference (p-value = 0.9776) between
Dp16 (1.005 £ 0.1172) and 2N (0.9998 + 0.1012) mice in the number of BFCNSs at 10
months of age. Similarly, PHF-tau immunoreactivity, using pixel intensity as a measure of
densitometry, was not significantly different between Dp16, (176.5 + 3.525) and 2N mice
(186.4 £ 0.7686) in the entorhinal cortex at 4 months of age. These findings recapitulate
age-related neurodegenerative phenotypes seen in AD-DS [89, 91, 95].

To document the expected reductions in APP products in the Dp16 (mApp ++-) mouse, we
measured the levels of mApp mRNA, fl-mAPP, mCTFs, and AB40 in all three genotypes
(2N; Dp16 and Dp16 (mApp ++-)). We examined these measures in the cortex at age 4
months — i.e., before the onset of degeneration. Relative to 2N mice, in Dp16 mice the

level of mApp mRNA was increased about 2-fold and increases in the other APP products
approximated those reported above. No significant differences were registered between 2N
and Dp16 (mApp++-) mice in any measure (Figure S50-s). These data are evidence for
gene-dose linked mApp expression in the Dp16 model and confirm that increased levels of
this gene are necessary for neurodegeneration. However, they do not identify a specific APP
product as responsible.

I nvestigation of APP gene dose on microglial and astrocytes cellsin Dp16 mice.: There
is increasing recognition of a prominent role played by inflammation in the biology of AD
the involvement of astrocytes and microglial cells [96, 97]. A recent report documented
changes in microglial cells in young Dp16 mice, with changes detected as early as postnatal
day 22 [98]. It reports in microglia cells a scavenging phenotype accompanied by a loss

of dendritic spines in surrounding neurons. We assessed the status of activated microglial
phenotypes, including ramifications of processes and size of microglial soma in the cortex of
aged mice (16 months). We found that total process length, when normalized to the number
of cells, was significantly decreased in Dp16 (p-value = 0.0252), but not in Dp16 (mApp+
+-) (p-value = 0.2095) mice, as compared to 2N mice (Figure 4g). However, there was no
significant difference in the size of microglia in Dp16 or Dp16 (mApp ++-) mice compared
to 2N mice (Figure 4h). These data are evidence for increased microglial activation in Dp16
versus 2N mice. Since process length, but not the microglia size, was a function of mApp
dose, microglial activation may be under the influence mApp as well as other genes in Dp16
mice.

Astrocytes are involved in several processes in both the developing and mature brain [99],
with astrogliosis present in AD-DS. To assess the possibility that astrocyte activation would
characterize the young adult Dp16 brain, we again examined mice at age 4 months.
Immunohistochemistry probing the entorhinal cortex show an elevated level of GFAP
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immunoreactivity in both parenchyma tissue and near the vasculature of the Dp16 mouse
brain (Figure 5a), but not in the medial septum (Figure 5b). Stereological analysis revealed
a significant increase in the number of GFAP™ astrocytes in Dp16 vs Dp16 (mApp++-)
mice in the entorhinal cortex: Dp16 = 1.39 x 10° cells/mm3; Dp16 (MApp++-) = 0.63 x
10° cellssmm3); [(Dp16 versus 2N: p-value < 0.01; Dp16 versus Dp16 (mApp++-): p-value
<0.001)] (Figure 5a). However, stereological analysis revealed no significant increase medial
septum in the number of GFAP™ astrocytes in Dp16 vs Dp16 (mAgp++-) mice: Dpl6=1.11
x 10° cells/mm3; Dp16 (MApp++-) = 1.03 x 10° cells/mma3); [(Dp16 versus 2N: p-value
=0.90; Dp16 versus Dp16 (mApp++-): p-value =0.92)] These data are evidence of an effect
of the App gene dose on astrocyte activation in the entorhinal cortex, but not medial septum
of Dp16 mice. Whether or not astrocytosis affects medial septum at later ages and what
other regions are affected will require additional studies [100].

I nvestigation of APP gene dose on endosomesin Dp16 mice.: Dysregulation of early
endosomes, with increased recruitment of Rab5 and enlargement, is an early feature of DS
and is consistently present in AD-DS and AD [23, 24]. To explore a role for APP gene dose
in this phenotype we asked if changes could be detected in young adult mice —i.e., ata
time when increased mApp expression was documented in Dp16 mice and demonstrated to
be normalized in Dp16 (mApp++-) mice. We examined the entorhinal cortex (Figure 5¢—f)
and medial septum (Figure 5g—j) of mice at age 4 months, comparing 2N mice to Dp16

and Dp16 (mApp++-) mice. Tissue sections were stained with an antibody to Rab5 and
random fields of the entorhinal cortex and medial septum were examined by fluorescent
confocal microscopy and computer-aided morphometric analysis. Early endosomes with
immunoreactivity for Rab5 in Dp16 were enlarged with an average size of 0.07 pm2,
compared to 0.06 um? for both the Dp16 (mApp++-) and 2N mice in the entorhinal cortex.
Early endosomes with immunoreactivity for Rab5 in Dp16 were also enlarged in the medial
septum (Figure 5h) with an average size of 0.08 um?, compared to 0.06 um? for both

the Dp16 (mApp++-) and 2N mice. The enlargement of early endosomes in Dp16 mice

in both the entorhinal cortex (Figure 5d) and medial septum (Figure 5h), though modest,
was statistically significant, p < 0.05 with respect to both 2N and Dp16 (mApp++-) mice.
More revealing was the frequency distribution of individual Rab5 immunoreactive early
endosomes in the entorhinal cortex (Figure 5d) and medial septum (Figure 5h). This showed
that the observed increase in average puncta size was caused by an increase in the size

of endosomes whose sizes were greater than 0.30 um2. Though constituting a minority of
total endosomes, in these size classes the Dp16 mice had approximately twice as many
puncta as for either 2N or Dp16 (mApp++-) mice, which was statistically significant in

the medial septum (Figure 5h; p-value < 0.05). In the entorhinal cortex the largest class of
puncta (>0.50) was increased more than three-fold (Figure 5b). Whether or not endosomal
enlargement is greater at later ages and registered in other brain regions is yet to be
determined.

