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Abstract
A mouse- and human-brain-abundant, nuclear factor (NF)-κB-regulated, micro RNA-146a
(miRNA-146a) is an important modulator of the innate immune response and inflammatory
signaling in specific immunological and brain cell types. Levels of miRNA-146a are induced in
human brain cells challenged with at least five different species of single- or double-stranded
DNA or RNA neurotrophic viruses, suggesting a broad role for miRNA-146a in the brain’s innate
immune response and antiviral immunity. Upregulated miRNA-146a is also observed in pro-
inflammatory cytokine-, Aβ42 peptide- and neurotoxic metal-induced, oxidatively stressed human
neuronal-glial primary cell cocultures, in murine scrapie and in Alzheimer’s disease (AD) brain. In
AD, miRNA-146a levels are found to progressively increase with disease severity and co-localize
to brain regions enriched in inflammatory neuropathology. This study provides evidence of
upregulation of miRNA-146a in extremely rare (incidence 1–10 per 100 million) human prion-
based neurodegenerative disorders, including sporadic Creutzfeldt–Jakob disease (sCJD) and
Gerstmann–Straussler-Scheinker syndrome (GSS). The findings suggest that an upregulated
miRNA-146a may be integral to innate immune or inflammatory brain cell responses in prion-
mediated infections and to progressive and irreversible neurodegeneration of both the murine and
human brain.

Micro RNA (miRNA) are small, noncoding regulatory molecules that are important
epigenetic, posttranscriptional regulators of messenger RNA (mRNA) complexity. Their
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major mode of action is to interact, via base-pair complementarity, with the 3′ untranslated
region (3′UTR) of their target messenger RNA (mRNA), and in doing so decrease the
capability of that specific mRNA to be expressed (Barbato et al. 2009; De Smaele et al.
2010; Li et al. 2010a; Provost 2010; Roshan et al. 2009; Saudstad 2010). Of the
approximately 1250 known miRNA in human tissues (miR-Base version 16; Cambridge,
UK), the central nervous system (CNS) utilizes only a discrete subset of these, numbering
probably less than 100 different major miRNA species (Burmistrova et al. 2007; Lukiw
2007; Sethi and Lukiw 2010). A 22-nucleotide mouse-and human-brain abundant
miRNA-146a that are identical in nucleotide sequence, originally described as a mediator of
inflammatory signaling in human monocytes (Taganov et al., 2006) has been specifically
associated with (a) upregulation of inflammatory neurodegeneration in cortical and
hippocampal regions in AD and in transgenic murine models of AD (Lukiw et al., 2008; Li
et al., 2010); (b) prion-induced neuro-degeneration (Saba et al., 2008); (c) the down-
regulation of interleukin-1 receptor associated kinase-1 (IRAK-1) in endotoxin-and
cytokine-challenged human monocytes and astroglial cells (Taganov et al., 2006; Cui et al.,
2010); and (d) the down-regulation of IRAK-1 and complement factor H (CFH), an
important repressor of complement signaling in AD and in AD brain cell models (Lukiw et
al., 2008) (Figure1). This inducible miRNA-146a was found to be further upregulated in
pro-inflammatory cytokine-, amyloid beta 42 amino acid (Aβ42) peptide-, oxidation-, or
neurotoxic-metal-stressed primary human neuronal–glial coculture cell models of
neurodegenerative disease (Alexandrov et al. 2005; Cui et al. 2010; Lukiw et al. 2008;
Pogue et al. 2009). This study expanded and advanced our investigations into miRNA-146a–
mediated signaling in murine and human prion disease to further understand the
involvement of this brain-enriched, stress-induced miRNA-146a in the molecular-genetic
mechanism that drives the process of prion-mediated inflammatory neurodegeneration.

