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MicroRNAs (miRNAs), ~22 nt single-stranded non-coding RNAs (ncRNAs) abundant in the
human brain and retina, have emerged as significant post-transcriptional regulators of mes-
senger RNA (mRNA) abundance and complexity in the human central nervous system (CNS)
in aging, health, and disease. Of the 2050 different miRNAs in the human body so far identified,
only about 25-30 are abundant in either the brain or the retina, underscoring the high selection
pressure carried by RNA sequences located within these select ncRNAs (1-7). It is notewor-
thy to point out that: (i) that brain neocortex and retina share a common neuroectodermal
origin; (ii) that brain and retina share a subfamily of specific miRNA species; and (iii) that the
multilayered assemblies of both neural and retinal cells are targeted by pathogenic processes
that drive progressive pro-inflammatory neurodegeneration (5-9). Indeed, pathologically up-
regulated miRNAs common to both the prototypic age-related inflammatory degeneration of
the brain in Alzheimer’s disease (AD) and of the retina in age-related macular degeneration
(AMD) appear to be associated with deficits in the expression of messenger RNA (mRNA) and
gene families involved in the innate-immune response, inflammation, neurotrophism, synap-
togenesis, and amyloidogenesis (Figure 1). In this “Opinion” paper for the Frontiers in Neurology
Special Research Topic, we will highlight some of the most recent work in this research area, with
emphasis on a family of five up-regulated pro-inflammatory miRNAs - miRNA-9, miRNA-34a,
miRNA-125b, miRNA-146a, and miRNA-155 - that are emerging as key mechanistic contribu-
tors to the AD and AMD process.

Homeostatic levels of specific miRNAs are natural indicators of neurological health of both the
brain and retina (2-10, 31). Recently, multiple independent neurological research laboratories have
provided evidence for the up-regulation of a small group of five inducible miRNAs in age-related
diseases involving a progressive inflammatory degeneration. That these five miRNAs - miRNA-9,
miRNA-34a, miRNA-125b, miRNA-146a, and miRNA-155 - are up-regulated in both AD and AMD
underscores the concept that the brain and retina share common pathological signaling of a pre-
existing subfamily of miRNAs that individually contribute to various aspects of neurodegenerative

Abbreviations: AMD, age-related macular degeneration; AD, Alzheimer’s disease; CFH, complement factor H; miRNA,
microRNA
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FIGURE 1 | (A) Color-coded cluster analysis of significantly up-regulated microRNAs (miRNAs) in the neocortex of AD (N = 5) versus age-matched controls (N = 5)
and (B) in the whole retina of AMD (N = 5) versus age-matched controls (N = 5); this small family of “pro-inflammatory” miRNAs consisting of miRNA-9, miRNA-34a,
miRNA-125b, miRNA-146a, and miRNA-155 are often found to be up-regulated approximately twofold or more over controls (small red arrows); interestingly these
miRNAs are inducible and under transcriptional control by NF-kB [Figure 1 adapted from Ref. (10-13)]; the relative expression levels for two sequence-related
microRNAs, miRNA-146a and miRNA-155 the brain neocortex and retina are shown in (C) relative to levels for an unchanging brain and retinal control miRNA-183,
which was set to 1.0 and marked by a dashed horizontal line; another abundant control signal is 5SRNA with a relative signal strength of ~5.0 (shown at ~1/20th of
its actual abundance in the brain and retina; see text) (12, 13). In these samples, all control and AD neocortical samples were obtained from the superior temporal
neocortex (Brodmann area A22); control and AMD retinal samples were obtained from whole retina; all control, AD and AMD samples had post-mortem intervals
(PMI; death to brain freezing interval) of 2 h or less (2, 9, 10). Controls were age-matched to moderate-to-late stages of AD or AMD; increases in specific miRNAs
increased as disease stage advanced [Ref. (11, 12, 14-17); data not shown]; further details on the pathology of these samples have been recently published
(11=20). There were no significant differences in age, PMI, or RNA yield or quality between either the brain or the retinal tissues. Of the 12 different homo sapien
micro-RNAs (hsa-miRNAs) shown, miRNA-146a and miRNA-155 exhibited the most consistent up-regulation compared with age-matched controls (*p < 0.05;

