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Abstract

Astrogliosis is a condition shared by acute and chronic neurological diseases and
includes morphological, proteomic, and functional rearrangements of astroglia. In
Alzheimer's disease (AD), reactive astrocytes frame amyloid deposits and exhibit
structural changes associated with the overexpression of specific proteins, mostly
belonging to intermediate filaments. At a functional level, amyloid beta triggers dys-
functional calcium signaling in astrocytes, which contributes to the maintenance of
chronic neuroinflammation. Therefore, the identification of intracellular players that
participate in astrocyte calcium signaling can help unveil the mechanisms underlying
astrocyte reactivity and loss of function in AD. We have recently identified the
calcium-binding protein centrin-2 (CETN2) as a novel astrocyte marker in the human
brain and, in order to determine whether astrocytic CETN2 expression and distribu-
tion could be affected by neurodegenerative conditions, we examined its pattern in
control and sporadic AD patients. By immunoblot, immunohistochemistry, and
targeted-mass spectrometry, we report a positive correlation between entorhinal
CETN2 immunoreactivity and neurocognitive impairment, along with the abundance
of amyloid depositions and neurofibrillary tangles, thus highlighting a linear relation-
ship between CETN2 expression and AD progression. CETN2-positive astrocytes
were dispersed in the entorhinal cortex with a clustered pattern and colocalized with
reactive glia markers STAT3, NFATcS3, and YKL-40, indicating a human-specific role
in AD-induced astrogliosis. Collectively, our data provide the first evidence that
CETN2 is part of the astrocytic calcium toolkit undergoing rearrangements in AD and

adds CETNZ2 to the list of proteins that could play a role in disease evolution.

Abbreviations: AB, amyloid 8; AD, Alzheimer's disease; ALDH1L1, aldehyde dehydrogenase 1L1; CAA, cerebral amyloid angiopathy; 11C DED, *'C deuterium-L-deprenyl; CDR, clinical dementia
rating; CETN2, centrin-2; CNS, central nervous system; CSF, cerebrospinal fluid; GABA, y-amino butyric acid; GFAP, glial fibrillary acidic protein; JAK/STAT3, Janus kinase/signal transducer and
activator of transcription 3; MAO-B, monoamino oxidase B; MCI, mild cognitive impairment; MMSE, mini mental state examination; NCD, neurocognitive disorders; NFAT, nuclear factor of
activated T-cells; NFTs, neurofibrillary tangles; NOLD, normal old; NPs, neuritic plaques; PFA, paraformaldehyde; PRM, parallel reaction monitoring; pTAU, phospho Tau protein; PTM, post-
translational modification; TDP-43, TAR DNA binding protein 43; Thio-S, thioflavin-S; XPC, xeroderma pigmentosum C complex.
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1 | INTRODUCTION

Alzheimer's disease (AD) is a form of dementia characterized by a
progressive dysfunction of neuronal circuits, learning impairment, and
memory loss (Querfurth & LaFerla, 2010). The extracellular deposi-
tions of amyloid beta (Ap) peptides in amyloid plaques and the intra-
cellular aggregation of hyperphosphorylated Tau protein (pTAU) in
neurofibrillary tangles (NFTs) are two signature lesions of the disease,
whose combined and multifocal presence in the cerebral cortex gener-
ates the neuritic plaques (NPs). AD clinical evolution reflects the
spreading of lesions from the parahippocampal and hippocampal area
to the parietal cortex and eventually to the whole neocortex, causing
a progressive impairment of all cognitive domains. Therefore, the
combined scores assigned to Amyloid depositions (Thal stages), pTAU
(Braak stages), and NPs (CERAD—Consortium to Establish a Registry
for AD) represent the ABC criteria to define AD diagnosis and patho-
logical severity (i.e., no AD, low AD, intermediate AD, high AD) (Braak
et al., 2006; Mirra et al., 1991; Montine et al., 2012; Thal et al., 2002).

Evidence has proven that the development of these lesions is
accompanied by synaptic malfunction and neuronal loss (Perez-
Nievas & Serrano-Pozo, 2018) thus supporting a “neurocentric view”
of the disease. Currently, the AD drug development pipeline com-
prises 187 drugs whose main targets include amyloid protein, TAU
protein, proteinopathies and proteostasis, lipids and lipoproteins, neu-
rotransmitters, several different receptors, synaptic functions, inflam-
mation, neuroprotection, oxidative stress, metabolism, blood flow, and
microbiome in the gut-brain axis (Cummings et al., 2023). However,
while current therapeutic approaches appear to temporarily improve
some cognitive functions, they do not halt the progression of the
disease.

In this framework, a major effort has been devoted to under-
standing the contribution of nonneuronal cells in AD pathogenesis.
Astrocytes, in particular, have increasingly attracted attention, not
only because of their contribution to many of the mechanisms and
targets reported above (Khakh & Sofroniew, 2015) but also in consid-
eration of genetic data showing that several genes, associated with
the risk of developing AD (i.e., SORL1, FERMT2, CLU, and APOE) are
mostly expressed in astrocytes (Arranz & De Strooper, 2019). Some
studies suggest that astrocytes may actively contribute to the amyloi-
dogenic process by expressing amyloid precursor protein and
B-secretase (Frost & Li, 2017), while others promote their role in Ap
clearance through the expression of Ap-degrading enzymes or by
facilitating AB transport through the perivascular drainage (Acosta
et al,, 2017).

Astrocytes in autoptic AD brain samples have been described
as atrophic or reactive; two phenotypes that can be found in
combination and may be indicative of the evolutionary stages in the

neuropathological process. Atrophic astrocytes are suggestive of

dysfunctional cells that have lost their capacity to foster neuronal
functioning, while at later stages, and in conjunction with signals from
microglia, astrocytes are more frequently observed in a reactive state
forming nests at the borders of amyloid plaques (Fakhoury, 2018;
Verkhratsky et al., 2021). Reactive astrogliosis, canonically described
as an increase in volume and thickening of astrocyte processes as well
as by an overexpression of intermediate filament proteins (glial fibril-
lary acidic protein [GFAP], nestin, and vimentin) (Arranz & De
Strooper, 2019; Chun & Lee, 2018; Escartin et al., 2021), has been
described in close proximity to amyloid plaques (Garcia-Marin
et al., 2007), condition that becomes progressively more extended
with disease worsening. Astrogliosis has long been considered an epi-
phenomenon following neurodegeneration, nevertheless, recent
investigations have shown that astrocytes appear to be engaged in a
reactive state also before the onset of AD symptoms (Carter
et al., 2012), thus suggesting that inflammatory changes precede clini-
cal symptoms and highlighting the importance of immune states in AD
pathogenesis (Chun & Lee, 2018).

On this basis, substantial effort has been devoted to the identifica-
tion of pathways linked to the initiation and maintenance of the astroglia
reactive state (Ben Haim, Carrillo-de Sauvage, et al, 2015). Among
these, the Janus kinase/signal transducer and activator of transcription
3 (JAK/STAT3) pathway (Ben Haim, Ceyzeriat, et al., 2015; Ceyzériat
et al., 2018; Reichenbach et al., 2019) and the calcineurin/nuclear factor
of activated T-cells c¢3 (NFATc3) pathway have been linked to astrocyte
reactivity in AD (Abdul et al., 2009; Furman & Norris, 2014). Similarly, the
astrocytic expression of chitinase-3 protein like-1 (also known as
YKL-40) has been linked to AD-related neuroinflammation and predicts
progression from normal cognition to mild cognitive impairment (MCI)
that typically precedes dementia and frank neurodegeneration
(Craig-Schapiro et al, 2010; Moreno-Rodriguez et al., 2020; Querol-
Vilaseca et al., 2017; Zhang et al., 2018). Evidence has also shown that
when astrocytes become reactive in AD, the monoaminoxidase-B/y-ami-
nobutyric acid (MAO-B/GABA) pathway is more activated, resulting in an
increase in GABA release with consequent suppression of neuronal activ-
ity (Jo et al., 2014), as well as in the release of H,O,, which sustains the
reactive state and fosters tauopathy, neuronal death, brain atrophy, and
cognitive impairment (Chun et al., 2020).