In summary, studies in the Dp16 mouse demonstrated the presence of degenerative
hallmarks of AD-DS. In each case, the phenotype was normalized by reducing the mApp
gene dose. The findings are evidence that increased mApp gene dose is necessary for several
neurodegenerative phenotypes in this model of AD-DS.
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Discussion

Overview:

Understanding AD pathogenesis is critical for defining treatments. Studies of causative
mutations have identified possible mechanisms and greatly influenced clinical trials. Our
findings addressed AD-DS, a condition that appears to offer an extraordinary additional
opportunity to explore AD biology and treatment. Indeed, the increased risk for AD in the
largest genetically defined population could prove singularly impactful. This assessment is
supported by extensive evidence that neuropathological and clinical biomarkers of AD-DS
largely recapitulate the findings in the non-DS population [1]. But we noted that clinical
and pathological similarities must be viewed in the context of the different genetics created
by trisomy of HSA21. We focused on the most compelling insight into AD in those with
DS, that an extra copy of the gene for APPis necessary for a pathological AD diagnosis.
The present study asked if increased APP dose was linked to increased gene expression

in the brains of adults with DS and AD-DS. We compared the findings to ND controls

and AD cases. We found that increased APP dose was correlated with increased levels

of fl-hAPP and its hCTF and Ap products, but that the pattern of increases was distinct
from those in AD. Indeed, the AD-DS brain showed higher levels of detergent-soluble

AP and sex-dependent differences for hCTFs and fl-APP processing enzymes in AD-DS
females. These findings argued against attributing to any APP product a singular role in
pathogenesis. Moreover, partial trisomy and mosaic DS cases identified changes in APP
products inconsistent with the view that APP gene-dose alone regulates their levels. Taken
together, the evidence suggests that the products of genes on HSA21, as well as other
chromosomes, impact the levels of APP products. Further differentiating AD-DS from

AD were greater increases in the levels of pT212 and total tau. To support the ability to
incisively explore AD-DS pathogenesis we asked if the Dp16 mouse models of DS captured
the changes detected in DS and AD-DS (Table 3). Increased mApp dose was routinely
correlated with proportional increases in fl-mAPP and mCTFs from young to old age. The
single exception was the small increase in mCTFs relative to fl-mAPP in the hippocampus
of old mice. The same proportionality was seen for AB levels, but with a relative increase in
both AB40 and AB42 in the oldest mice. The Dp16 model also recapitulated the increase in
pT212. Most important, increased mApp dose was necessary for the loss of neurons known
to be vulnerable in AD and AD-DS as well as other markers of AD pathogenesis. Taken
together, the findings confirm the importance of increased APP dose for AD in DS, give
new insights into the mechanisms that contribute, and create a roadmap for future studies to
define how increased APP acts to cause AD-DS.

Updating the APP dose hypothesis for AD-DS:

The simplest formulation of the APP dose hypothesis is that an extra copy of the gene
acts via increases in each of the gene’s products, one or more of which are responsible for
age-related emergence of AD pathology and dementia. Increased APP dose was reflected
in increased product levels in DS and AD-DS. These data are important because although
it has been assumed that an increase in APPwould result in increased APP products, the
direct demonstration has been lacking in those who based on age are at increased risk or
who have been diagnosed with AD-DS. Consistent with earlier reports [32, 34-48], we
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confirmed that relative to ND controls and AD increased APP gene dose in DS was linked to
increased levels of fl-hAPP. This increase approximated gene dose. We also found increases
in hCTFs in males in proportion to fl-hAPP levels. In females, the levels of CTFs were
greater than expected. Our findings differ from an earlier study reporting no increase in
hCTFs versus fl-hAPP in DS cases over age 40, but males and females were not separated
in that study [37]. Remarkably, in both males and females with AD-DS, the levels of

AB42 and 40 significantly exceeded levels expected based on fl-hAPP and also exceeded
those in AD. Increased detergent soluble AR species in DS and AD-DS complement earlier
findings for increased amyloid plaque size in DS versus AD [101, 102] and draw a strong
parallel with an earlier study demonstrating marked increases relative to controls in formic
acid-soluble AB [37]. Our findings thus inform the hypothesis by confirming increases in
several APPproducts. They update the hypothesis by indicating that changes in product
levels are not a simple function of gene dose and argue against attributing to a specific
product a singular role in pathogenesis. Thus, in contrast to the amyloid hypothesis of AD,
and despite many clinical and pathological parallels with AD, the pathogenesis of AD-DS
cannot be solely attributed at present to increased levels of AP species. It will be essential
to define the specific APP product(s) responsible for AD-DS. The exciting possibility exists
that these studies may speak to additional APP products also active in AD. Two additional
interesting possibilities address the increases in APP products in AD-DS. The first is that
increased levels of such products may exceed clearance mechanisms, further exacerbating
the increases. The second is that increased levels of Ap might compete with CTFs for
processing by y-secretase, thus creating a feedback inhibitory loop that could increase the
levels of both. Further studies will be needed to address these possibilities.