**p < 0.01, ANOVA); (D) the 3'UTR of the mRNA of complement factor H (CFH); a major regulator of the innate-immune and inflammatory response, see text; [(21,
22)] is a prime example of brain and retinal gene expression regulation by multiple and common miRNAs — miRNA-146a and miRNA-155; (D) shows the
complementarity map between miRNA-146a or miRNA-155 and part of the 232 nt CFH 3'UTR sequence. Overlapping miRNA-146a and miRNA-155 high-affinity
binding sites in the CFH mRNA 3’UTR (each has an energy of association of less than —22 kcal/mol) that defines an exceptionally stable mMIRNA-MRNA interaction
and a potentially common CFH mRNA 3’-UTR miRNA regulatory control region 5’-TTTAGTATTAA-3’ (overlaid in green; see text) (12, 13, 23); we cannot exclude the
participation of other human brain- or retina-enriched miRNAs or other small ncRNAs which may additionally contribute to the neuropathological mechanisms of AD
or AMD pathology; (E) taken together, these recent findings in part define a highly interactive network of NF-kB-sensitive, up-regulated miRNAs in diseased brain
and retina that can explain much of the observed pathology associated with AD and AMD. The CNS-abundant, miRNA-125b is a central member of this up-
regulated miRNA group that may be in part responsible for driving deficits in phagocytosis (triggering receptor expressed in microglial cells; TREM2), innate-immune
signaling and chronic inflammation (IkBKG, CFH), impairments in neurotransmitter packaging and release (synapsin-2; SYN-2), and neurotrophism (15-lipoxygenase,
vitamin D receptor; 15-LOX, VDR). Other NF-kB-sensitive up-regulated miRNAs (such as miRNA-146a) appear to be responsible for the observed deficits in NF-kB
regulation (IRAK-1, IRAK-2) and/or amyloidogenesis (tertraspanin 12; TSPAN12); these up-regulated miRNAs and down-regulated mRNAs form a highly integrated,
self-perpetuating pathogenic miRNA-mRNA signaling network due to chronic re-activation of NF-kB stimulation perhaps through the involvement of deficits in IKBKG
signaling (10-13). Inhibition of the NF-kB initiator or individual blocking of the pathogenic induction of these five miRNAs may provide novel therapeutic benefit for
the clinical management of AD or AMD, however what NF-kB or miRNA inhibition strategies and/or protocols, or whether they can be utilized either alone or in
combination, remain open to investigation (17, 19, 20, 24, 25). Extensive recent data in human brain cells in primary culture have indicated that these approaches
may neutralize this chronic, inducible, progressive pathogenic gene expression program to re-establish brain and retinal cell homeostasis, and ultimately be of novel
pharmacological use in the clinical management of AD and/or AMD (19, 20, 26-30).
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disease (5-12, 31-35). Accumulating evidence, including very
recent research findings over the last 6 months indicate that
each of these miRNAs share the following six features: (i) that
they are basally expressed in control brain neocortex and retina
(2-9); (ii) that in vitro they can be induced by a wide range of
environmental- and inflammation-linked physiological stressors,
including pro-inflammatory cytokines, amyloid beta (AB42) pep-
tides, neurotoxic metal sulfates, and neurotropic viruses such as
herpes simplex virus-1 (HSV-1) (12, 16, 17, 32-35); (iii) that this
group of five pro-inflammatory miRNAs are over-expressed at
least twofold in stressed brain or retinal cells and in AD or AMD
affected tissues (14, 15, 32); (iv) that together, via down-regulation
of multiple mRNA targets (and hence deficits in the expression
of genes encoded by those mRNAs) they regulate various patho-
physiological features characteristic of AD and AMD, including
impairments in phagocytosis, synaptogenesis, neurotrophism,
NEF-kB signaling and stimulation of progressive inflammation
and amyloidogenesis (Figure 1) (7, 12, 13, 23, 26-28, 36); (v) that
all five of these pro-inflammatory miRNAs are under transcrip-
tional control by NF-kB (chiefly the heterotypic p50/p65 dimer)
in human primary neuronal-glial co-cultures, AD and AMD
tissues (7, 11-13, 23, 26-28, 36, 37); and (vi) that both NF-kB
inhibitors and anti-microRNAs (anti-miRs) effectively knock
down their expression in human brain and retinal cell culture
experiments, and may ultimately be of use therapeutically in the
clinical management of AD or AMD (17, 18, 26-29).