Calcium is a well-known mediator of astrocytic intracellular sig-
naling and in normal conditions exerts multifarious effects on synaptic
functions, plasticity, and neural-network oscillations. In AD, astrocyte
calcium dynamics and network responses become aberrant (Escartin
et al., 2021), an observation that earned AD the definition of “chronic
calciumopathy” (Querol-Vilaseca et al., 2016). Evidence from cultured
astrocytes and organotypic slices shows that Ap exposure provokes
spontaneous calcium oscillations and abnormal intracellular waves
(Verkhratsky et al., 2017), while a chronic A insult may result in a
pathological remodeling of the whole calcium signaling toolkit of
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astrocytes, including several calcium-binding proteins and receptors
(Querol-Vilaseca et al., 2016). We recently described the expression of
the calcium-binding protein centrin-2 (CETN2) in human astrocytes
and its distribution in the healthy human central nervous system (CNS)
(Degl'Innocenti et al., 2022). With four EF-hand domains that enable
calcium binding, CETN2 presents a chemical structure that resembles
other known calcium sensors (i.e., troponin C or calmodulin) (Berridge
et al, 2000), including the astrocytic marker S100B (Michetti
et al., 2019). CETN2 labels astrocytes with a cytosolic pattern overlap-
ping GFAP staining, with an overall distribution in the healthy brain
that exhibits greater abundance in the isocortex (prefrontal and parietal
cortices) compared with the allocortex (hippocampus and entorhinal
cortex) where CETN2 expression is poorly detectable (Degl'Innocenti
et al., 2022). Transcriptomics analyses of astrocytes microdissected
from the brain samples of patients with different AD Braak stages have
found changes in the expression of 32 genes associated with calcium
signaling (Simpson et al., 2011; Verkhratsky, 2019) including calmodu-
lins and calcium-calmodulin dependent kinases. Similarly, other compo-
nents of the calcium signaling toolkit also exhibit variations with the
disease, including calpain-10, NFAT, NF-kB, calcineurin, L-type calcium
channels, or store-operated calcium channels (Verkhratsky, 2019). Nev-
ertheless, whether CETN2 expression in astrocytes is altered in AD has
not been explored so far.

To address this point, here we investigated the expression of
CETN2 in a cohort of autopsy brain samples encompassing all AD
phases, and all six Braak stages. Three cerebral areas were analyzed:
the parahippocampal/entorhinal cortex, the prefrontal cortex, and the
cerebellum. The parahippocampal/entorhinal area is severely affected
from the beginning of the disease, first by tauopathy and later by Ap
plaques and NP formation. The prefrontal cortex presents early
ApB plaques but is affected by pTAU depositions only in the advanced
stages, and finally, the cerebellum is typically involved by amyloid
depositions only in severe AD and does not present pTAU aggregates.

The aim of the present investigation is to study the expression of
CETN2 in these three anatomical areas along with the progression
of the disease, assessed by means of clinical and neurohistological
data, and determine whether CETN2 can be annotated as an indicator

of reactive astrogliosis in humans.

2 | METHODS

2.1 | Subjects recruitment for histological analysis

The Abbiategrasso Brain Bank (ABB) at the Golgi Cenci Foundation
(Milan, Italy) provided the autopsy human brain samples. Before
death, all donors joined the donation program and underwent a sys-
tematic longitudinal multi-dimensional assessment to determine
social, neuropsychological, biological, and clinical profiles, as previ-
ously described (Poloni et al., 2020). ABB donors included cognitively
normal elderly individuals (NOLD) and patients affected by neurocog-
nitive disorders (NCD) mainly due to AD. Joining the donation pro-

gram is a personal decision, and complete awareness is needed. For

patients not deemed competent to sign the consent form, authoriza-
tion from a legal guardian or next-of-kin was warranted, taking into
account the wishes previously expressed by the subject. The ABB pro-
tocol is in accordance with the principles outlined by the Declaration
of Helsinki (1964 and following amendments), and all ABB activities
rigorously follow the ethical standards of the BrainNet Europe Code
of Conduct (Klioueva et al., 2015; Klioueva et al., 2018). ABB proce-
dures were performed under the supervision of the Italian Association
of Alzheimer's patients and were approved by the Ethics Committee
of the University of Pavia on October 6th, 2009 (Committee report
3/2009) (Guaita et al., 2013).

2.2 | Human brain dissection and characterization
The human brain samples were prepared as previously described
(Poloni et al., 2020). Briefly, autopsies were conducted within a post
mortem interval of 3-20 h, determined by an asystole of at least
20 min. After craniotomy, the brain, cerebellum, brainstem, and rostral
cervical spinal cord were removed, separated, and then sectioned with
a thickness of 1 cm. Tissue fixation was performed by leaving the
slices in 10% buffered formalin solution for 5 days at 4°C and washed
in a phosphate buffer for 2 days. Tissues were dehydrated through an
automated processor (Histo-Line, ATP1000 Tissue Processor) and
then soaked in xylene using metal or plastic molds. Sections were
paraffin-embedded and subsequently cut into 8-um-thick slices using
a rotary microtome (Leitz Laboratories 1400, ARM3600 HistoLine).

Luxol Fast blue staining for the visualization of gray and white mat-
ter was performed after the deparaffinization step incubating sections in
a 0.1% luxol fast blue solution (Sigma-Aldrich #53382) in ethanol 95% at
50°C. The following day, sections were cooled down at room tempera-
ture and quickly washed in ethanol 95% and mQ water prior to be
immersed in a 0.05% lithium carbonate solution (Sigma-Aldrich #62470)
for approximately 1 min. Sections were then differentiated in 70% etha-
nol until gray and white matter were visibly distinguishable. After a fur-
ther washing in mQ water, samples were stained with a cresyl violet
solution (Sigma-Aldrich #C5042) for at least 1 h at 40°C, rinsed with
95% ethanol and finally dehydrated with 100% ethanol and two immer-
sions in xylene, 10 min each. Sections were coverslipped with mounting
medium (Thermo Fisher Scientific #P36931).

According to the ABB immunohistochemistry protocol (Poloni
et al., 2020), a complete neuropathological characterization was per-
formed considering vascular as well as degenerative pathologies
including A burden, p-Tau immunopositivity, synucleinopathies, and
TAR DNA binding response protein-43 (TDP-43) inclusions. AD
pathology severity was determined considering the Braak stage evalu-
ation (Braak et al., 2006) and Thal's amyloid phases (Thal et al., 2002),
according to Montine's scheme (low-intermediate-high AD pathology)
(Montine et al., 2012). The impact of cerebrovascular pathology on
cognition was graded using the Skrobot score (low-moderate-high)
(Skrobot et al., 2016). Moreover, cerebral amyloid angiopathy (CAA)
was graded through the 0-3 semiquantitative scale proposed by Love
et al. (2014).
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2.3 | Brain selection for the study

Sixteen brains were selected for this study. Cases with AD pathology,
with or without concomitant vascular disease, were included (mild
amounts of synucleinopathy and TDP-43 allowed). Cases affected
by fronto-temporal dementia, Lewy bodies dementia (LBD), mixed
AD/LBD pathology, and cases with other previous diseases that could
have caused cognitive impairment were excluded. The post mortem
interval did not exceed 20 h (range 3-20 h, mean 10 h). The 16 brains,
comprising the entire spectrum of AD severity, were stratified according
to the Braak stage: seven with Braak stage |-l (low AD), three with
Braak stage IlI-1V (intermediate AD), and six with Braak stage V-VI (high
AD). The selected cases included the following clinical diagnoses: three
NOLD, four mild-NCD (namely, MCI), and nine major-NCD (namely,
dementia), according to DSM-5 (Association AP, 2013). The clinical
severity was graded through mini mental state examination (MMSE) and
the clinical dementia rating (CDR) global score (Hughes et al., 1982), that
assigns O to 5-point score based on the clinical severity (CDR 0O: no
dementia, CDR 0.5: MCI, CDR 1: mild dementia, CDR 2: moderate
dementia, CDR 3: severe dementia, CDR 4: very severe dementia, and
CDR 5: terminal dementia) (Dooneief et al., 1996; Heyman et al., 1987).

24 | Animals

Female triple transgenic (3xTg-AD) mice, which express human APPswe
and human TauP301L under a Thy-1 promoter and have a point mutation
in the mouse Psen1 gene (PS1IM146V), on a mixed C57BL/6J x 129Sv
background were analyzed at 16 month-old (Oddo et al., 2003). Female
C57BI/6) x 129Sv mice of the same age served as controls. Male
APP/PS1dE? transgenic mice possess a chimeric mouse/human App gene
with the Swedish mutations K595N and M596L (APPswe) and the human
Psen1 variant lacking exon 9, all on a C57BL/6J background (Jankowsky
et al., 2004). Both APP/PS1dE9 and nontransgenic littermates, used as
controls, were sacrificed at 15 months-old. Twelve-month-old female
APPNEF/NEF mice harbor the humanized Ap sequence under the endoge-
nous APP mouse promoter with the Swedish (KM670/671NL) and the
Beyreuther/Iberian mutations (1716F) (Saito et al., 2014). Nontransgenic
littermates on the same C57BL/6J background served as controls. Efforts
were made to minimize animal suffering, and care was supervised by vet-
erinarians and animal technicians skilled in rodent healthcare and housing.
The mice were housed under standard environmental conditions (12-h
light-dark cycle, temperature: 22 + 1°C, and humidity: 50%) with ad libi-
tum access to food and water. 3xTg-AD mice were euthanized with an
overdose of pentobarbital. One of their brain hemispheres was post-fixed
in 4% paraformaldehyde (PFA) for 24 h. APP/PS1dE9 mice were eutha-
nized with an overdose of pentobarbital and perfused with 4% PFA
(8 mL/min). The APPN-F/NLF mice were anesthetized with a ip injection
of ketamine (330 mg/kg) + medetomidine (1 mg/kg) followed by a sub-
cutaneous injection of xylocaine (7 mg/kg). They were then cervically dis-
located and perfused with PBS for 4 min at 8 mL/min and half their brain
post-fixed for 24 h in 4% PFA. All mouse brains were cryoprotected and

cut on a microtome into 30-um sections.