We noted that hCTFs levels differed between males and females with AD-DS; the increase
in females exceeded those in males even though they demonstrated approximately the same
increase in fl-hAPP. Increased hCTFs were also present in DS females not diagnosed with
AD-DS. We have not defined the source(s) of this sex-related difference. However, we also
noted significantly increased levels of fl-hnAPP processing enzymes of the BACE pathway
(BACEL1 (mature) and BACE2) in AD-DS females versus ND females; increases relative to
AD-DS males and ND males were also present. It is possible that increased BACE activity
resulted in increased production of hCTFs in AD-DS females relative to these other cases.
But two findings in AD-DS females refute this suggestion. The first is that while the absence
of a corresponding increase in mature ADAM10 in AD-DS females would predict an
increase in the ratio of p-hCTFs to a-hCTFs in AD-DS females, but this was not observed.
Consistent with Nistor et al., [37], we found no difference in the relative levels of a-hCTFs
and B-hCTFs in AD-DS cases versus ND. These authors detected an age-related increase in
DS in B-hCTFs and the ratio of B-hCTFs to a-hCTFs. However, in elderly controls (>age 40
years) the values in controls for a-hCTFs/total hAPP, B-hCTFs/total hAPP, and the ratio of
B-hCTFs to a-hCTFs overlapped those for DS, consistent with our results. A second finding
that casts doubt on a role for increased BACE pathway activity in increasing hCTFs in
AD-DS females is that these cases also showed increases in Nicastrin and PEN2. This might
lead to lower, not higher levels of hCTFs in AD-DS females. Adding to the evidence that
the levels of APP products are under the control of other genetic and possibly age-related
factors are the findings in the PT-DS male and mosaic female. Here we found increased
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hCTFs that could not be accounted for based on APP dose or level of fl-hAPP. Moreover,
both showed an increase in the ratio a-hCTFs to B-hCTFs. Accordingly, to explicate the role
that increased APP dose has for AD-DS future studies could explore how other genes and
regulatory sequences on HSA21 contribute.

Sex-based differences in AD-DS:

The differences between AD-DS females and males adds to a growing literature for sex-
dependent differences in AD. One is for the increased prevalence of AD, with more females
developing AD compared to males, even after correcting for confounding factors (reviewed
[103]). However, the significance of sex-differences in AD-DS is yet to be firmly established
at the clinical level. A recent cross-sectional analysis of California Medicare recipients
showed no sex-dependent differences in the number of people with DS diagnosed with
dementia [104]. Although some studies failed to show sex-dependent differences in life
expectancy in the DS population [105], others reported a shorter survival for men diagnosed
with dementia as compared to women [26]. It has been suggested that women are diagnosed
at an earlier age or that symptoms of AD are more likely to be missed in men, resulting in
an apparent shorter survival time after diagnosis [26]. Additionally, studies have shown a
correlation between early entry into menopause and onset of dementia in women with DS;
onset of menopause is typically in the early ‘40s and ‘50s [106-109]. Since low estrogen
and progesterone levels in females have been associated with a higher risk of AD (reviewed
in [110, 111]), one possible source for sex differences could be hormonal effects on the
processing and degradation of fl-hAPP and its products. We note that BACE1 expression is
under the control of both an estrogen response element and a progesterone response element
[112] pointing to possible regulation by either or both hormones. Neprilysin (NEP), the
primary enzyme responsible for AB clearance, is also modulated by hormones [113] and
glucocorticoids [114]. Whether or not NEP or other A degrading enzymes have a role in
explaining the sex differences in AD-DS merits further study. Our finding of significant
differences in AD-DS females as compared to males provides additional motivation for
exploring sex-related differences in the processing of fl-APP and its products to further
inform the APP gene dose hypothesis.

Observations in the Dp16 model inform the hypothesis:

We examined the Dp16 mouse to ask if neurodegenerative features of AD-DS could be
replicated, whether increased mApp dose was necessary to demonstrate them, and if so to
ask how findings in the mouse could be used to further inform the APP gene dose hypothesis
in AD-DS. The discovery that reducing mApp dose in the Dp16 mouse prevented loss of
vulnerable neurons and other AD-relevant markers established this model as potentially
useful, in so doing significantly extending our earlier studies [115, 116]. Perhaps most
salient was that the changes in Dp16 mice are produced in the setting of DS-relevant
proportional increases in fl-mAPP and mCTFs and in the absence of levels of AP that attend
amyloid plaque formation. These findings constrain the APP dose hypothesis by arguing that
plaques are not a necessary contributor to neurodegeneration. However, they do not argue
against a role for Ap or amyloid plaques. We did find subtle age-related increases in AB40
and Ap42 that may have contributed. Moreover, in AD the presence of neuritic dystrophy

in and near plaques suggests that plaques do exert toxicity [117]. Our findings argue that
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whatever role(s) the plaque has, it is not essential for the death of neurons, for increased

tau pathology, or activation of astrocytes and microglial cells. The argument against amyloid
plaques as the sole or even necessary contributor to pathological manifestations in AD is
increasingly accepted; the reconsideration of the amyloid hypothesis now points to a role
for toxic oligomeric complexes of Ap ([118]; see [78] for review), a species that could have
been present in the Ap samples examined herein.