Much of the recent research work emphasizing this common-
ality of the same miRNAs in basic pathological processes involv-
ing brain and retinal degeneration, as exemplified by miRNA
profiling in AD, AMD, and transgenic AD or AMD (TgAD,
TgAMD) models, has been summarized in Figure 1 (5-10, 12,
14, 17, 25, 31-35). First, when compared to the unchanging
22 nt miRNA-183 and the 120 nt 5S ribosomal RNA (5S rRNA;
5SRNA) control markers, the five member pro-inflammatory
microRNAs miRNA-9, miRNA-34a, miRNA-125b, miRNA-146a,
and miRNA-155 are found to be amongst the most consistently
up-regulated miRNAs in both degenerating human brain neo-
cortex (Figure 1A) and retina (Figure 1B). Of this group of five
pro-inflammatory microRNAs, miRNA-146a and miRNA-155
are typically found to be increased ~2.5- to 3.3-fold over age-
matched controls (Figure 1C). To add another layer of genetic
complexity for post-transcriptional regulation, both miRNA-
146a and miRNA-155 recognize an overlapping 3’ untranslated
region (3’UTR) of the complement factor H (CFH) mRNA
(highlighted in green; CFH loss-of-function mutations or CFH
expression deficits are associated with both AD and AMD; see
below; Figure 1D). Indeed, the up-regulation of these same five
pro-inflammatory miRNAs (yellow ovals in Figure 1E) appear
to form a highly interactive miRNA-mRNA network that can
in part explain the down-regulation of specific brain and retinal
genes (black rectangles) involved in phagocytosis, inflammation,
synaptogenesis, neurotrophism, NF-kB signaling, and amyloido-
genesis (Figure 1E; see also the legend to Figure 1 wherein the
details of this highly interactive network are further described).

Alterations in innate-immune signaling are a consistent
feature of both AD and AMD (4, 5, 9, 15). The highly soluble,
hydrophilic 155-kDa glycoprotein CFH is one very illustrative

example of an innate-immune repressor and complement con-
trol protein whose abundance and/or activity is significantly
down-regulated in both AD and AMD [(9, 15, 21, 22, 35); see
Figure 1D]. CFH (chr 1q32; also known as AC3bINA, adre-
nomedullin binding protein-1, AM binding protein-1 factor H,
B1H globulin, H factor,and H factor-1) isanimportant member of
the regulator of complement activation (RCA) group of proteins
encoded within the RCA gene cluster and normally performs a
systemic sentinel function against unscheduled or spontaneous
immune system activation (9, 15). CFH mRNA abundance is
down-regulated in AD and/or AMD by a miRNA-146a- and/or
miRNA-155-CFH-3'UTR-based complementarity mechanism
and/or by a Y402H loss-of-function mutation (15,21, 22). Hence
an insufficiency in a homeostatic amount of functioning CFH
(as down-regulated by miRNA-146a and miRNA-155) may have
the same end result as the loss-of-function Y402H mutation in
CFH (21, 22). It is important to note that CFH mRNA and hence
CFH gene expression appears to be down-regulated by at least
two different miRNAs - miRNA-146a and/or miRNA-155 - and
their differential recognition of overlapping binding sites in
the human CFH mRNA 3’UTR may be dependent on yet-to-
be-defined genetic factors and mechanisms characteristic of
individual brain or retinal cells [Figure 1D; (9, 15, 21, 22, 35)].