2.5 | Immunohistochemistry

Human brain specimens obtained from parahippocampal/entorhinal
cortex, prefrontal cortex, and cerebellum were stewed at 58°C for
15 min and deparaffinized in xylene for 20 min. Rehydration was car-
ried out by incubating brain sections, for 10 min at a time, in ethanol
solutions at decreasing percentages (100%, 95%, 80%, and 70%), fol-
lowed by a 10 min wash in PBS. Subsequently, sections were subjected
to antigen retrieval at 121°C for 20 min in an automatic processor
(2100 Retriever, BioVendor) using R-buffer A pH 6 (Electron Micros-
copy Science #62706-10). Samples were washed twice in mQ water
and three times in PBS, before being incubated with blocking solution
(5% horse serum and 0.3% Triton X-100 in PBS) for 1 h at room tem-
perature in a humid chamber. Sections were then incubated with pri-
mary antibodies ON at 4°C. Primary antibodies were diluted in
blocking solution as follows: anti-CETN2 (Merck Millipore #041624
and Biolegend #698602, both diluted 1:500), anti-glial fibrillary acidic
protein (GFAP; Dako #Z0334, 1:500), anti-Signal transducer and activa-
tor of transcription 3 (STAT3; Cell Signaling #8768, 1:500), anti-YKL40
(R&D System #AF2599, 1:50), anti-amyloid oligomers (Merck-Millipore
#AB9234, 1:200), anti-pTau (Abcam #ab131354, 1:200), AT8 (Thermo
Fisher Scientific #MN1020; 1:200), and anti-NFATc3 (Invitrogen
#PA5-36101, 1:100).

The next day, sections were washed three times in PBS and incu-
bated in blocking solution supplemented with Alexa Fluor secondary
antibodies (Invitrogen #A11011, #A11004, #A32723, #A31571, Cell Sig-
naling Technology #4416, all diluted 1:500) and DAPI (Sigma #32670,
1:500). The sections were finally treated with an auto-fluorescence elim-
inator (Merck-Millipore #2160) for 5 min and washed with 70% ethanol
for 3 min before being coverslipped with mounting medium (Thermo
Fisher Scientific #P36931). For thioflavin-S (thio-S) staining, immunola-
beling was performed as previously described, with an additional incuba-
tion using a freshly prepared 0.01% thio-S solution in PBS for 20 min,
performed after the last 3 min step in 70% ethanol. Excess of thio-S was
removed with a PBS wash and the sections were then mounted, as
described above.

Immunohistochemistry on mouse tissues was on performed
30-um-thick coronal or sagittal slices. Slices were rinsed in PBS and
then subjected to antigen retrieval in a water bath with EDTA (pH 8)
at 80°C for 20 min. After washing in PBS, the samples were blocked
in 3% normal horse serum and 0.2% Triton X-100 in PBS for 1 h at
room temperature. Slices were then incubated ON at 4°C with the fol-
lowing primary antibodies diluted in the blocking solution: anti-GFAP
(Dako #Z0334, 1:500) and anti-CETN2 (Merck Millipore #041624,
1:500). After rinsing the slices three times in PBS, they were incu-
bated with secondary Alexa Fluor-conjugated antibodies, as above
mentioned, in 3% normal horse serum and 0.2% Triton X-100 in PBS
for 1 h at room temperature. The slices were then rinsed three
times with PBS before being mounted on SuperFrost® Plus (Thermo
Fisher Scientific) slides and coverslipped with either Fluorsave™
(Calbiochem, Darmstadt, Germany) or Fluormount™ (Sigma) medium.
Mouse images were acquired on a Leica TCS SP8 confocal microscope
with 40x and 63 x objectives.
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2.6 | Quantitative image analysis
All images were acquired using an Olympus FluoView FV3000 confo-
cal microscope with 30X silicone objective. The camera settings were
adjusted at the start of the experiment and maintained for uniformity.
The stereological quantification of CETN2+ and GFAP+ astrocytes
was performed in blind, acquiring 16 images for each sample randomly
distributed over the sample. Digital images were subsequently ana-
lyzed using the cell counter plugin of image processing software Ima-
gel), and CETN2+ astrocyte quantification was expressed as a
percentage of the total number of GFAP+ astrocytes. For the quanti-
fication of the CETN2 immunoreactive area, 10 images were captured
for each tissue section, each of which was processed by ImageJ soft-
ware with the application of an intensity threshold level maintained
throughout the whole image analysis. All quantitative comparisons
were carried out on tissue sections that were stained at the same time
and using the same antibody solutions, and whose images were ana-
lyzed using the same analysis settings. Plaque loading in the entorhinal
cortex across diverse Braak stages was defined as the thio-S immuno-
reactive area, quantified with Imagel software as described above.
Thio-S+ and CETN2+ areas were expressed as percentages of the
total area of the analyzed image.

Stereological analysis for reactive glia was performed by capturing
10 representative images for each section. Reactive glia was quantified
using the cell counter plugin of the Image) software, and expressed as
the percentage of STAT3+, NFATc3+, and YKL40-+ astrocytes out of
the total CETN2+ astrocytes.

2.7 | Western blot analysis

For the preparation of protein extracts, frozen brain samples were
obtained from the parahippocampal/entorhinal cortex (three with
Braak stage | and six with Braak stage V-VI). The tissue samples were
dissected and homogenized in TBS buffer (20 mM Tris base, 137 mM
NaCl, 2.7 mM KClI) supplemented with 1X Protease and Phosphatase
Inhibitor Cocktail, EDTA-free (100X) (Thermo Fisher Scientific
#78445). Sample homogenization was performed with a handheld
homogenizer (Pro-Scientific Bio-gen PRO200). To minimize sample
heating, the tissue was homogenized using four “8s homogenization
plus 30s rest” cycles while being kept on ice. Lysates were cleared by
centrifugation at 20,000 x g for 30 min. Supernatants were recovered
and quantified using the Bradford method (Merck-Millipore #B6916)
using a microplate reader (Tecan infinite F200). Samples (120 pg) were
mixed with 4x Laemmli protein sample buffer (Bio-Rad #1610747) con-
taining 10% p-mercaptoethanol (Sigma-Aldrich # M6250) and heated
for 5 min at 95°C. Samples were loaded on SDS-PAGE 4%-20% Mini-
PROTEAN® TGX™ Precast Protein Gels (Bio-Rad #4561094) using the
mini-cell system. Tris/Glycine/SDS running buffer (Bio-Rad #1610732)
was used for electrophoresis. Following electrophoresis, proteins were
transferred onto 0.2 um nitrocellulose membranes (Bio-Rad #1704158)
using a wet-blot (Bio-Rad) transfer system. After exposing the proteins
to the blocking solution containing 5% milk in PBS-Triton 0.1% for 1 h

at room temperature, membranes were incubated ON with primary
antibodies at 4°C anti-CETN2 (Merck Millipore #041624, 1:1000) and
anti-p-ACTIN (Cell Signaling #4967, 1:1000), all diluted in blocking
solution. After primary antibody incubation, horseradish peroxidase
(HRP) conjugated secondary antibodies (anti-rabbit 1gG-HRP Santa
Cruz # sc-2357, 1:2000 and anti-mouse m-IgGk BP-HRP Santa Cruz #
sc-516102, 1:2000) were applied for 1 h at room temperature.
Membranes were then washed three times with PBS Triton 0.1% and
visualized using SuperSignal™ West Femto Maximum Sensitivity Sub-
strate (Thermo Fisher Scientific #34094). Blots images were then
acquired with an enhanced chemiluminescence detection system Che-
midoc (Bio-Rad).