Future directions in hypothesis testing:

How might an increase in APP dose act to induce AD pathogenesis in those with DS? Our
findings in both human and the mouse model inform this question. First, a role for fl-hAPP
has not been ruled out. Studies of fl-APP should be carried out in systems that express this
product at levels approximating gene dose in DS. Marked increases in APP gene expression
may compromise the ability to evaluate DS-relevant mechanisms. Studies of synthesis,
trafficking, and clearance of fl-APP should be under conditions and in models that allow for
sensitive measurement of these parameters. Second, studies of the same type should address
a role for CTFs, again examining this species under conditions proportional to increased
APPdose in DS. This recommendation does not obviate further evaluation of the impact

of sex on hCTF levels. Indeed, it will be important to further explore how sex impacts

this measure and into sex effects on fl-APP processing enzymes. However, since other
measures of APP products in AD-DS failed to differentiate males and females the increase
in hCTFs may not have been a necessary contributor. Essential to the evaluation of hCTFs
is their distribution within the cell and the levels therein, as will be discussed below. Finally,
understanding the production and clearance of AP species is essential for understanding the
impact of APPdose. The findings in the DS and AD-DS brain suggest that increased APP
dose may impact both the production and clearance of AB peptides, especially Ap42 and
40. This observation motivates studies to explore the anatomical compartments in which the
increases are registered. Localized increases that distinguish AD from AD-DS could result
in differential involvement of cellular compartments and potentially the creation of more
toxic oligomeric AP species, speculations that can now be evaluated.

Testing the hypothesis requires addressing several questions. The first and most important is
which APP product plays a role. Our studies in human brains and the Dp16 mouse do not
allow a conclusion, nor do they rule out the participation of more than one APP species. The
second question is where and how do the implicated product(s) act. With what proteins does
it interact, in what cellular compartment, and through what process(es)? A third question

is how the genetic environment created by DS informs the interactions and processes thus
identified. Our studies of gene expression in the Dp16 mouse give evidence of changes in
expression not only of triplicated genes but of others whose products contribute to AD.
Studies in the DS brain will be needed to further address possible genetic links, including
the participation of genes on HSA21 that may modify pathogenesis. A prominent HSA21
candidate is DYRK1A whose kinase activity impacts many substrates [13]. Its contribution
to AD pathogenesis may be through effects on tau splicing and phosphorylation of tau

as well as flI-APP [119]. DYRK1A targets tau at T212 [13, 120], thus priming tau for
phosphorylation by GSK3-f [120]. Increased pT212 levels in AD-DS in our studies raise
the possibility that increased DYRKAI gene dose plays a role. This suggestion is supported
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by increased pT212 also in the Dp16 model. The increase in pT212 in both AD-DS and the
aged Dp16 mouse suggests that age interacts with the DS genetic environment to manifest
AD-relevant phenotypes. Accordingly, it will be important to consider age as an independent
contributor to pathogenesis in AD-DS. Finally, given the evidence that non-neuronal cells,
as well as neurons, participate in the biology of AD [97], and our findings for astrocytes

and microglia in the Dp16 mouse, future studies should explore how increased APPdose
impacts each of the cell types in the CNS.

Benefits and limitations of model systems for hypothesis testing:

The Dp16 mouse provided a testing environment for the hypothesis. While some features

in AD-DS were recapitulated, neither the marked increases in AP species nor sex-related
differences were reproduced. The failure of AP to accumulate in mice expressing wild-type
mouse APP, even at levels greater than present in humans with DS, is a function of structural
differences in the mouse and human proteins. Different amino acids at three positions
within the AB sequence of the human protein increase considerably BACE processing,
yielding higher levels of B-CTFs and their Ap peptide products [121]. In an attempt to fully
recapitulate the change in the DS brain, it will be necessary to ‘humanize’ the A region

in the endogenous mouse gene in the Dp16 mouse. Whether or not hAPP expression at
levels 150% of those in 2N mice will significantly increase Ap accumulation is unknown.
Earlier studies in which wild-type hAPPwas expressed at levels approximately equal to

and greater than the endogenous mouse gene contained readily measurable levels of human
AP species, including AB42, but did not contain plaques [122]. Remarkably, however, even
in the absence of plaques, wild-type hAPP expressing mice showed reduced synaptophysin-
immunoreactive presynaptic terminals, arguing for toxic manifestations directed at synapse
number. The humanized Dp16 mouse may show similar changes. Alternatively, in the
context of an increase in copy number of genes relevant to AD-DS the changes may be
more dramatic, including plaque formation. If so, the participation of other genes can

be addressed. Studies in mouse models in which the humanized APPis expressed at

a range of levels may also inform a level for increases in Ap that changes clearance

and accumulation of this peptide beyond what is seen in AD. Furthermore, these studies
will allow an examination of the impact on the pathogenesis of a more complete set of
APP products through mutations that modify cleavage via a-secretase, p-secretase, and
y-secretase. Particularly useful may be a new mouse model of DS in which a copy of
HSAZ21 has been added to the mouse genome [123]. TcMAC21 contains 93% of the
expressed HSA21q protein-coding genes and recapitulates brain phenotypes characteristic
of DS, albeit not amyloid plaques. Studies using this model, promise additional insights into
the contribution of the genes on HSA21. Critical to all the studies just outlined will be the
extent to which APP, and possibly other HSA21 gene products, replicates the molecular and
cellular changes responsible for neurodegeneration in AD-DS.

Another model system to be examined is that provided by the human brain itself. Single-
cell RNA seq studies are providing novel insights into the cells and molecular programs
impacted by AD [124]. Studies of this type in AD-DS are likely to prove highly informative.
The most obvious limitation is that one is capturing the ‘snapshot’ of changes present at the
postmortem exam, as did our studies. Nevertheless, valuable insights may be forthcoming
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that will prove essential for informing pathogenesis. These data will be more readily
interpreted if complemented by studies in the brains of those with DS that die at earlier
ages.