In summary, it is our opinion that in miRNA research in
human degenerative diseases including AD and AMD, several
critical concerns have surfaced: (i) that brain and retinal
miRNAs typically possess limited stabilities, however miRNA
half-lives can be considerably extended via their sequestration
into exosomes or the use of other protective strategies such as
adsorption or tertiary folding into RNAse-resistant structures
that may escape initial miRNA detection using traditional meth-
ods (17, 18, 23-25); (ii) that accurate quantification of miRNAs
is technically feasible although it still remains challenging due to
the small size of mature miRNA isoforms, adsorption to “inert”
surfaces, high sequence homology amongst individual miRNAs,
5" and 3’ end polymorphisms, spatial-temporal expression pat-
terns and high dynamic range of miRNA expression (13, 17, 18,
24); (iii) that miRNA profiling in different AD or AMD studies
suffers from a poor consensus regarding their abundance and
complexity; the latter a very recently acknowledged concern in
the field (4-7, 14, 17); and (iv) discrepancies of miRNA abun-
dances in anatomical areas sampled, variations in patient drug
history, the PMI of the AD and AMD patients and other factors.
Together these constitute practical methodological challenges,
especially in the realm of useful biomarkers and diagnostics for
AD or AMD detection (3, 6, 17, 25, 34). Despite these recent
concerns data has begun to filter through on the involvement of
distinct miRNA families and miRNA-mRNA signaling networks
linked to innate-immune system alterations, inflammatory, neu-
rotrophic, and amyloidogenic consequences in AD and AMD.
These have steadily yielded a deeper appreciation into the onset
and propagation of complex miRNA-mRNA-modulated bio-
logical networks that directly underlie the pathogenesis of AD
and AMD. Lastly, miRNAs are highly soluble and mobile, and
are able to transverse plasma membranes either freely, adsorbed
to carrier molecules or contained within exosomes (17, 19, 23,
25). That AD and AMD are both progressive “propagating”
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disease entities suggest a potential “spreading factor” role for
selective miRNAs in the cognitive and visual circuitry, an evolv-
ing research area in which specific combinations of miRNAs
may be playing hitherto unrecognized pathogenic roles.

ACKNOWLEDGMENTS

This work was presented in part (i) at the Alzheimer’s Association
International Conference (AAIC 2015) Annual Meeting 18-22
July 2015, Washington, DC, USA; (ii) at the Association for
Research in Vision and Ophthalmology (ARVO) Annual confer-
ence 3-7 May 2015 in Denver, CO, USA; and (iii) at the Society
for Neuroscience (SFN) Annual Meeting 15-19 November 2014,
Washington, DC, USA; sincere thanks are extended to Drs.
E Culicchia, C. Eicken, and C. Hebel for short post-mortem

REFERENCES

1. Burmistrova OA, Goltsov AY, Abramova LI, Kaleda VG, Orlova VA, Rogaev
EL MicroRNA in schizophrenia: genetic and expression analysis of miR-130b
(22q11). Biochemistry (Mosc) (2007) 72:578-82.

2. Lukiw WJ, Andreeva TV, Grigorenko AP, Rogaev EI. Studying microRNA
function and dysfunction in Alzheimer’s disease. Front Genet (2013) 3:327.
doi:10.3389/fgene.2012.00327

3. Femminella GD, Ferrara N, Rengo G. The emerging role of microRNAs in
Alzheimer’s disease. Front Physiol (2015) 6:40. doi:10.3389/fphys.2015.00040

4. Qiu L, Zhang W, Tan EK, Zeng L. Deciphering the function and regulation
of microRNAs in Alzheimer’s disease and Parkinson’s disease. ACS Chem
Neurosci (2014) 5:884-94. doi:10.1021/cn500149w

5. Andreeva K, Cooper NG. MicroRNAs in the neural retina. Int ] Genomics
(2014) 2014:165897. d0i:10.1155/2014/165897

6. Jimenez-Mateos EM. Role of microRNAs in innate neuroprotection mech-
anisms due to preconditioning of the brain. Front Neurosci (2015) 9:118.
doi:10.3389/fnins.2015.00118

7. Chen W, Qin C. General hallmarks of microRNAs in brain evolution and
development. RNA Biol (2015) 12:701-8. doi:10.1080/15476286.2015.1048
954

8. Ohana R, Weiman-Kelman B, Raviv S, Tamm ER, Pasmanik-Chor M, Rinon
A, et al. MicroRNAs are essential for differentiation of the retinal pigmented
epithelium and maturation of adjacent photoreceptors. Development (2015)
142:2487-98. doi:10.1242/dev.121533

9. Lukiw W], Surjyadipta B, Dua P, Alexandrov PN. Common micro RNAs
(miRNAs) target complement factor H (CFH) regulation in Alzheimer’s
disease (AD) and in age-related macular degeneration (AMD). Int ] Biochem
Mol Biol (2012) 3(1):105-16.

