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Abstract

One of the key classical pathological features of Alzheimer’s disease (AD) is the progressive
accumulation of amyloid beta (AB42) peptides and their coalescence into highly insoluble senile
plaque cores. A major factor driving AB42 peptide accumulation is the inability of brain cells to
effectively clear excessive amounts of AB42 via phagocytosis. The trans-membrane spanning,
sensor-receptor known as the ‘triggering receptor expressed in myeloid cells 2' (TREM2; chr6p21)
is essential in the sensing, recognition, phagocytosis and clearance of noxious cellular debris from
brain cells, including neurotoxic AB42 peptides. Recently, mutations in the TREM2 gene have
been associated with amyloidogenesis in neurodegenerative diseases including AD. In this report,
we provide evidence that aluminum-sulfate, when incubated with microglial cells, induces the up-
regulation of an NF-kB-sensitive micro RNA-34a (miRNA-34a; chrlp36) that is known to target
the TREM2 mRNA 3'-untranslated region (3'-UTR), significantly down-regulating TREM2
expression. The aluminum-induced up-regulation of miRNA-34a and down-regulation of TREM2
expression was effectively quenched using the natural phenolic compound and NF-kB inhibitor
CAPE [2-phenylethyl-(2 £)-3-(3,4-dihydroxyphenyl) acrylate; caffeic-acid phenethyl ester]. These
results suggest, for the first time, that an epigenetic mechanism involving an aluminum-triggered,
NF-kB-sensitive, miRNA-34a-mediated down-regulation of TREM2 expression may impair
phagocytic responses that ultimately contribute to AB42 peptide accumulation, aggregation,
amyloidogenesis and inflammatory degeneration in the brain.
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Alzheimer’s disease (AD) is a progressive, multi-factorial human brain disorder whose
incidence is reaching epidemic proportions in industrialized societies [1]. According to the
widely accepted amyloid cascade hypothesis, AD is strongly associated with the progressive
accumulation of neurotoxic 42 amino acid amyloid beta (AB42) peptides generated from the
tandem beta- and gamma-secretase-mediated cleavage of the trans-membrane beta amyloid
precursor protein (BAPP) [2,3]. The AB42 peptides so generated are normally cleared by an
active phagocytosis system that involves microglial cell-mediated AB42 peptide recognition
and catabolism, however when this system is impaired, Ap42 peptides progressively
accumulate, and self-aggregate into insoluble senile plaque cores that support a pro-
inflammatory and degenerative neuropathology [2-5]. The catabolic mechanisms by which
excessive AB is cleared from the brain is not fully understood, but is known to involve
microglial cells, the major resident scavenging cell types in the CNS [4,5]. Microglial cells
normally fulfill important functions in cell-cell interactions, immune surveillance, the
resolution of latent inflammatory reactions and the clearance of tissue debris [4-8].
Microglial cells highly express TREM2 (encoded at chr6p21.1) as an integral trans-
membrane glycoprotein. TREM2 appears to be key in the sensing, recognition and
phagocytosis of noxious cellular debris from brain cells, including neurotoxic AB42 peptides
[8-12]. Expression deficits in TREM2 could in part explain the loss of effective,
homeostatic phagocytotic functions mediated by microglial cells, the ensuing buildup of
APA42 peptides, and a progressive, ‘smoldering’, pro-inflammatory response associated with
AP42 accumulation, including the chronic over-production of pro-inflammatory cytokines
[11,12]. Recent studies have shown that TREM2 variants are genetically linked to AD, and
that TREM2 expression is under the post-transcriptional regulation by a brain enriched
miRNA-34a, by virtue of a miRNA-34a recognition feature within the 299 nucleotide
TREM2 mRNA 3'-UTR [11-13]. To more fully understand the effects of aluminum on AD-
relevant gene expression processes, in this study we analyzed the effects of aluminum on the
key phagocytosis protein TREM2 in primary murine microglial cells.