Ideally, a model of DS in which APP gene dose is increased in non-human primates

would be employed. Perhaps the most significant limitation in studies in the mouse is that
the rodent brain differs considerably from that of the human; differences in size, regional
anatomy, and complexity are all appreciated. Accordingly, the cognitive and behavioral
repertoires of humans are far greater than those of the mouse. In particular, the rich social
and cognitive life of humans cannot be effectively modeled in the mouse. For these reasons,
attention has increasingly focused on the development of non-human primate (NHP) models
for human brain disorders, a context in which a more human-like genome is expressed, and
in which APP gene dose might be examined more incisively. Though not currently available,
such a model could increase the ability to examine age-related changes for the impact of
increased APP dose in a more human-like context [125]. An added benefit would be the
ability to explore human-like behaviors [126].

Studies of the APP dose hypothesis stand to benefit considerably by the ability to use
fibroblasts and other tissues to generate neurons and other CNS cell types via iPSC or
direct induction. Indeed, studies of this type promise the ability in vitro to evaluate cellular
mechanisms under the influence of human genes with great precision. The development

of 3-D cultures [127] as well as organoids [128] can be used to examine the environment
created by increased APP dose. Studies using organoids have been used to study DS [129].
Interestingly, a recent report examining DS iPSC-derived neurons and cerebroids found
that reducing BACEZ copy number resulted in increased AD-relevant pathology, suggesting
that trisomy for BACEZin DS acts to suppress AD through proteolytic events targeting
processing of Ap [130]. Limitations exist for use of these methods. Aging serves as a major
concern in that iPSC-derived cultures recapitulate early stages in neuronal development;
this may be less significant for the APP dose hypothesis given that even young neurons

are impacted by increased APPdose, at least as reflected in endosomal pathology [24]. A
second concern is for lack of vascularization, which may impact cell viability and cellular
differentiation; the blood-brain barrier constitutes an important element in brain function
and may be impacted by AP deposition leading to cerebrovascular amyloid in the DS brain
[131]. Attempts to overcome this limitation are being explored [132]. Another is the need to
create cultures with all the relevant CNS cell types, including oligodendroglia and microglial
cells. Advances are being made to address this need as well as to increase the production

of uniform cultures. In summary, while limitations are recognized, much progress is being
made to address the use of human models of AD (for reviews see [128]). Importantly, even
relatively simple models may serve to explore questions raised by the APPdose hypothesis.

Speculations on a mechanism by which increased APP dose acts in DS to cause AD-DS:

Though there is much to learn, based in part on our data in AD-DS and the mouse

it is possible to offer speculation as to how APP gene dose leads to AD. We argue

that dysregulation of the endosomal/lysosomal pathway could account for many disease
manifestations, including synaptic dysfunction and loss. This speculation is supported by
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the work of many laboratories over the years, most prominently the work of Ralph Nixon
and colleagues, as has recently been summarized [133-136]. Key observations include: 1)
fl-APP is processed to both hCTFs and A within the endosomal compartment [137]; 2)
enlargement of early endosomes, with increased activation of the small GTPase Rab5, is
observed in sporadic AD, AD due to APPduplication and mutations, as well as AD-DS;

3) indeed, early endosome enlargement is the earliest pathology demonstrated in sporadic
AD and is already present prenatally in DS [23, 24]; and 4) changes in early endosomes are
later correlated with changes in other compartments of the endosomal/lysosomal as well as
in autophagosomes in AD [133, 136].

Relative to the APPgene dose hypothesis, two important questions arise. Which APP
product(s) are responsible for endosomal changes, and how do endosomal changes induce
neurodegeneration. Regarding the former, the evidence is compelling that B-CTFs are
important in endosomal dysfunction and pathogenesis [135, 138-140]. Indeed, studies in
animal models of DS, rodent neuronal cultures in which APP products are expressed

in excess, and iPSC-derived human neurons carrying familial AD mutations combine to
support a role for B-CTFs [135, 138, 139, 141-143]. It is not clear how to explain increased
endosome size in sporadic AD wherein APPis not overexpressed, but evidence for increased
B-CTFs has been reported [139]. The mechanism by which increased p-CTF results in
increased activation of Rab5 and endosome enlargement is through recruitment of APPL1
(adaptor protein containing pleckstrin homology domain, phosphotyrosine binding domain,
and leucine zipper motif), a scaffolding protein that anchors the CTF to Rab5 [139]. As
indicated, we found increases relative to actin in both a-hCTFs and p-hCTFs in both AD-
DS males and females, but no increase in the ratio of these species in comparison with NDs.
Efforts to examine further the levels and cellular compartments containing CTFs will benefit
from a larger number of cases, use of advanced tissue imaging methods, high-resolution gel
systems, and the use of proteomic analyses. It is possible [134] that other APP products

may contribute to endosomal enlargement and dysfunction [138]. Since y-secretase serves to
process both CTFs and A, an intriguing possibility is that Ap present at high concentrations
within the endosome inhibits the processing of CTFs. Studies to test this idea and to more
fully examine the impact of the fl-hAPP and A products are needed to further inform which
APP products act to dysregulate endosomes.