10. Zhao Y, Bhattacharjee S, Jones BM, Hill ], Dua P, Lukiw WJ. Regulation of
neurotropic signaling by the inducible, NF-kB-sensitive miRNA-125b in
Alzheimer’s disease and in primary human neuronal-glial cells. Mol Neurobiol
(2014) 50:97-106. d0i:10.1007/s12035-013-8595-3

11. Lukiw WJ. NF-kB-regulated micro RNAs (miRNAs) in primary human brain
cells. Exp Neurol (2012) 235:484-90. doi:10.1016/j.expneurol.2011.11.022

12. CuiJG, Li YY, Zhao Y, Bhattacharjee S, Lukiw WJ. Differential regulation of
interleukin-1 receptor-associated kinase-1 (IRAK-1) and IRAK-2 by microR-
NA-146a and NF-kB in stressed human astroglial cells and in Alzheimer’s
disease. ] Biol Chem (2010) 285:38951-60. d0i:10.1074/jbc.M110.178848

13. Hill JM, Clement C, Zhao Y, Lukiw WJ. Induction of the pro-inflammatory
NF-kB-sensitive miRNA-146a by human neurotrophic viruses. Front
Microbiol (2015) 6:43. doi:10.3389/fmicb.2015.00043

14. Clement C, Hill JM, Dua P, Culicchia E Lukiw WJ. Analysis of RNA from
Alzheimer’s disease post-mortem brain tissues. Mol Neurobiol (2015).
do0i:10.1007/s12035-015-9105-6

15. Lukiw WJ, Alexandrov PN. Regulation of complement factor H (CFH) by
multiple miRNAs in Alzheimer’s disease (AD) brain. Mol Neurobiol (2012)
46:11-9. doi:10.1007/s12035-012-8234-4

interval (PMI) human brain and/or retinal tissues or extracts,
primary miRNA array work and initial data interpretation,
and to D. Guillot for expert technical assistance. Thanks are
also extended to the many neuropathologists, physicians and
researchers of Canada and the United States who have provided
high quality, short post-mortem interval (PMI) human CNS
and retinal tissues or extracted total brain and retinal RNA for
scientific study. Research on miRNA in the Lukiw laboratory
involving the innate-immune response in AD, AMD and in
other forms of neurological or retinal disease, amyloidogenesis,
synaptogenesis and brain inflammation was supported through
an unrestricted grant to the LSU Eye Center from Research to
Prevent Blindness (RPB); the Louisiana Biotechnology Research
Network (LBRN) and NIH grants NEIEY006311, NIA AG18031,
and NTA AG038834 (WL).

16. Lukiw WJ. Variability in micro RNA (miRNA) abundance, speciation and
complexity amongst different human populations and potential relevance
to Alzheimer’s disease (AD). Front Cell Neurosci (2013) 7:133. d0i:10.3389/
fncel.2013.00133

17. ZhaoY, Bhattacharjee S, Dua P, Alexandrov PN, Lukiw WJ]. microRNA-based
biomarkers and the diagnosis of Alzheimer’s disease. Front Neurol (2015)
6:162. doi:10.3389/fneur.2015.00162

18. Sethi P, Lukiw WJ. Micro-RNA abundance and stability in human brain:
specific alterations in Alzheimer’s disease temporal lobe neocortex. Neurosci
Lett (2009) 459:100-4. doi:10.1016/j.neulet.2009.04.052

19. Kawa MP, Machalinska A, Roginska D, Machalinski B. Complement system
in pathogenesis of AMD: dual player in degeneration and protection of retinal
tissue. | Immunol Res (2014) 2014:483960. doi:10.1155/2014/483960

20. Grassmann F, Schoenberger PG, Brandl C, Schick T, Hasler D, Meister G,
et al. A circulating microRNA profile is associated with late-stage neovas-
cular age-related macular degeneration. PLoS One (2014) 9(9):e107461.
doi:10.1371/journal.pone.0107461

21. McHarg S, Clark SJ, Day AJ, Bishop PN. Age-related macular degeneration
and the role of the complement system. Mol Immunol (2015) 67:43-50.
doi:10.1016/j.molimm.2015.02.032

22. Zhang DE LiJ, Wu H, Cui Y, Bi R, Zhou HJ, et al. CFH variants affect struc-
tural and functional brain changes and genetic risk of Alzheimer’s disease.
Neuropsychopharmacology (2015). doi:10.1038/npp.2015.232

23. De Toro J, Herschlik L, Waldner C, Mongini C. Emerging roles of exosomes in
normal and pathological conditions: new insights for diagnosis and therapeu-
tic applications. Front Immunol (2015) 6:203. doi:10.3389/fimmu.2015.00203

24. Riiegger S, Grofshans H. MicroRNA turnover: when, how, and why. Trends
Biochem Sci (2012) 37:436-46. doi:10.1016/j.tibs.2012.07.002