MATERIALS AND METHODS
Mouse and Human Brain Total RNA

Mouse and human brain samples used in these studies were selected from archived tissue or
total RNA extract sources at the Louisiana State University (LSU) Neuroscience Center,
New Orleans, the University of California at Irvine, and the Oregon Health Sciences Center,
Portland, OR. Human brain RNA tissues extracts were used in accordance with the
institutional review board and biosafety guidelines at the LSU Health Sciences Center and
donor institutions (Cui et al. 2008; Lukiw 2007). Archived total RNA isolated from the short
incubation model of murine scrapie (strain 139A in Compton White [CW] mice) used here
have been previously analyzed for chromatin structural aberrations (McLachlan et al. 1986).
Due to their extreme rarity and limited availability, only sCJD and GSS small RNA, and no
brain tissues protein extracts, were available for the current investigation. The current study
focused on human brain 5S RNA, miRNA-125b, and miRNA-146a abundance;
miRNA-125b and miRNA-146a are brain-enriched miRNA known to be associated with the
regulation of gliosis, glial cell proliferation, and the innate immune and inflammatory
response (Cui et al. 2010; Hill et al. 2009; Lukiw et al. 2008; Pogue et al. 2009 2010). To
assess relative miRNA-125b and miRNA-146a abundance levels, all brain samples were
from the murine brain cortex or human temporal lobe neocortex, and were age-matched to
neurologically normal murine cortex or human neocortex controls. The average ages of
sCJD (n = 3) and the controls (n = 3) were 65 ± 9 yr and the mean age of the GSS (n = 2)
and controls (n = 6) was 61 yr. There were no significant differences in total RNA yield or
purity between any murine or human control, or prion-affected brain samples (Sethi and
Lukiw 2009).
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Small RNA Isolation, Northern Dot Blot Analysis, DNA and miRNA Arrays
A guanidine isothiocyanate- and silica gel-based membrane total RNA purification system
and miRNA isolation kit (PureLink, Invitrogen, Carlsbad, CA) were used to isolate total
small RNA (5S RNA, tRNA and miRNA), and the concentration and quality of these total
small RNA were determined using RNA 6000 Nano LabChips and a 2100 Bioanalyzer
(Caliper Technologies, Mountainview, CA; Agilent Technologies, Palo Alto, CA).
Mammalian brain tissues typically yield about 1 µg of total RNA per mg wet weight of
tissue (Cui et al. 2010; Lukiw et al. 1992; Pogue and Lukiw 2004; Sethi and Lukiw 2009).
Total small RNA was either (a) analyzed using Cy3/Cy5 fluorescent labeling and human
miRNA array panels (containing 856 individual human miRNAs and 56 controls) as
previously described (LC Sciences, Houston, TX; Pogue et al. 2010), or (b) small RNA
samples (25 µg) were run out on 15% Tris–borate–EDTA (ethylenediamine tetraactic acid)–
urea polyacrylamide denaturing gels (TBE-urea; Invitrogen, Carlsbad, CA), and after
ethidium bromide staining, total miRNA species (<25 nucleotides) were excised and end-
labeled using [γ-32P]-δATP (6000 Ci/mmol; Amersham-GE Healthcare) according to the
manufacturer’s protocols (Invitrogen; Cui et al. 2008; Li et al. 2010b; Lukiw 2007; Pogue et
al. 2010; Riazanskaia et al. 2002) (Figure 2). Total radiolabeled small RNA from control or
prion-associated brain tissues were then probed against miRNA dot-blot panels containing
fixed amounts of synthetic human 5SRNA and miRNA-146a targets (Cui et al. 2005; Hill et
al. 2009) (Figure 2).

Using a vacuum dot blot apparatus human brain miRNA of interest including miRNA-125b,
miRNA-146a, human 5S ribosomal RNA (5S RNA), or other miRNA controls were spotted
onto GeneScreen Plus nylon membranes using a Biomek 2000 lab automation workstation
(Beckman, Fullerton, CA). Blots were cross-linked, baked, hybridized, and probed using the
radiolabeled probes described earlier according to the manufacturer’s protocol (NEN
Research Products, Boston; Hill et al. 2001; Lukiw et al. 1998; 2008). As a preliminary
screen and for normalization purposes, Northern dot blot arrays were probed with total
labeled miRNA isolated from control human brain tissues (Cui et al. 2010). Specific miRNA
showing the strongest hybridization signals were studied further. This [γ-32P]-δATP
radiolabel-based miRNA analytical assay was found to be at least as sensitive as
fluorometrically based mRNA and miRNA detection (Alexandrov et al. 2005; Cui et al.
2005; Sethi and Lukiw 2009).