How, would a change in the endosomal compartment act to cause neurodegeneration?
Beyond the important role that the endosomal compartment plays in protein and lipid
metabolism and degradation, the literature points to a role for endosomes, including

the early endosome, in the trafficking of signaling receptors within the neuron. The
signaling endosome hypothesis points to the endosomal compartment as an essential support
for long-distance communication of the signals of neurotrophic factors [134]. Enlarged
endosomes less effectively convey neurotrophic signals in vitro and in vivo [115] and
there is a correlation between neurodegeneration and APP gene dose-mediated increases
in endosomal dysregulation [115]. A recent report showed that reducing in vitro the
translation of mApp mRNA in the Ts65Dn mouse reduced fl-mAPP and mCTFs, reversed
Rab5 hyperactivation and early endosome enlargement, and restored retrograde transport
of neurotrophin signaling. In vivo, reducing translation of the mRNA for mApp also
reduced fl-APP and mCTFs, restored normal levels of Rab5 activity, reduced p-tau, and
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reversed deficits in TrkB (tropomyosin receptor kinase B) activation and in the Akt (protein
kinase B [PKB]), ERK (extracellular signal-regulated kinase), and CREB (CAMP response
element-binding protein) signaling pathways [144]. Nixon and colleagues have powerfully
complemented and extended these findings by showing that forced increases in the activity
of Rab5 resulted in endosomal enlargement, induced changes in both long-term potentiation
and long-term depression in the hippocampus, reduced AKT signaling, reduced surface
levels of glutamate receptors, increased p-tau, and caused degeneration of BFCNs [135].
Taken together the data are compelling that dysfunction of the endosomal system, initiated
through increased activation of Rab5, powerfully induces AD-relevant changes. It remains
to be defined when increased APP dose results in changes in endosome signaling, how

they progress and whether they are necessary for the loss of synapses that characterizes

AD and AD-DS. While increased APP dose may well have effects beyond changes in
endosomes and the endosomal/lysosomal system, the two phenomena are linked and deserve
careful study, especially given the evidence that neurotrophic signaling contributes to the
function of mature neurons and their synapses [145]. Quite possibly, the age-related changes
characteristic of AD-DS may reflect the cumulative result of many years of subtle reductions
in neurotrophin signaling.

Treating to counter the effects of increased APP gene dose in AD-DS:

The discovery that APP gene dose plays a necessary role in AD-DS can focus therapeutic
attempts to target APP gene expression. Thus, beyond studies to explore the mechanism by
which APPgene dose leads to AD, the use of models of DS in which increased APPdose is
linked to degenerative phenotypes will facilitate studies of potential treatments. Our findings
make clear that the Dp16 mouse is well suited to such studies. The other animal model
systems referenced above are also appropriate, as are those examining human neurons.
Interventions would examine both target engagement — i.e., reduced levels of the products
of APP — as well as normalization of the events downstream from increased APP dose.
Thus, examining treatments targeting APP dose should include observations of changes in
the levels of activity and trafficking of fl-App-interacting proteins, endosome structure, and
signaling, synapse number, and activity, as well as circuit function and cognition. Measured
improvements in cellular and brain functions linked to neurodegeneration will be of greatest
interest.

Having stressed the need for deciphering which APP products induce degenerative
phenotypes and the mechanism(s) by which they act, even without a full accounting of
pathogenesis the evidence that increased APP dose induces AD-DS is sufficient to motivate
interventions to reduce their levels. In DS, the goal would be to reduce to normal the

levels of APPmRNA and its protein products. Building on experience in other degenerative
disorders [146, 147], antisense oligonucleotides specifically directed against APP mRNA
may serve as an RNA-targeting treatment to reduce APP mRNA levels. Studies in mouse
models of DS [148] and AD mouse models have been reported [149-151]. The use of
ASOs is frustrated by an inability to deliver them to the brain via systemic injection. Thus,
intrathecal delivery of ASOs may be required; this mode of delivery would require repeated
administration but has the advantages of high selectivity for APP mRNA. Moreover,
targeting hAPP mRNA will enable dose modifications using measures of A levels in
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CSF and possibly plasma. siRNAs against APP represent another RNA-based approach
[152]. Importantly, recent studies encourage the view that modified reagents may enable
CNS penetration of systemically delivery of RNA-based treatments [153]. Alternatively,
small molecules that interfere with the translation of APP mRNA could prove effective.
Posiphen is one such molecule. As reported above, in recent studies we found that

Posiphen normalized fl-mAPP and mCTFs and restored endosomal function [144]. Ap42
and Ap40 are additional treatment targets. In one approach, trials of BACE inhibitors

were conducted. They were stopped for futility and/or toxicity; for several treatments
worsened cognitive decline was detected. Thus, at present no clear role has emerged for

this class of reagents [154]. Unfortunately, but possibly not surprising given data for the
links between B-CTFs and endosomal dysfunction, clinical trials using inhibitors of the
y-secretase enzyme (i.e., GSIs) failed to improve outcomes and demonstrated untoward side
effects including worsening of cognition [155-158]. More encouraging are findings in recent
preclinical findings of small molecule y-secretase modulators (GSMs), which appear to act
by enhancing processivity of the exopeptidase activity of the enzyme [159]. Chronically
administered to PSAPP mice, the GSMs reduced plasma and brain levels of AB42 and
AB40, prevented plague deposition in young mice, and retarded plaque growth in older mice
[160].