2.8 | Expression and purification of human CETN2
Human CETN2 was retrieved from HEK293 cells (Sinobiological
#14983-HO8H) or it was purified from transformed E. Coli according to
the following protocol. Briefly, an ON culture of E. Coli strain BL21 (DE3;
Thermo Fisher #£C0114) transformed with a pET-28a construct (Twin
Helix) was diluted in distilled water at a 1:100 ratio and induced at an
Agoo of 0.5-0.6 for 4 h by adding 0.8 mM B-D-1-thiogalactopyranoside
(IPTG). All cultures were performed in Luria Bertani (LB) media with
50 pg/mL kanamycin at 37°C. Cells were resuspended 1:5 (w/v) in buffer
A (20 mM Tris-HCI pH 7.4, 100 mM NaCl, 20 mM Imidazole) and lysed
by freeze-thawing cycles while being kept refrigerated. The bacterial
lysate was then centrifuged for 30 min at 14,000 x g at 4°C, and the
clear supernatant was recovered. The supernatant containing proteins
was loaded onto a HisTrap-FF 1 mL column (Cytiva #17531901) and
eluted with a 150-500 mM Imidazole gradient in buffer B (20 mM Tris
HCl pH 7.4, 100 mM NaCl, 500 mM Imidazole). Fractions containing the
expected protein band were pooled and loaded onto PD-10 desalting col-
umn (Cytiva #17-0851-01), and eluted with buffer C (20 mM TrisHCI
pH 7.4, 100 mM NaCl). The solution containing the protein was then con-
centrated with an Amicon Ultracel 10K (Merck-Millipore # UFC501024),
and stored at —20°C. SDS-PAGE was used to assess the purity of the
proteins, and their concentration was determined with a Sigma protein
assay kit (Bradford reagent, Merck-Millipore #B6916-500ML).

2.9 | In-gel protein digestion and targeted
mass spectrometry

Protein extracts from brain samples of three Braak stage | and six
Braak stage V-VI patients were run on a polyacrylamide gel (4%-20%
Mini-PROTEAN® TGX™ Precast Protein Gels, Bio-Rad #4561094) fol-
lowed by Coomassie blue staining. The bands at 20 and 25 kDa were
excised from each sample lane and washed with 50 mM ammonium
bicarbonate/50% acetonitrile to remove the Coomassie dye. The gel
slices were dehydrated with acetonitrile and then incubated with
10 mM dithiothreitol at 56°C followed by 55 mM iodoacetamide at
room temperature. Gel slices were dehydrated and incubated with

12.5 ng/uL trypsin/lys-C endoproteases (Promega, Trypsin/Lyc-C
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Mix, Mass spec Grade) for 18 h at 37°C. Peptide extraction from gel
slices was performed using 50% acetonitrile/5% formic acid (FA) and
then lyophilized. The dried peptides were then resuspended in 0.1%
FA and desalted with C4g spin columns (Pierce™ Peptide Desalting
Spin Column). The eluted peptides were evaporated to dryeness and
resuspended in 10% FA for subsequent Liquid Chromatography Tan-
dem Mass Spectrometry (LC-MS/MS) analysis using an Easy-
nLC1000 (Thermo Scientific) coupled to an Orbitrap Fusion (Thermo
Scientific). The liquid chromatography set-up consisted of an Acclaim
PepMap™ 100 trap column (Cyg, 3 um, 100 A, 75 um x 2 cm; Thermo
Scientific) and a PepMap™ RSLC analytical column (Cqg, 2 pm, 100 A,
75 um x 50 cm; Thermo Scientific). Peptides were separated using a
segmented gradient of 5%-23% solvent B in 52 min, up to 33% B in
7 min, and up to 60% B in 13 min at a flow rate of 300 nL/min (sol-
vent A: 0.1% FA in water; solvent B: 0.1% FA in acetonitrile). The LC
output was coupled to an EASY nano-spray source operating at
2.1 kV in positive-ion mode and directly interfaced with the Orbitrap
Fusion mass spectrometer. The mass spectrometer was operated in
parallel reaction monitoring (PRM) mode for the detection of CETN2.
A list of 28 transitions (precursor/fragments pairs) corresponding to
27 CETN2 peptides were previously defined via data-dependent
acquisition (DDA) analysis of a CETN2 protein standard. For the DDA
method, peptide ions were recorded in a MS1 survey scan at a resolv-
ing power of 120,000 with a scan range 350-1650 m/z, a maximum
injection target of 50 ms and an AGC target of 4 x 10 precursor
ions were selected within an isolation window of 1.4 m/z, an AGC tar-
get of 2 x 10 with a maximum injection time of 50 ms and fragmen-
ted using high-collisional energy activation (HCD) at 24% NCE
(normalized collision energy). Fragment ion spectra were detected in a
dual pressure linear ion trap with a dynamic exclusion of 20 s and a
total cycle time of 3 s. The PRM method cycled across the 28 transi-
tions for the entire peptide elution time, using a resolving power of
15,000 with an isolation width of 1.6 m/z, an ACG target of 10% a
maximum injection time of 22 ms, and the same 24% NCE HCD acti-
vation. The entire cycle time to acquire all the transition was ~1.7 s,
thus allowing the collection of ~12 points per chromatographic peak.
Raw data were analyzed using Skyline v21.2 software. The peak areas
of fragment ions were extracted, using a mass error <10 ppm, and the
most intense fragment ions were normalized over the entire total ion
current (TIC) from the MS2 scan of each run. Peptide abundances
were calculated by summing fragment ion intensities across the pep-
tide elution profile.

210 | Peptide mass fingerprint analysis

Gel bands that had been stained with Coomassie blue were cut out,
de-stained, reduced with dithiothreitol (Merck Life Science), alkylated
with iodoacetamide, and digested using trypsin (Promega). The result-
ing peptides were then analyzed using an Ultimate 3000 RSLC nano
coupled to a Q-Exactive HF-X Orbitrap mass spectrometer (Thermo
Fisher Scientific) equipped with an Easy Spray ESI ion source. Peptides
were separated using gradient elution at a flow rate of 300 nL/min at

35°C using a PepMap TM RSLC C18 column, 75 um x 150 mm, 2 pum,
100 A (Thermo Fisher Scientific). The LC gradient started at 5% phase
B and increased to 36% B in 60 min (phase A: 0.1% FA in water; phase
B: 0.1% FA in acetonitrile).

The MS/MS spectra were obtained in “data-dependent scan”
mode. MS1 survey scans were performed at a resolving power of
120 k with a scan range 350-1650 m/z, a maximum injection time
of 100 ms and an AGC target of 3 x 10% precursor ions were
selected within an isolation window of 1.4 m/z, an AGC target of
2 x 10% a maximum injection time of 50 ms and fragmented using
HCD at 27% NCE. Fragment ion spectra were detected in the orbitrap
at a resolving power of 30 k with a scan range 350-1650 m/z.
MS/MS was performed with a dynamic exclusion of 20s and a
total cycle time of 3s. The LC-MS/MS data were analyzed using
BioPharma Finder software (v. 2.0, Thermo Fisher Scientific) with
the CETN2 sequence as input protein sequence. To identify
post-translational modifications, the data analysis was sequentially
repeated with acetylation, glycation, phosphorylation, ubiquitination,
methionine oxidation, and carbamylation as variable modifications.
Only peptides identified with MS/MS confidence scores greater than

90% and mass tolerance within £1.5 ppm were considered.

211 | Statistical analysis

Statistical power analysis to ascertain the suitability of the sample
size was conducted with the Sample Size Calculator software (https://
homepage.univie.ac.at/robin.ristl/samplesize.php) using one-way ANOVA
test with Bonferroni correction. Normality of all datasets was evaluated
with the Shapiro-Wilk test. The stereological quantification of CETN2+
and GFAP-+ astrocytes, and the immunoreactive area in the entorhinal,
prefrontal cortices and cerebellum were analyzed with Kruskal-Wallis test
corrected using Dunn's multiple comparisons test. Targeted mass spec-
trometry CETN2 quantification between Braak stage | versus Braak stage
V-VI samples was performed using a t-test. The correlation between
CETN2+ area and thio-S+ and pTau+ areas were quantified with the
Pearson correlation test. The correlation between CETN2-+ astrocytes
and MMSE and CDR scores were quantified by means of Spearman cor-
relation test. CETN2 quantification in the entorhinal cortex was per-
formed using an unpaired t-test with Welch's correction. Data were
analyzed with GraphPad Prism 6.0 and XLSTAT for Microsoft Excel.