Data Analysis and Interpretation
In Northern dot blots 5S RNA, an abundant 107-ribonucleotide marker, was used as an
internal small RNA abundance control and relative miRNA signal strengths were quantified
against 5S RNA in each sample using data-acquisition software provided with a GS250
molecular imager (Bio-Rad, Hercules, CA). MiRNA ribonucleotide sequence analysis was
performed using visual inspection, miR-BASE (http://microrna.sanger.ac.uk/sequences), the
DBD transcription factor database search (Medical Research Council, Cambridge, UK), and/
or GeneSpring algorithms (GeneSpring Redwood City, CA). Graphic presentations were
performed using Excel algorithms (Microsoft, Seattle, WA) and Adobe Photoshop 6.0
(Adobe Systems, San Jose CA). Statistical significance was analyzed using a two-way
factorial analysis of variance (p, ANOVA; SAS Institute, Cary, NC); a p < .05 was deemed
as being statistically significant.

RESULTS
Figure 1 shows the sequence of the 22 nucleotide mature miRNA-146a and a preferred
miRNA-mRNA highly stable interaction involving miRNA-146a and the 3′ untranslated
region (3′ UTR) of IRAK-1 (Lukiw et al. 2008; Taganov et al. 2006), the chromosome locus
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for human miRNA-146a located at chr 5q33, and a highly probable RNA pre-miRNA-146a
stem-loop structure containing the mature miRNA-146a coding region in the loop domain
(Krol and Krzyzosiak 2006; Lukiw 2007; Roshan et al. 2009). As depicted in Figure 2, the
abundance of miRNA-146a was analyzed using two different methods; miRNA fluorescent
array analysis of 1213 human miRNA targets (Sethi and Lukiw 2008; LC Sciences,
Houston, TX) and Northern dot blot analysis using high-specific-activity radiolabeled small
RNA probes onto highly concentrated immobilized small RNA targets (Lukiw et al. 2008)
(Figure 2). A high vacuum filtration method was found to concentrate small RNA onto dot
blots approximately 2 mm in diameter using a Biomek 2000 laboratory automation
workstation yields highly quantitative small RNA determinations (Cui et al. 2010; Lukiw
2007). While no significant changes were observed in the abundance of 5S RNA in any
mouse or human total RNA examined, miRNA-146a showed an increase in scrapie 139A of
2.5- to 3.5-fold over age-matched controls, an rise of miRNA-146a in sCJD of 2.4- to 2.7-
fold over controls, and an elevation of miRNA-146a of 2.3- to 4-fold in GSS. Interestingly, a
brain-abundant miRNA-125b known to be associated with gliosis and glial cell proliferation
(Pogue et al. 2010) was found to be significantly increased in three of the five human prion
cases examined; both CJD and GSS neuropathology are associated with varying degrees of
reactive astrogliosis (Prusiner 1994; Reimer et al. 2009).