In these studies ultrapure reagents for molecular biology, including MgSO, (63133) and
Al>(SOy4)3 (11044; Biochemika MicroSelect©; Fluka Ultraselect©; Fluka Chemical,
Milwaukee, WI), freshly prepared as 0.1 M stock solutions, were instilled into either serum-
containing or half serum strength microglial cell maintenance medium (MCMM) made up in
ultrapure water (18 megohm, Milli-Q, Millipore; aluminum content less than 1 ppb),
followed by filter sterilization using 0.2-puM spin filters (Millipore Corporation, Billerica,
MA) [14,15,17]. MCMM consists of Dulbecco’s modified Eagles medium; the full medium
contains 10% fetal bovine serum; also known as LADMAC conditioned medium (complete
MCMM composition; see ATCC-EOC2; Manassus VA, USA). Cell media solutions
contained a final concentration of 2.0 uM MgSQOy4 or 2.0 uM of Al»(SO4)3. Murine CB-84
(ATCC CRL-2467) microglial cells were cultured according to ATCC-EOC?2 protocols;
after 1 week of culture, control MCMM was replaced with MgSOg4- or Al>(SOg4)3-containing
MCMM and cells were incubated for 8 hrs at 37°C (Fig. 1A). Details of control,
magnesium- and aluminum-sulfate treatment of brain cells have been extensively described
[14,16-18,20-23]. Importantly, with an MCMM pH of 6.8, the predominant form of
aluminum would be as aluminum hydroxide, itself a potent mediator of the immune
response [19]. Total RNA and proteins were simultaneously isolated using TRIzol
(Invitrogen) [20-23]; RNA quality was assessed using an Agilent Bioanalyzer 2100 (Lucent
Technologies/Caliper Technologies) and RNA integrity numbers (RIN) values were
typically 8.0-9.0 indicating high quality total RNA [14-18]. Protein concentrations were
determined using dotMETRIC microassay (sensitivity 0.3 ng protein/ml; Millipore, Billerica
MA, USA) [14,17]. Western immunoblots employed antibodies to TREM2 (B3; sc-373828,
H160; sc-49764 or M227; sc-48765; Santa Cruz Biotechnologies, Santa Cruz CA, USA) or
the control protein marker B-actin (3598-100; Sigma-Aldrich Chemical Company, St Louis,
Missouri, USA) in the same sample [11,14]. CAPE (MW 284.31; 2-phenylethyl-(2 £)-3-(3,4-
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dihydroxyphenyl) acrylate; caffeic acid phenethyl ester) was purchased from Tocris
Bioscience and used according to the manufacturer’s protocols (#2743; R&D Systems,
Minneapolis MN, USA). All miRNA arrays were analyzed as previously described [11,20—
23].

Murine microglial cells (Fig. 1A) were stressed with either magnesium- or aluminum-
sulfate, however only aluminum-sulfate generated a unique up-regulated miRNA expression
profile highly characteristic of NF-kB up-regulated miRNAs (Fig. 1B) [16,18,22]. As has
been previously observed, addition of magnesium sulfate to microglial cells had no
significant effect on gene expression for either mMRNA or miRNA (data not shown)
[14,17,22,23]. On the other hand aluminum, a known strong inducer of NF-kB, triggered the
expression of several miRNAs known to be pro-inflammatory and under NF-kB
transcriptional control [22—-24]. Because NF-kB up-regulated, pro-inflammatory miRNAs
have been associated with down-regulation of the expression of Alzheimer-relevant
neuroimmune genes and immunological system deficits, using miRBASE algorithms
(EMBL-EBI Institute; http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/) we
systematically searched for potential miRNA-34a mRNA targets and a strong candidate was
the miRNA-34a-TREM2-mRNA 3'-UTR interaction [11,22,23]. Subsequently, miRNA-34a
up-regulation was found to be closely coupled to TREM-2 down-regulation in the same
sample, and Western analysis indicated that TREM2 protein levels were reduced in
aluminum-treated microglial cells to about 0.25-fold of controls (Fig. 1C and Fig. 1D). Both
miRNA-34a up-regulation and TREM2 down-regulation was significantly quenched using
the NF-kB inhibitor CAPE, indicating the involvement of NF-kB in these reactions (Fig. 1C
and Fig. 1D). A family of brain-enriched miRNAs, up-regulated in AD brain, known to be
under NF-kB control, are involved in the regulation of innate-immune sensing, the
inflammatory response, neurotrophism, synaptogenesis and amyloidogenesis [25-28]. For
example, an NF-kB-regulated miRNA subfamily including miRNA-9, miRNA-125b,
miRNA-146a and miRNA-155 each target the 3'-UTR of the key, innate-immune- and
inflammation-related regulatory protein CFH, resulting in significant decreases in CFH
expression with subsequent stimulation of the innate immune response, and a chronic form
of NF-kB activation (Fig. 1B) [22,23,29,30].

Rare missense mutations of TREM2 (R47H) or of the TREM2 coupling protein, DAP12
(also known as TYROBP) and loss-of-function for TREM2 have recently been associated
with deficiencies in phagocytosis and the innate-immune system in progressive dementing
illnesses including AD [5-13]. TREM2 is a stimulatory receptor of the immunoglobulin/
lectin-like gene superfamily highly expressed in a subset of myeloid cells including
immature dendritic cells, tissue macrophages and myeloid-derived microglia, and is an
integral part of the evolutionarily ancient complement system and the innate immune
response [10,12,29,30]. Signaling through TREMZ2 or its adaptor proteins DAP12
(TYROBP) is known to play neuroprotective roles through the clearance of noxious cellular
debris from the CNS, the phagocytosis of pathogens that is accompanied by the release of
reactive oxygen species and inflammatory cytokines, and the resolution of damage-
associated inflammation [7-13]. We speculate that an important consequence of down-
regulated TREMZ is interference with the brain’s natural ability to deal with excessive Ap42
peptide, resulting in AB42 accumulation and self-aggregation into senile plaque [6,7]. Given
the known anti-amyloidogenic and pro-phagocytotic roles of TREM2, loss-of-function
resulting in a defective TREM2, or down-regulation of an intact, functional TREM2 may
have analogous pathological effects [11].