3 | RESULTS

3.1 | Demographic, cognitive, and
neuropathological characteristics of the cohort
3.1.1 | Clinical data

Demographic and clinical features of the study participants are

shown in Table 1. All subjects, except 10 and 13, had various combi-

nations of comorbidities including hypertension, diabetes, cancer, and
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cerebrovascular or cardiovascular diseases. Eight cases were heterozy-
gous for the ApoE 4 allele, the best-known genetic risk factor for late
onset dementia. Three subjects were cognitively normal (NOLD),
whereas 13 presented a history of NCD (4 of them had MCl and 9 had
dementia). During life, all were cognitively assessed with the MMSE
test, performed within 6 months before death. Cognitively normal
cases and those with MCI had a mean MMSE score of 27.3 (range
24-29); subjects with dementia had a MMSE score of 21 or less (range
0-21). At death, the mean age was 82 years old (range: 75-95). The
three NOLD subjects had a CDR score of O, and all 4 MCI subjects had
a CDR score of 0.5. Out of the nine patients with dementia, one
showed moderate dementia (CDR score 2), four showed severe to very
severe dementia (CDR score 3-4), and three showed terminal dementia
(CDR score 5). Death causes included sudden arrhythmia, heart failure,
hemorrhage, sepsis, and cachexia due to terminal dementia or cancer.

The mean post mortem interval was 10.2 h.

3.1.2 | Neuropathological assessment

The neuropathological assessment of the 16 cases is summarized in
Table 1. The analyzed brains comprised the entire AD spectrum, includ-
ing seven cases with Braak stage I-Il, and Thal phases between 1 and
4 (low AD); three cases with Braak stage llI-IV, and Thal phases
between 3 and 5 (intermediate AD); and six cases with Braak stage
V-VI, and Thal phases between 4 and 5 (high AD). Representative
images of pTAU (AT8) immunostaining for Braak staging are included
in Supporting Information (Figure S1a-d). Five of the seven cases with
a Braak I-Il stage (low AD) presented a fairly extensive presence of
amyloid up to involving the basal ganglia, and also slightly affecting the
rostral part of the brainstem in two cases. Ten cases had meningeal
and parenchymal cerebral amyloid angiopathy (CAA), mainly parieto-
occipital, of which six also showed capillary involvement (cap CAA),
while three cases had only meningeal CAA. Eight subjects presented
mild additive proteinopathies. In particular, three of them had inciden-
tal Lewy type synucleinopathy, according to the definition by Beach
et al. (2009), whereas five had mild limbic TDP-43 deposits. With
regard to TDP-43 aggregates, these are neuropathological pictures of
LATE (Limbic-predominant Age-related TDP-43 Encephalopathy) with
limited TDP-43 deposits in the amygdala and/or hippocampus, which
are often observed in elderly patients with AD (LATE stages 1-2),
according to Nelson's scheme (Nelson et al., 2019). The vascular bur-
den was low in nine cases, moderate in five cases, and high in one case.

One subject presented no vascular pathology.

3.2 | CETN2 immunoreactive astrocytes increase
with AD progression in entorhinal cortex

In order to elucidate whether CETN2 expression in astrocytes is
affected by AD progression, we performed an immunohistochemical
and biochemical assessment in three diverse anatomical areas. We

investigated CETN2 expression in the entorhinal and prefrontal

cortices, affected by the disease in different timeframes, and in the cer-
ebellum, typically less affected (Hampel et al., 2021). In the entorhinal
cortex, we observed that patients classified as Braak stage | and Il
showed regularly shaped GFAP-positive (GFAP+) astrocytes, with few
exhibiting CETN2 co-expression. Specifically, we estimated 24.8%
+2.6% CETN2+/GFAP+ astrocytes for Braak stage |, and 27.5%
+ 3.0% for Braak stage Il (Figure 1a-a2,b-b2,e). Progression toward
advanced disease stages led to the phenotypic change in astrocytes
indicative of astrogliosis, such as the increased immunoreactivity for
GFAP, without alteration in the number of astrocytes (Figure Sle,f)
(Ben Haim, Carrillo-de Sauvage, et al., 2015; Serrano-Pozo, Gomez-Isla,
et al., 2013). On the other hand, the number of CETN2+ astrocytes
increased following disease progression: 33.3% + 11.5% CETN2-+/
GFAP+ astrocytes were estimated for Braak stage llI-1V and raised to
76.6% + 3.4% for Braak stage V-VI (Figure 1c-c2,d-d2,e). CETN2+
astrocyte increment reached statistical significance for Braak stage
V-VI in comparison with stage | (Figure 1e, adj p value = .01) and stage
Il (adj p value = .04), supported also by an increase in CETN2 immuno-
reactive area (Figure 1f, Braak | versus Braak V-VI adj p value = .04
and Braak Il versus Braak V-VI adj p value = .03). No correlation was
observed with respect to the age of patients (Figure S1g, Pearson cor-
relation analysis p = .25, r = .30, R? = .09).

The abundance of CETN2 in the entorhinal cortex was also quanti-
fied through biochemical assessment. Western blot analysis of Braak |
versus Braak V-VI lysates allowed the detection of the CETN2 band at
the expected molecular weight of 20 kDa (Figure 1g and Figure S2a).
The band appeared faint in Braak | samples, while a significantly stron-
ger signal was observed in Braak V-VI samples (Figure 1g,h; Welch's
t-test p = .03). Of note, the CETN2 immunoblot revealed an additional
band at ~25 kDa for both Braak stages (Figure 1g and Figure S2a). To
exclude a nonspecific binding of the anti-CETN2 antibody, human
recombinant CETN2 (rCETN2) purified from HEK293 cells was
revealed by means of Coomassie and silver stainings (Figure S2b). Both
procedures allowed the detection of a major 20 kDa band and of an
additional ~25 kDa band (Figure S2b), and both were also revealed by
two different anti-CETN2 antibodies (clone W16110A and clone
20H5) (Figure S2c). rCETN2 was also produced in E. Coli. Interestingly,
while clone 20H5 resolved human rCETN2 in two bands and in a
concentration-dependent manner, rCETN2 from E. Coli was resolved
in one single band at the expected molecular weight of 20 kDa
(Figure S2d). To ascertain the nature of the upper band, we utilized
mass spectrometry applied on human rCETN2 upon excision of both
bands from the polyacrylamide gel (Figure S2e). The analysis revealed
the presence of post-translational modifications (PTMs) uniquely
detectable in the 25 kDa CETN2 band (modified CETN2—mCETN2),
namely acetylation of lysine 30 and carbamylation of lysine 22 and
103 (Figure S2f; Table S1).

To confirm the data from the stereological and biochemical
assays, an antibody independent method was also applied. Targeted-
mass spectrometry was used to quantify CETN2 in the entorhinal cor-
tices of the two most informative Braak stages. Proteins extracted
from Braak | and Braak V-VI entorhinal cortices were subjected to
SDS-PAGE, then the 20 and 25 kDa bands detected by Coomassie
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FIGURE 1 Entorhinal cortex CETN2+ astrocytes significantly increase with disease severity. (a-d2) Immunostaining of human entorhinal
cortices at Braak stages: | (a-a2), Il (b-b2), llI-1V (c-c2), and V-VI (d-d2) showing CETN2+ (green) and GFAP+- (red) astrocytes. Representative
images show an increase of CETN2 immunopositivity in astrocytes along with disease progression. Insets (a1-d2) show magnifications of (a-d).
(e) Histogram representing the percentage of CETN24- astrocytes over the total of GFAP+ astrocytes through Braak stages I-VI. The comparison
between Braak stage | versus V-VI, and Braak Il versus V-VI, shows a statistically significant difference (Kruskal-Wallis test corrected for Dunn's
test; adj p value = .01, adj p value = .04, respectively). (f) Histogram illustrating the percentage of CETN2 immunoreactive area in all Braak stages
(Kruskal-Wallis test corrected for Dunn's test, Braak | versus Braak V-VI adj p = .04 and Braak Il versus Braak V-VI adj p value = .03).