Immune approaches represent another potentially useful modality and are the focus of
several ongoing trials [154]. A vaccine directed at AR was tested in the Ts65Dn mouse
model of DS. Vaccination was safe and resulted in excellent titers with a modest, statistically
insignificant reduction in brain Ap levels relative to vehicle-treated mice. Vaccinated mice
showed improvement in memory deficits and reduced atrophy of BFCNs [161]. These data,
the first to show that an anti-Ap immunotherapeutic approach may act to target Ap-related
pathology in a mouse model of DS, inspired a Phase 1b study in adults with DS. The trial
was recently completed, and results are expected to be reported soon. The several recent
and ongoing trials of antibodies to AB in sporadic AD [162, 163] are yet to give evidence
of convincing clinical benefit. They do however point to the rather consistent ability to
remove amyloid plagues and modestly reduce the progression of cognitive loss. Amyloid-
related imaging abnormalities (ARIAS) induced by antibody engagement of plaques is a
recognized adverse event and a continuing concern. Increased plaque load and significant
cerebrovascular amyloid and vascular pathology in DS [131] cautions the need for attention
to this safety signal in DS.

Studies of APP dose effects in DS are expected to yield new insights into possible treatment
targets. The evidence showing a role for increased p-CTFs in inducing increased activation
of Rabb raises the possibility that Rab5 activation may also serve as a target. Though how
best to target increased Rab activity is yet to be defined, one approach would be the delivery
of ASOs specific to one or more of the Rab5 isoforms. Reducing Rab5-GTP levels to normal
is rational and deserving of further study.

Conclusion:

Increased APP gene dose is necessary for AD in those with DS. Herein we tested the
hypothesis that APP gene dose results in increased levels of its products. We confirmed
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increases in the brain levels of fl-hAPP and its products in DS and AD-DS. The effect of
increased APP dose was registered at the level of fl-APP, CTFs, and AR peptides. Increases
in detergent soluble AB42 and AB40 beyond those expected based on fl-hAPP levels were
noted in AD-DS males and females; these increases exceeded not only those in ND controls
but also males and females with sporadic AD. A sex effect was documented for hCTF
increases greater than fl-hAPP in AD-Ds females and was correlated with increases in
proteins that contribute to BACE and y-secretase processing of fl-hAPP. Extending our
hypothesis testing to the Dp16 mouse model of DS, we found dose-related changes in
fl-mAPP and its products. Drawing an important parallel with AD-DS, increased mApp dose
was necessary for neurodegenerative phenotypes, affirming a role for APPdose and pointing
to the utility of this model for future studies.

Our findings point to the importance and utility of deciphering critical gaps for elucidating
the APP gene dose hypothesis. Which APP product(s) contribute, the mechanism(s) of
action induced, the timing of their induction, and how to counter them are each critical

for ultimately understanding and treating to prevent the impact of increased APP dose.
Especially important will be studies that examine the steps that link increased APP dose

to synaptic dysfunction and degeneration, including those to comprehensively examine a
role for disruption of endosomal signaling and trafficking. Past experimental barriers to
addressing these gaps are mitigated by powerful new model platforms, both rodent and
human, and through technological advances that increase the ability to interrogate individual
cell populations and their products in the brain. Even now, existing and new treatment
modalities targeting increased APP products can be considered for blocking pathogenesis of
AD in DS.
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Figure 1. Analysis of human full-length (FL) APP (fl-hAPP) and its proteolytic products (hCTFs
and Ap42/40/38) in the postmortem brain tissues.

(a-f) Analysis of fl-hAPP and hCTfs in males and females; ND, AD-DS, PT-DS and DS
cases were analyzed per sex; fl-hAPP and hCTFs were detected using anti-APP antibody
(Y188, abcam); signal intensity of bands was quantified and normalized against p-Actin. (a-
¢) Analysis of male samples. (a) Representative images of western blots. (b) Quantification
of fl-hAPP relative to Actin. Data are shown with respect to ND. (c) Quantification of
hCTFs relative to Actin; data are shown with respect to ND. (d-f) Analysis of female
samples. (d) Representative images of western blots. # Indicates the DS-Mosaic case. (e,

f) Quantification of fl-hAPP, and hCTFs normalized with respect to Actin and expressed
with respect to ND. (g-i) Measurement of concentrations of Ap species (pg/ml): (g) Ap42,
(h) Ap40 and (i) AB38. ND= non-demented; AD-DS = AD with DS, PT and PT-DS =

DS with the partial trisomy; DS = DS without AD; AD = Alzheimer’s disease. Statistical
analyses were performed per sex. One way ANOVA (Kruskal-Wallis) test followed by
Dunn’s Multiple Comparison Test. * p < 0.05, ** p < 0.01, *** p < 0.005. For fl-hAPP/
hCTFs analysis: Male: ND, n = 11; AD-DS, n=4; PT-DS, n=1; AD, n = 8; Female: ND, n
=6; AD-DS, n=7; DS, n=4; AD, n = 8. For MSD analysis, Male: ND, n = 12; AD-DS, n =
4; PT-DS, n=1; AD, n = 10. Female: ND, n = 8; AD-DS, n=7; DS, n=4; AD, n = 10.
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Figure 2. Differential processing of hAPP between males and females and gene-dose effects on
pT212 in human postmortem brain tissues.

(a-f) Comparison of fl-hAPP and hCTFs levels in males and females. (a) Representative
images of western blots. (b) Quantification of fl-hAPP relative to Actin normalized to