DISCUSSION
The involvement of small RNA signaling in both common and rare human neurological
disorders associated with astrogliosis, memory loss, and progressive dementia, including AD
and prion disease, has been known for some time (Lukiw et al. 1992). Chromatin structural
and transcriptional changes and the upregulated abundance of small RNA that include
miRNA-146a are observed in human brain cells in response to pathophysiological and
oxidative stress (Cui et al. 2004; Lukiw et al. 2005; Barbato et al. 2009; Lukiw 2007; Pogue
et al. 2009), as a response to viral and prion infection (Hill et al. 2010; McLachlan et al.
1986; Saba et al. 2008), in AD (Cui et al. 2010; Lukiw 2007; Lukiw et al. 2008), and in
several other progressive neurological disorders including schizophrenia (Burmistrova et al.
2007) and temporal-lobe epilepsy wherein neuroinflammatory signaling is activated
(Aronica et al. 2010). More specifically, host miRNA-146a levels are progressively
upregulated in human brain cells challenged with herpes simplex-1 (HSV-1; Higaki et al.
2002; Hill et al. 2001; 2009; Lukiw et al. 2010), human immunodeficiency virus-1 (HIV-1;
Rom et al. 2010), Kaposi’s sarcoma-associated herpes virus (KSHV; Punj et al. 2010),
Epstein–Barr virus (EBV; Motsch et al. 2007), and vesicular stomatitis virus (VSV; Lian et
al. 2010), indicating that a host-generated miRNA-146a plays important immune response
roles in viral pathogenesis, or viral evasion from host immune signaling, or both (Hill et al.
2009). In a recent large study of AD brains, miRNA-146a was found to be increased to an
average of 2.6-fold over age-matched controls in the temporal lobe neocortex (n = 66; Cui et
al. 2010). Interestingly, the inducible expression of miRNA-146a is significantly
upregulated in primary cocultures of human astroglial cells stressed using the pro-
inflammatory cytokine interleukin-1beta (IL-1β) and amyloid beta 42 (Aβ42) peptide, and
this inducible upregulation is significantly quenched using specific nuclear factor (NF)-κB
inhibitors including curcumin, pyrrolidine dithiocarbamate (PDTC), and the resveratrol
analog CAY10512 (Cui et al. 2010). The relatively rare transmissible spongiform
encephalopathies including sCJD and GSS, occurring at an incidence of 1–10 per 100
million population, are characterized by reactive gliosis, altered immune responses, and
subsequent inflammatory degeneration of neuronal tissue (Collins et al. 2001; Prusiner
1994). Interference with inflammatory signaling may represent a novel therapeutic approach
to slow down the course of prion disease development (Reimer et al. 2009). In vitro, NF-κB
inhibition and anti-miRNA-146a strategies demonstrated potential pharmacological value in
treating pathological conditions wherein miRNA-146a is overexpressed (Cui et al. 2010;

Lukiw et al. Page 4

J Toxicol Environ Health A. Author manuscript; available in PMC 2013 July 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lukiw et al. 2008). Of further interest is that expression of miRNA-146a correlates with
amyloid plaque density, synaptic pathology, and cognition in aging Tg2576 and in 5xFAD
amyloid overexpressing transgenic mouse models used in the study of Aβ42 peptide-
mediated aspects of AD-type neurodegeneration (Li et al. 2010b).

These findings have several interesting implications: (a) an NF-κB-driven, miRNA-146a-
mediated inflammatory neurodegenerative response appears to share an underlying
commonality in viral infection, AD, prion disease and temporal-lobe epilepsy (Aronica et al.
2010; Hill et al. 2010; Li et al 2010a; Lukiw 2007; Saba et al. 2008); (b) known
miRNA-146a mRNA targets, namely, components of the innate immune response and pro-
inflammatory signaling factors such as complement factor H (CFH) and the Tolllike
receptor/interleukin-1 receptor (TLR/IL1-R) interleukin-1 receptor associated kinase-1
(IRAK-1; Cui et al. 2010; Taganov et al. 2006), may also be targeted in prion disease; and
(c) highly specific miRNA-146a-regulated epigenetic immune and inflammatory
neurodegenerative processes are conserved over evolution between the brains of mouse and
humans that through comparative genomics show a species divergence of at least 75 million
years (Zhu et al. 2007). These indicate an underlying common and highly conserved
inflammatory response to neurological insults induced by viral infections, AD, and prion
disease when compared to healthy, aging murine or human controls that exhibit no overtly
abnormal immunopathology.