(g) Immunoblot analysis on entorhinal cortex samples from Braak | and Braak V-VI staged brains blotted for CETN2 and B-Actin. (h) Histogram
representing the CETN2 signal normalized on p-Actin for Braak stages | and V-VI. Welch's t-test shows statistically significant difference between
the two groups (unpaired t-test with Welch's correction, p = .03). Histograms show mean + SEM. (i) Workflow of the procedural steps of targeted
mass spectrometry performed on protein extracts from entorhinal cortices. (j) CETN2 20 kDa band abundance in Braak stage | and Braak stage
V-VI patients. Histogram represents mean + SD. (t-test, p = .005). (k) CETN2 25 kDa band abundance between Braak | and Braak V-VI staged
patients. Data show mean + SD (t-test, p = .03). Scale bars: (a-d): 50 um; (a1-d2): 10 um. PRM, parallel reaction monitoring.
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staining were isolated, and processed for in-gel proteolytic digestion
(Figure 1i). The resulting proteolytic peptides were analyzed by PRM,
which allowed the identification of CETN2-specific peptides from the
20 and 25kDa bands (Table S1). The relative abundance of
the CETN2 peptides from 20 and 25 kDa bands was used to quantify
CETN2 for Braak stage | and Braak stage V-VI patients. The compari-
son highlighted a significant difference between the two groups for
both the CETN2 20 and 25 kDa bands (Figure 1j t-test, p = .005;
Figure 1k t-test, p = .03). Peptides and protein intensities obtained
from each patient are available in Table S1. CETN2 expression was
also investigated across all Braak stages in the prefrontal cortex and
cerebellum, but no significant changes were detected (Figure 2). Fur-
thermore, CETN2 immunostaining was performed on the hippocampal
areas and entorhinal cortices of three different AD mouse models:
3xTg-AD, APP/PS1dE9, and APPNSF/NLF No CETN2+ astrocytes
were observed in the hippocampus and the entorhinal cortex of these
models nor in WT mice, as previously reported (Degl'Innocenti
et al., 2022) (Figure S3a-d,f-i,k-n). However, CETN2 expression was
physiologically observed in the ependymal cells (Figure S3e,j,0). Over-
all, the results obtained from three distinct technical approaches con-
firmed a significant increase in CETN2 astrocytic expression specific
to AD in humans. This increase correlates with Braak staging, becom-
ing particularly significant in the most severely affected entorhinal
cortices.

3.3 | CETN2 immunoreactivity correlates with
cognitive decline and pathological burden

Next, we sought to determine whether the degree of CETN2 correla-
tion to AD progression was also extendable to clinical data. A
correlation analysis between the average percentage of CETN2+
astrocytes for each patient and the MMSE (Figure 3a) and CDR scores
(Figure 3b) was performed. Both analyses indicated that the percent-
age of CETN2+ astrocytes is strongly associated with worsening cog-
nitive impairment. CETN2-+ astrocytes increased with the lowering of
the MMSE scores and with the increasing of the CDR scores, reaching
an average of 76.6% + 3.4% CETN2+ astrocytes for cases with
MMSE scores of 0-5 and a CDR score of 4-5, corresponding to Braak
stage V-VI.

Together with the temporo-basal isocortex, the entorhinal cortex
is known for being primarily affected by AD pathology (Thal
et al.,, 2000). Since AB plaques and NFTs are thought to trigger astro-
cyte and microglial reactions (Serrano-Pozo et al., 2011; Serrano-Pozo,
Gomez-Isla, et al., 2013; Serrano-Pozo, Muzikansky, et al., 2013), we
next investigated the association of CETN2 astrocytic expression with
pTAU-positive NFTs and thio-S immunoreactive AB plaques in the
entorhinal cortices. Immunopositivity for pTAU showed consistency
with Braak staging and reflected the progressive deposition of NFTs in
diseased tissues. CETN2 immunoreactivity tracked the abundance of
pTAU: CETN2 displayed a poor signal in Braak stage | (Figure 3c-d1)
and then a progressive increase in Braak Il and IlI-IV (Figure 3e-h1),

reaching the highest signal in Braak stage V-VI (Figure 3i-j1), along

with the presence of pTAU immunoreactive NPs. The deposition of
NPs, more prominent in Braak V-VI-staged brains, was indeed accom-
panied by a higher number of CETN2+ astrocytes, which mostly
appeared oriented in a shell-like configuration around the lesions
(Figure 3i-j1). Accordingly, the correlation analysis in all samples of our
cohort demonstrated a significant degree of association between the
pTAU+ area and the CETN2+ area (Figure 3k; Pearson correlation
coefficient r = .65; R = .43; p = .006).

Similarly, CETN2 labeling was associated with thio-S staining, used
for the detection of fibrillar amyloid plaques (Figure 3l-s1). In subjects
classified as Braak stage I, CETN2 immunoreactivity was scarcely
appreciable (Figure 3I-m1). On the other hand, AD progression toward
more severe stages, with an increasing amyloid load and NP formation,
was accompanied by a proportional increment in CETN2 expression in
astrocytes (Figure 3n-s1). Accordingly, the quantification of the overall
CETN2+ area across all Braak stages resulted in a significant correla-
tion with the amount of fibrillary amyloid and NPs (Figure 3t; Pearson's
correlation coefficient r = .97; R? = .94; p < .0001).

A more detailed study was then conducted on entorhinal cortex
samples from severe AD patients (Braak stage V-VI), utilizing anti-Ap
oligomer (Apo) staining. Here, CETN2+ astrocytes were clearly
detectable in the gray matter of the entorhinal cortex and, to a lesser
extent, in the white matter, distinguished by means of luxol fast blue
staining (Figure 4a). Unlike GFAP, which exhibited a more uniform
distribution across layers (Figure 4b), the CETN2 pattern appeared
clustered, thus indicating that only a fraction of GFAP+ cells co-
expressed CETN2 (Figure 4c). In particular, CETN2 immunoreactivity
was detectable in the molecular layer and, in a more prominent way,
in pyramidal and granular cortical layers of the allo-mesocortex in cor-
respondence of a larger amyloid burden (Figure 4c).

Not all CETN2 immunoreactive astrocytes were located close to
plaques (Figure 4d-f), but for those that closely surrounded Ap
deposits, we asked whether they exhibited any selectivity. We investi-
gated three types of amyloid aggregates, namely coarse-grained
(Figure 4g) and classic cored plaques (Figure 4h), distinguishable by
their morphology, and vascular deposits referred to as CAA type
1 (Figure 4i) (Boon et al., 2020). However, CETN2+ astrocytes did not
show a peculiar tropism and were ubiquitously observed surrounding

all types of amyloid plaques.

3.4 | CETN2 labels reactive astrocytes in diseased
entorhinal cortex

Given the large abundance of CETN2+ astrocytes in correspondence
with amyloid deposits, we next asked whether CETN2+ astrocytes also
exhibited other known features of reactive astrogliosis. Recent evi-
dence has shown that many parameters need to be considered to fulfill
the definition of reactive glia beyond the simple morphometric assess-
ment and enhanced GFAP immunoreactivity (Escartin et al., 2021). We
explored the co-expression of CETN2 with other annotated reactive
glia markers, namely STAT3, downstream effector of the JAK/STAT3
pathway (Ben Haim, Ceyzeriat, et al., 2015), and NFATcS, intracellular
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FIGURE 2 Prefrontal cortex and cerebellar astrocytes do not exhibit variation in CETN2 expression with Alzheimer's disease progression. (a-
d2) Representative images of human prefrontal cortex (a-d2) at Braak stage | (a-a2), Braak stage Il (b-b2), Braak stage llI-1V (c-c2), and Braak
stage V-VI (d-d2) do not show significant variations of CETN2 immunopositivity. (a1-a2 to d1-d2) show magnifications of (a), (b), (c), and (d),
respectively. (e) Histogram representing the percentage of CETN2+ astrocytes on the total of GFAP+ cells through all the Braak stages (Kruskal-
Wallis test corrected for Dunn's test, prefrontal cortex p = .15). (f-i2) CETNZ2 immunolabeling in cerebellum at Braak stage | (f-f2), Braak stage Il
(g-g2), Braak stage IlI-1V (h, h2), Braak stage V-VI (i-i2) do not indicate a variation in CETN2 signal. (f1-f2 to i-i2) show magnifications of (f), (g),
(h), and (i), respectively. (j) Histogram representing the percentage of CETN2+ astrocytes on the total of GFAP+ cells through all the Braak stages
(Kruskal-Wallis test corrected for Dunn's test, p = .08). Statistical analysis revealed no difference between Braak | and Braak V-VI samples for
both prefrontal cortex and cerebellum. All histograms show mean + SEM. Scale bars: (a-d) and (h-1): 25 um; (a1-d2) and (h1-k2): 10 um.

mediator of calcineurin signaling (Abdul et al, 2009; Furman & astrocytes in the most advanced AD stages, with a percentage of cells
Norris, 2014). co-expressing the two markers of 50.5% + 1.8% and 71.0% + 19.3%