ND males. (c) Quantification of hCTFs relative to actin, normalized to ND males. (d)
h-CTFs relative to fl-hAPP. (e) Quantification of shorter hCTFs (a-hCTFs) relative to Actin,
normalized to ND males. (f) Quantification of longer hCTFs (B-hCTFs) relative to Actin,
normalized to ND males. (g) The ratio between shorter and longer hCTFs (a-/B-hCTFs).
Two-way ANOVA followed by post-hoc Tukey’s multiple comparisons test, * p < 0.05, **p
<0.01,, ****p < 0.001. (h-1) Analysis of pT212 and total Tau levels. (h, i) Representative
images of pT212 and Tau levels in males (left) and females (right). Actin serves as a loading
control. (j-m) Quantification of pT212 and total Tau levels. Levels of pT212 in (j) males and
(I) females. Data were normalized to Actin and shown with respect to ND. BKG: Randomly
selected three ROIs with no signal are shown to indicate background signal levels. (k) Levels
of total Tau in males. (m) Total tau in females. Kruskal-Wallis test followed by Dunn’s
Multiple Comparison Test, * p < 0.05, **p < 0.01, ***p < 0.005.
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Figure 3. mRNA and Protein levelsin Dp16 and 2N mice at 4 and 19 months.
(a-h) Transcriptional analyses of the genes on mouse Chromosome 16 at 4 and 19 months.

mMRNA levels of (a) App, (b) Dyrkia, (¢) Kenyé, (d) Synyfl, () Reanl, (f) BaceZ, (g)

/tsn1 and (h) Sod1 were analyzed by gPCR. Expression levels were normalized to Gapah.
Relative values to 2N at each age are shown + S.E.M. Two-tailed unpaired t-test: * p <

0.05, ** p < 0.01 and *** p < 0.005. n = 4 at 4 months for each genotype. n =5 at 19
months for each genotype. (i-m) Quantification of protein levels of mouse full-length (fl)
APP (fl-mAPP) and its proteolytic products (nCTFs and Ap42/Ap40) at 4 and 19 months
in 2N and Dp16 mice. (i) Representative images of western blots. (j) Quantification of
fl-mAPP normalized to Tubulin. (k) Quantification of mCTFs normalized to Tubulin and
expressed relative to the 2N control. Data in i and k are shown as relative to the 2N cortex
at 4 months. Mean = S.E.M., two-tailed unpaired t-test performed between indicated groups,
*p <0.05, ** p<0.01 and *** p < 0.005, n = 3 all samples. (I, m) Measurement of (1)
AB40 and (m) ApB42 in the cortex of 2N and Dp16 mice at 4 and 19 months. Mean (pg/ml)
+ S.E.M., Two-tailed unpaired t-tests were conducted between the indicated groups: * p <
0.05, ** p < 0.01 and *** p < 0.005. AB40: n for 2N at 4 months = 4 and at 19 months =

5; n for Dp16 at 4 months = 4 and at 19 months = 5. Ap42: n for 2N at 4 months = 4 and

at 19 months = 5; n for Dp16 at 4 months = 4 and at 19 months = 5. As for Supplementary
Table 2, the ratios between the amount of Ap and the total protein lysate were calculated
(i.e., mean average concentration of AP peptides in pg per mg total protein in the sample).
The values are as follows: Ap40: 2N at 4 months = 4.37, Dp16 at 4 months = 8.00, 2N at 19
months = 7.36, Dp16 at 19 months = 13.00; AB42: 2N at 4 months = 0.12, Dp16 at 4 months
=0.17, 2N at 19 months = 0.16, Dp16 at 19 months = 0.26.
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Figure 4. Histological studies of AD-relevant phenotypesin Dp16, Dp16(mApp ++-), and 2N mice.
Dp16, Dpl16 (mApp ++-), and 2N mice were evaluated between 13 and 19 months of age.

(a) Photomicrographs of medial septum BFCNSs. Quantitation of the relative number of
neurons normalized to 2N mice in the (b) medial septum, (c) entorhinal cortex layer 2/3,

and (d) locus coeruleus. (e) Photomicrographs of PHF-immunoreactivity in the cortex. (f)
Quantitation of the PHF-ir pixel intensity. Quantification of (g) IBA-1-positive microglial
process length, and (h) IBA-1-positive microglial cell size in the cortex. Scale bars ina =
250 pm, e = 25 pm, Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s post hoc analysis comparing all columns to 2N. * = p-value < 0.05; ** = p-value
< 0.01. In panels (c) and (f) there was a statistically significant difference between groups;
however, the post hoc analysis was unable to identify which comparison was significant. The
p-value from the one-way ANOVA analysis is listed on the graph.
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Figure 5. AD-relevant phenotypesin astrocytes and endosomesin the entorhinal cortex and
medial septum in Dp16, Dp16(mApp ++-), and 2N mice.

Dpl16, Dpl6(mAppt++-), and 2N mice were evaluated at age 4 months. Photomicrographs
of GFAP immunoreactivity and quantification of the number of positive astrocytes per mm?3
in the (a) entorhinal cortex and (b) medial septum. Measurements were from 4-fields per
animal with 4 animals per group. (c) Representative images from the entorhinal cortex of
Rab5-positive punctae (green) surrounding the nuclei (red). (d) quantitative analysis of the
binned size distribution of Rab5-positive punctae; (e) the number of rab5-positive punctae
per cell; and (f) the mean area of rab5-positive punctae (2N: 0.06 um?; Dp16(mAgp++-):
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0.06 um?; Dp16: 0.07 pm?). (g) Representative images from medial septum BFCN of Rab5-
positive punctae (green) within choline acetyltransferase positive cells (red). (h) Quantitative
analysis of the binned size distribution of Rab5-positive punctae; (i) the number of rab5-
positive punctae per cell; and (j) the mean area of rab5-positive punctae (2N: 0.06um?;
Dpl16(mApp++-): 0.06 pm?2; Dp16: 0.08 pm?2). Scale bar in a and b = 100 pm; c and g = 10
pum. Statistical analysis: N=4; all values are means with error bars indicating the S.E.M, and
p values were calculated using a one-way ANOVA and Dunnett’s multiple comparisons test;
(* = p<.05, and ** = p<0.01).
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