CONCLUSION
In summary, these data further support the observation than an inducible, NF-κB-regulated
miRNA-146a is upregulated in a wide range of murine and human viral and prion infections
and in neurological disorders associated with inflammatory neurodegeneration including
AD. It will be of interest to see (a) whether miRNA-146a is similarly overexpressed in other
relatively common animal prion diseases such as bovine spongiform encephaolopathy (BSE)
and in chronic wasting disease (CWD) of mule deer and elk, or in other rare human
transmissible spongiform encephalopathies such as fatal familial insomnia (FFI), and (b)
whether in BSE, CWD, or FFI specific miRNA-146a targets such as CFH and IRAK-1
mRNA and innate immune or inflammatory signaling are similarly affected. Data indicate
that significant upregulation of miRNA-146a coupled to downregulation of pathogenic
target mRNAs may contribute to an altered innate immune or inflammatory response to both
viral- and prion-mediated infection that also accompanies progressive, irreversible
inflammatory neurodegeneration in a surprisingly wide range of murine and human brain
diseases. Anti-miRNA-146a strategies may have novel therapeutic benefit in the treatment
of these insidious, progressive, and lethal neurological disorders.
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FIGURE 1.
(A) Homo sapiens micro RNA-146a (hsa-miRNA-146a) is a 22-nucleotide small RNA
(highlighted in yellow) abundant in mouse and human immune cells and the limbic system,
with known mRNA 3′ UTR targets that include the interleukin-1 receptor associated kinase
1 (IRAK-1; highlighted in red); uppercase ribonucleotides involved in fully (|) or partially (:)
complementary hydrogen bonding (Cui et al. 2010; Taganov et al. 2006); chromosome
location of the human IRAK-1 gene (chrXq28) and Genbank accession (NM_01569.3)
indicated; EA = predicted energy of association for miRNA-mRNA interaction (Sethi and
Lukiw 2009; miRBASE, Cambridge, UK); the mouse and human miRNA-146a are identical
in sequence (Li et al. 2010a; 2010b; Sethi and Lukiw 2009). (B) Structural features of the
miRNA-146a encoding DNA locus at chromosome 5q33.3 and details of the NF-κB-
sensitive miRNA146a gene showing three upstream (5′) regulatory NF-КB binding sites;
miRNA-146a transcription is highly NF-КB sensitive (Cui et al. 2010; Lukiw et al. 2008;
Taganov et al. 2006). (C) The pre-miRNA-146a transcribed from the miRNA146a locus (chr
5q33.3) has strong potential to form a highly stable 35-base-pair stem, 60-nucleotide loop
RNA structure (stem-loop EA= −49.5 kcal/mol); other predicted secondary structures of
alternate stem-loop configurations are possible and the 5′ and 3′ ends of pre-miRNA-146a
may be significantly extended. In several preferential EA models, such as the one depicted in
(C), the stem-loop structure containing the miRNA-146a sequence is consistently located in
the very distal end of the predicted loop (highlighted in yellow; delineated by arrows), after
which Dicer (RNase III) processing of this pre-miRNA-146a (Yokota 2009) yields the
mature miRNA-146a highlighted in yellow in (A) (color figure available online).
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FIGURE 2.
Abundance of hsa-miRNA-125b and/or hsa-miRNA-146a in comparison to an internal
control hsa-5S RNA marker in murine scrapie 139a, sporadic Creutzfeldt-Jakob disease
(sCJD), and Gerstmann-Straussler-Scheinker syndrome (GSS) compared to age-matched
controls (control) in the same brain region as analyzed by (A) fluorescent miRNA array
cluster analysis (LC Sciences, Houston TX) and (B) concentrated Northern dot-blot analysis
of 5S RNA and miRNA-146a using high-specific-activity radiolabeled probes (Cui et al.
2005; Sethi and Lukiw 2009); (C) quantified results from Northern dot-blot analysis; dashed
horizontal line indicates control 139A levels relative to 5S RNA for ease of comparison. In
(A) panel 1 is the age-matched control for murine 139a (n= 2; lanes 4 and 5); lanes 2 and 3
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are the mean age-matched control for the individual cases for sCJD (n = 3; lanes 6–8) and
GSS (n= 2, lanes 9 and 10), respectively; by convention, green colors indicate no change
and red colors indicate upregulation (LC Sciences; Lukiw et al. 2008). Squared black lines
to the left of panel (A) indicate that a mean signal intensity comparison between hsa-5S–
RNAand hsa-miRNA-125b yielded a significance of p > .07 (ANOVA), and between 5S–
RNA and hsa-miRNA-146a yielded a p< .01 (ANOVA). miRNA-125b was found to be
significantly upregulated in one of two GSS cases and two of three CJD cases; miRNA-146a
was found to be consistently elevated in all sCJD or GSS cases using miRNA array analysis;
and this was further confirmed using quantitative Northern dot blot analysis (B and C). The
22 nucleotide hsa-5S–RNA probe was derived from the 5′ end of the 107 nucleotide human
5S ribosomal RNA (5S RNA) and in panel (B) was loaded at 1/10 the concentration of
miRNA-146a (Sethi and Lukiw 2009) (color figure available online).
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