This study is the first to show an aluminum-mediated, miRNA-modulated down-regulation
of TREM2 expression, and underscores the importance of aluminum-induced miRNAs as
epigenetic regulators of AD-relevant gene expression in brain immune cells [20-23,31-33].
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Importantly, ~6 uM-and-higher aluminum sulfate causes microglial cell cultures to undergo
apoptosis, so the 2 uM concentration used in these experiments is at a sub-apoptotic, sub-
lethal concentration. It is interesting to speculate that exogenous aluminum may directly
impact amyloidogenesis by at least 2 distinct and interdependent pathogenic mechanisms:
(1) by facilitating AB42 monomers to aggregate into higher order, more compacted,
amyloid-plaque structures [34], while (2) impairing the phagocytosis mechanism and the
clearance of AB42 peptides and other neurotoxic end-products from the brain, thus driving
their accumulation. Further studies are required (1) to evaluate what forms of AR peptide
(monomer, dimer, oligomer) are phagocytosed by TREMZ2; (2) to test the involvement of
other TREM2-associated membrane proteins such as DAP12 (TYROBP) in the
phagocytosis process; and (3) to evaluate the utility of aluminum chelation, anti-NF-kB or
anti-miRNA-34a therapeutic strategies to potentially reverse these ‘anti-phagocytic’ and
‘amyloidogenic’ effects [35-37].
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CNS central nervous system
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MRNA messenger RNA

NF-kB nuclear factor for kappa B

mMiRNA micro RNA

mMiRNA-34a micro RNA type 343, a pro-inflammatory NF-kB-regulated miRNA

TREM?2 triggering receptor expressed in myeloid cells 2
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Figure 1.

(A) CB-84 (ATCC CRL-2467) murine microglial cells, 32% confluent, phase contrast
microscopy; bar = 20 um; (B) fluorescent-based miRNA array analysis results for 3
magnesium sulfate-treated and 3 aluminum-sulfate-treated experiments using CB-84 murine
microglial cells [as described in (A)]; compared to 2 uM ambient magnesium, 2 uM ambient
aluminum induces a small family of micro RNAs (miRNAS) in murine microglial cells;
these include miRNA-9, miRNA-34a, miRNA-125b, miRNA-146a and miRNA-155 but not
miRNA-183; up-regulation of these induced miRNAs has been previously shown to be NF-
kB-sensitive [21-23]; microRNAs (miRNAS) are a recently discovered class of single
stranded non-coding ribonucleotide regulators which, through base-pair complementarity,
bind to the 3’ un-translated (3'-UTR) region of highly selective target mMRNAs, and direct the
post-transcriptional repression of that MRNA’s encoded genetic information [25,26] (Fig.
1B); the aluminum-mediated up-regulation of mMiRNA-9, miRNA-146a, miRNA-125b and
miRNA-155 and their pathogenic consequences have already been reported [18,20-
25,28,33,37]; miRNA-183 is a control miRNA whose levels do not change in the presence
of either magnesium or aluminum in microglial or other brain cell types [11,18,22]; (C)
Quantitation of fluorescent signals in (B); miRNA-34a (highlighted in a yellow rectangle) is
up-regulated 2.6-fold in aluminum-sulfate-treated microglial cells (compared to magnesium
sulfate-treated controls); note that treatments longer than 8 hrs with <2 uM ambient
aluminum gave quantitatively similar results [23]; addition of caffeic acid phenethyl ester
(CAPE), a potent honeybee-resin (propolis)-derived NF-kB inhibitor quenched this
induction, indicating the NF-kB-sensitivity of miRNA-34a expression; (D) within the same
microglial cells TREM2 protein abundance is shown in comparison to an unchanging
control B-actin protein abundance in the same sample; (representative protein bands, upper
panel; quantified in bar format, lower panel); TREM2 is significantly down-regulated to
0.24-fold of control values; again, addition of CAPE inhibitor quenched this induction,
indicating that TREM2 up-regulation is NF-kB-sensitive. An aluminum-induced reduction
in TREM2 expression may therefore impair phagocytosis of AB42 peptides with
amyloidogenic effects (see text); a dashed horizontal line at 1.0 indicates in (C) control
miRNA-34a levels or (D) control TREM2 protein levels for ease of comparison; figures
were generated using Adobe Photoshop v9.0 (Adobe, San Jose CA, USA); statistical
procedures were analyzed using a two-way factorial analysis of variance (o, ANOVA) and
the SAS language (Statistical Analysis Institute, Cary NC, USA) [11,21]. Only p-values less
than 0.05 (ANOVA) were considered as statistically significant; N=>5, significance over
controls *p<0.05 (ANOVA).
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