We conducted an immunofluorescence assay colabeling astro- in Braak IlI-IV and Braak V-VI samples, respectively (Figure 5a-c).
cytes in the entorhinal cortex of intermediate and severe AD patients Conversely, the percentage of co-expression of CETN2 and NFATc3

with anti-CETN2 antibody, in combination with the anti-STAT3 or the was estimated to be 23.8% + 6.6% in Braak lll-IV and 36.0% * 6.8%
anti-NFATc3 antibodies. We found that CETN2 labeled STAT3+ in Braak V-VI (Figure 5d-f).
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FIGURE 3 Legend on next page.
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(a) g ¥ e i By ,ttlv\-'. “ ‘\/ FIGURE 4 CETN2 labeling in
At A f T3 diseased entorhinal cortex
displays a clustered pattern.
(@) Human entorhinal cortex
afflicted by Alzheimer's disease
stained with luxol fast blue (LFB)
for the identification of the gray
and white matter. (b) GFAP-
expressing astrocytes are
uniformly distributed throughout
the entorhinal cortex labeling
both protoplasmic and fibrous
astrocytes. (c) anti-CETN2
antibody reveals a larger
abundance of CETN2-expressing
astrocytes in the gray matter,
where the AB load is more
abundant. Unlike GFAP, CETN2
displays a clustered distribution.
(d) Within the same area,
CETN2+ astrocytes can be found
either juxtaposed to plaques (full
arrow) or dispersed in the
parenchyma (empty arrow). (e) A
plaques not surrounded by
CETN2+ astrocytes. (f) CETN2+
astrocytes without the presence
of AB plaques. (g-i)
Immunostaining illustrating the
arrangement of CETN2+
astrocytes in proximity of diverse
amyloid aggregates: coarse-
grained and classic cored-plaques
and around a brain capillary
affected by CAA type 1. Scale
bars: (a): 200 um; (b and c):
250 pm; (d): 50 pum; (e): 20 pum;
(f): 10 pm; (g): 20 um; (h and
i): 50 um.

LFB

GFAP DAPI

CETN2 ABo DAPI

CETN2 Ao DAPI

Growing research has focused on a new cerebrospinal fluid (CSF) (Craig-Schapiro et al., 2010; Moreno-Rodriguez et al., 2020; Querol-
biomarker YKL-40, a glycoprotein commonly measured as a neuroinflam- Vilaseca et al., 2017; Zhang et al., 2018). In our samples, a large degree of

mation parameter in AD, and histologically expressed in astrocytes overlap was observed when CETN2-+ astrocytes were counterstained for

FIGURE 3 CETN2+ astrocyte abundance correlates with cognitive decline and neuropathological Alzheimer's disease hallmarks. (a) Graph
showing the negative correlation between the mini mental state examination (MMSE) score and the percentage of CETN2+ astrocytes in the
entorhinal cortex (Spearman correlation analysis, p = .0001; r = —.84; R? = .76). (b) Graph showing the positive correlation between the clinical
dementia rating (CDR) score and the CETN2 immunoreactivity in the entorhinal cortex (Spearman correlation analysis, p = .0003; r = .81;

R? = .71). (c-f1) Double staining for p-TAU (in red) and CETN2 (in green) uncovers the deficiency of both neurofibrillary tangle (NFT) deposits
and CETN2+ astrocytes in entorhinal cortices in Braak stage I-1l. (g-j1) The load of NFTs increases in association with a large number of CETN2
immunoreactive astroglia in Braak lll-1V and V-VI. (k) Correlation graph showing the percentage of pTAU+ areas and CETN2+ areas across all
samples (Pearson correlation analysis, p = .006, r = .65, R? = 0.43). (I-01) Inmunofluorescence analysis of amyloid deposition, revealed by thio-S
immunoreactivity (green), and CETN2+ astrocytes (light blue) at Braak stage I-1l. Astrocytes express GFAP (red), but CETN2 expression is
scarcely detectable. (p—q1) At Braak stage IlI-IV CETN2 immunopositivity of astrocytes increases noticeably reaching the highest signal in Braak
V-VI (r-s1) with the deposition of AB plaques. Astrocytes morphology is suggestive of an ongoing reactive state. (t) The increase in CETN2+ area,
in percentage, positively correlates with the percentage thio-S+ area (Pearson correlation analysis, p < .0001, r = .97, R? = .94). Scale bars: (c-r):
200 pm; (d1-s1): 20 um.
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YKL4O. Specifically, 80.0% + 4.0% of CETN2+ astrocytes also exhibited
YKL40 cytoplasmic immunopositivity in Braak IlI-1V stage samples, a per-
centage that increased to 83.6% + 3.9% in Braak V-VI (Figure 5g-i).
Collectively, these data indicate that in the entorhinal cortex,
CETN2 undergoes a significant increase in expression within astro-
cytes, and which directly correlates with the two most typical neuro-
pathological lesions of the AD affected brain, similarly to other

annotated reactive glia markers.

4 | DISCUSSION

Understanding the role of astrocytes is increasingly important to shed
light on the pathophysiology of brain diseases and of AD in particular
(Endo et al., 2022). Heterogeneity in astrocytic functions is related to
their anatomical location, and astrocytes within different subcellular or
synaptic compartments may exhibit diverse signaling and/or protein
expression. Moreover, brain lesions can cause astrocytic modifications
depending on the nature of the injury leading to diverse phenotypic,
morphological, and functional changes (Khakh & Sofroniew, 2015).

In this framework, we have recently discovered that the centroso-
mal protein CETN2 is also present in the cytoplasm of human astro-
cytes with a variable distribution depending on the anatomical site
(Degl'Innocenti et al., 2022). Other studies have pointed out that
astrocyte proteins, such as GFAP, S100B, BLBP, or vimentin (Gotz
et al., 2015) are subject to variation in their expression concomitantly
with the initiation of a reactive state, also featured by peculiar mor-
phological changes (Escartin et al., 2021). In this study, we sought to
determine whether the astrocytic expression of CETN2 is also altered
in neurodegenerative conditions and focused our attention on AD, as
the most frequent neurodegenerative disease.

The analysis was performed on brains from a cohort of 16 sub-
jects, for which a complete clinical profile was obtained ante mortem.
Our results indicated a strong correlation between astrocyte CETN2
immunoreactivity and worsening cognitive abilities, as well as with the
abundance of cardinal AD lesions (P-TAU and amyloid load). Interest-
ingly, this peculiar profile in CETN2 expression was limited to the
entorhinal cortex, an area early affected by the disease and otherwise
poor in CETN2+ astrocytes in the healthy brain (Degl'Innocenti
et al., 2022). Although the study has limitations regarding the number
of cases included, the statistical power of the investigated cohort was
confirmed. The sample size originated from restrictive inclusion cri-
teria based on the clinical diagnosis and post mortem neuropathologi-

cal assessment. Only cases exhibiting an almost pure AD pathology

were selected with neurological comorbidities limited to cerebrovas-
cular disease. Samples reporting neuro-oncological conditions were
deliberately excluded, as well as samples with a post mortem interval
exceeding 20 h. Additionally, the observations were corroborated by
three different technical approaches, all of which highlighted progres-
sive CETN2 astrocytic expression with Braak staging: immunoblot and
immunohistochemistry served for a preliminary exploration of the
three anatomical areas, while targeted mass spectrometry was per-
formed as an antibody-independent validation method.

Immunofluorescence assays indicated that CETN2 labeling was
mostly prevalent in protoplasmic astrocytes of the entorhinal gray
matter and appeared dispersed in the parenchyma, adjacent to pla-
ques or in areas free of amyloid burden, with a clumped distribution
that differed from the uniform pattern of GFAP. Although a number
of CETN2+ astrocytes appeared to be attracted by NPs, their pres-
ence in plagues-free areas is indicative of a multifactorial causality at
the origin of CETN2 expression. The spatial distance of CETN2-+
astrocytes from lesions may be due to the local release of factors from
microglia cells (Ben Haim, Carrillo-de Sauvage, et al., 2015), together
with the local phagocytosis of Ap peptides that may anticipate the for-
mation of immunohistochemically detectable plaques. Additionally,
we found that CETN2 exhibits human-specific expression in AD . This
finding aligns with previous research highlighting physiological differ-
ences between human and murine astrocytes (Zhang et al., 2016,
Degl'Innocenti et al.,2022), and here we show that these differences
are also evident in pathological contexts. Indeed, gene expression pat-
terns of reactive astrocytes often show poor concordance between
mice and humans in the neurodegenerative context, thus indicating
that the murine counterpart cannot fully replicate the complexity of
human diseases like AD (Das et al., 2020).

The concomitant expression of other annotated reactive glia
markers such as STAT3, NFATc3, and YKL-40 suggests that CETN2
may participate in the glial activation process. The larger percentage of
CETN2+/STAT3+ astrocytes compared with CETN2+/NFATc3+
astrocytes could be indicative of a preponderant participation of
CETN2 in the JAK/STAT3-mediated cascade for the initiation or main-
tenance of a reactive state, without excluding a STAT3-mediated
CETN2 transcription, as shown for other reactive glia proteins (Ben
Haim, Carrillo-de Sauvage, et al., 2015). We observed that the greatest
percentage of immunolabeling overlap was observed between CETN2
and YKL-40, a more recently discovered astrocyte protein whose func-
tion has not been fully elucidated (Querol-Vilaseca et al., 2017). Similar
to CETN2, YKL40+ astrocytes have also been described close to amy-
loid deposits and far from them (Moreno-Rodriguez et al., 2020), thus

FIGURE 5

CETN2 labels reactive astrocytes in Alzheimer's disease-affected entorhinal cortices: (a-b2) Immunostainings showing nuclear

STAT3 and cytoplasmic CETN2 in Braak stage Ill-1V and Braak stage V-VI indicating the presence of reactive astrocytes. (c) Histogram showing
the percentage of STAT3+ nuclei over the total number of CETN2+ astrocytes in Braak stage IlI-1V and Braak stage V-VI. (d-e2)
Immunofluorescence labeling for NFATc3 and CETN2 in Braak stage IlI-1V and V-VI entorhinal cortices. (f) Histogram indicates the percentage of
NFATc3+ astrocytes on the total of CETN2+ astrocytes. (g-h2) Immunofluorescence staining for YKL40 showing the overlap with CETN2
cytosolic signal. (i) Histograms represents YKL40+ astrocytes on the total of CETN2+ in percentage. All histograms represent mean + SEM. Scale

bars: 50 um.
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indicating that the expression of both proteins may undergo regulation
mechanisms other than direct Ap exposure. YKL-40 has also been
found in liquid biopsies, including human plasma at the earliest stages
of AD (Craig-Schapiro et al., 2010; Zhang et al., 2018) and in the CSF
of predementia subjects together with other inflammatory proteins
(STREM2, sAXL, sTyro3, MIF, complement factors C1q, C4, and H, fer-
ritin, and ApoE) (Brosseron et al., 2022). Further analyses will be neces-
sary to clarify whether CETN2 and YKL-40 expression is triggered by a
shared intracellular pathway and whether, similar to YKL-40, CETN2
can be released in CSF and plasma before symptoms become clinically
detectable.

A direct comparison with other astroglial proteins, that is, GFAP
(Duffy et al., 1980), S100B (Mrak & Griffinbc, 2001) and MAO-B
(Jaisa-Aad et al., 2024), whose expression is impacted by AD initiation,
highlights similarities, and differences with CETN2. For instance, a
progressive increase in the expression of S100B reported in AD cases
(Mrak et al., 1996) has also been observed along with the normal
aging process (Mrak & Griffin, 2005). In our cohort, CETN2 was
detected in the entorhinal cortices of NOLD individuals, becoming
progressively more appreciable only in patients with AD and did not
show correlation with age, thus suggesting that, unlike S100B, the
entorhinal expression of CETN2 is more strictly associated with dis-
ease progression. Nevertheless, additional investigations with larger
cohorts of patients will be needed to corroborate this observation.

GFAP has been reported as a trusted marker of astrocyte reactiv-
ity in AD (Kumar et al., 2023) as its expression positively correlates
with disease progression and an increased number of NFTs (Serrano-
Pozo et al., 2011). However, due to its variable distribution across
brain regions, GFAP is unlikely to serve as an absolute indicator of
astrogliosis. Rodent data indicate that in the hippocampus, one of the
first areas to be affected by AD, about 40% of astrocytes are S100B-
positive and GFAP-negative (Ogata & Kosaka, 2002). Comparably,
CETN2 is not uniformly distributed in the brain (Degl'Innocenti
et al., 2022) and, based on our findings, its increase in expression with
AD is also spatially confined. However, the variation of GFAP and
CETN2 expression with disease progression is different: while GFAP
provides the initial footprint of astrocyte reactivity, CETN2 may
belong to the second wave of reactive astrocyte markers, detectable
in the advanced stages of AD dementia (Kumar et al., 2023). Further-
more, GFAP is a well-established marker of astrogliosis found in vari-
ous neurodegenerative diseases, not only in AD (Heimfarth
et al., 2022). Therefore, it raises the question of whether CETN2
expression is unique to AD or, like GFAP, is a general neuroinflamma-
tory marker common to other neuropathological conditions. Future
investigations involving diverse patient cohorts will be necessary to
determine its suitability as a specific disease marker.

MAO-B is also another marker of reactivity and, at present, its rel-
ative PET radiotracer !'C-deuterium-L-deprenyl (DED) (Fontana
et al., 2023) proved to be efficient for the detection of prodromal AD
(Carter et al., 2012). Of note, evidence has shown that MAO-B and
GFAP do not colocalize and, unlike CETNZ2, its signal becomes stron-
ger in prefrontal and parietal cortices of affected individuals. Consid-

ering the high variability in the spatio-temporal expression of these

glial proteins, no indication currently supports the eligibility of one
single protein as a gold-standard marker for AD-astrogliosis and, at
present, a combination of markers, rather than a single one, may be
more informative of disease progression.

Our immunoblot analysis on entorhinal cortices suggested the
presence of a modified form of CETN2 with an apparent molecular
weight of 25 kDa. In-gel proteolytic digestion followed by LC-MS/
MS analysis of human rCETN2 enabled the identification of PTMs in
the 25 kDa CETN2 band, namely acetylation of lysine 30 and carba-
mylation of lysine 22 and 103. Among PTMs, acetylation has a consid-
erable impact on vital biological processes; the addition of acetyl
groups to proteins regulates function and viability in mammalian cells,
and it has been linked to the pathogenesis of neurodegenerative dis-
eases (Adav & Sze, 2020; Kabir et al., 2022). Similarly, carbamylation
has been detected in Tau and a-synuclein, inducing protein aggrega-
tion, cellular dysfunction, and neuronal toxicity (Gallart-Palau
et al.,, 2017; Guru KrishnaKumar et al., 2018), and has been linked to
aging, the primary risk factor for AD (Thal et al., 2016). Carbamylation
can occur either enzymatically or nonenzymatically in vivo (George
et al., 1960; Wang et al., 2007) and evidence shows that the addition
of a cyanate group may produce an alteration of the protein's Stokes
radius, causing a shift in the migration behavior of proteins on poly-
acrylamide gels, similar to what is observed for CETN2 (Adav &
Sze, 2020; Gallart-Palau et al., 2017). Our LC-MS/MS analysis
achieved high sequence coverage for human rCETN2 (81.4% of the
20 kDa band and 76.6% of the 25 kDa band), however it did not
include the C-terminal peptide whose phosphorylation on serine
170 was previously associated with an up-shifted electrophoretic
band for CETN2 (Lutz et al., 2001). Therefore, it can be speculated
that a combination of PTMs other than carbamylation and acetylation
reported in our study could contribute to the apparent 25 kDa band
of CETN2 detected in the biochemical assays. Quantitative proteo-
mics in support of stereological and biochemical assays was also per-
formed, and it confirmed the increment on CETN2 expression along
Braak staging for both the native and modified form of the protein.

Additional investigations will be necessary to elucidate the poten-
tial function of CETN2 in astrocyte biology, but assumptions can be
made. CETN2 is annotated as a calcium-binding protein and, while its
presence in human astrocytes has only been recently outlined
(Degl'Innocenti et al., 2022), its cellular localization agrees with the
plethora of functions operated by calcium for astrocytic signaling
(Verkhratsky, 2019). Astrocyte calcium is regulated by a diverse set of
stimuli, including AB, which can alter its intracellular levels (Adav &
Sze, 2020; Delekate et al., 2014; Fontana et al., 2023; Gabbouj
et al., 2019; Gallart-Palau et al., 2017; George et al., 1960; Guru
KrishnaKumar et al., 2018; Heimfarth et al., 2022; Kabir et al., 2022;
Lutz et al, 2001; Ogata & Kosaka, 2002; Ren et al., 2019; Thal
et al.,, 2016; Wang et al., 2007). The native conformation of CETN2,
with four EF-hand calcium binding domains, is very similar to other
calcium sensors (Berridge et al., 2000), and a comparable function can
be speculated. As demonstrated by the clear differences in topograph-
ical distribution, it is very likely that CETN2+ astrocytes perform dif-
ferent functions and have different interactions with microglia and
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neurons in physiological conditions and in reaction to pathology.
These interesting aspects remain to be explored.

Collectively, our results delineate the detailed distribution of
CETN2+ astrocytes in the human entorhinal cortex and point out a
strong correlation between its expression and AD cognitive dysfunc-
tion and histopathological lesions. The copresence of other reactive
glia markers in CETN2+ astrocytes indicates the participation of
CETN2 in astrogliosis processes, although the exact mechanisms that
trigger its expression remain to be determined. As very recently out-
lined (Guo et al., 2024), astrocytic proteins detectable in the plasma
have a strong predictive value in determining the risk of developing
AD and this encourages further efforts toward an accurate under-
standing of astrocyte function and the identification of molecular

markers underpinning their vast heterogeneity.
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