25. Zhang Z, Qin YW, Brewer G, Jing Q. MicroRNA degradation and turnover:
regulating the regulators. Wiley Interdiscip Rev RNA (2012) 3:593-600.
doi:10.1002/wrna.1114

26. Mihalas AB, Meffert MK. IKK kinase assay for assessment of canonical
NF-kB activation in neurons. Methods Mol Biol (2015) 1280:61-74.
doi:10.1007/978-1-4939-2422-6_5

27. Kaur U, Banerjee P, Bir A, Sinha M, Biswas A, Chakrabarti S. Reactive oxygen
species, redox signaling and neuroinflammation in Alzheimer’s disease: the
NF-kB connection. Curr Top Med Chem (2015) 15:446-57. doi:10.2174/1568
026615666150114160543

28. Srinivasan M, Lahiri DK. Significance of NF-kB as a pivotal therapeutic target
in the neurodegenerative pathologies of Alzheimer’s disease and multiple
sclerosis. Expert Opin Ther Targets (2015) 19:471-87. doi:10.1517/14728222
.2014.989834

29. Engelmann C, Weih E Haenold R. Role of nuclear factor kappa B in
central nervous system regeneration. Neural Regen Res (2014) 9:707-11.
doi:10.4103/1673-5374.131572

30. Lanzillotta A, Porrini V, Bellucci A, Benarese M, Branca C, Parrella E, et al.
NF-kB in innate neuroprotection and age-related neurodegenerative diseases.
Front Neurol (2015) 6:98. doi:10.3389/fneur.2015.00098

Frontiers in Neurology | www.frontiersin.org

November 2015 | Volume 6 | Article 232


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.3389/fgene.2012.00327
http://dx.doi.org/10.3389/fphys.2015.00040
http://dx.doi.org/10.1021/cn500149w
http://dx.doi.org/10.1155/2014/165897
http://dx.doi.org/10.3389/fnins.2015.00118
http://dx.doi.org/10.1080/15476286.2015.1048954
http://dx.doi.org/10.1080/15476286.2015.1048954
http://dx.doi.org/10.1242/dev.121533
http://dx.doi.org/10.1007/s12035-013-8595-3
http://dx.doi.org/10.1016/j.expneurol.2011.11.022
http://dx.doi.org/10.1074/jbc.M110.178848
http://dx.doi.org/10.3389/fmicb.2015.00043
http://dx.doi.org/10.1007/s12035-015-9105-6
http://dx.doi.org/10.1007/s12035-012-8234-4
http://dx.doi.org/10.3389/fncel.2013.00133
http://dx.doi.org/10.3389/fncel.2013.00133
http://dx.doi.org/10.3389/fneur.2015.00162
http://dx.doi.org/10.1016/j.neulet.2009.04.052
http://dx.doi.org/10.1155/2014/483960
http://dx.doi.org/10.1371/journal.pone.0107461
http://dx.doi.org/10.1016/j.molimm.2015.02.032
http://dx.doi.org/10.1038/npp.2015.232
http://dx.doi.org/10.3389/fimmu.2015.00203
http://dx.doi.org/10.1016/j.tibs.2012.07.002
http://dx.doi.org/10.1002/wrna.1114
http://dx.doi.org/10.1007/978-1-4939-2422-6_5
http://dx.doi.org/10.2174/1568026615666150114160543
http://dx.doi.org/10.2174/1568026615666150114160543
http://dx.doi.org/10.1517/14728222.2014.989834
http://dx.doi.org/10.1517/14728222.2014.989834
http://dx.doi.org/10.4103/1673-5374.131572
http://dx.doi.org/10.3389/fneur.2015.00098

Hill et al.

Common microRNAs in AD and AMD

31.

32.

33.

34.

35.

Song J, Lee JE. miR-155 is involved in Alzheimer’s disease by regulating
T lymphocyte function. Front Aging Neurosci (2015) 7:61. doi:10.3389/
fnagi.2015.00061

Jiang W, Zhang Y, Meng F, Lian B, Chen X, Yu X, et al. Identification of active
transcription factor and miRNA regulatory pathways in Alzheimer’s disease.
Bioinformatics (2013) 29:2596-602. doi:10.1093/bioinformatics/btt423

Wang X, Liu P, Zhu H, Xu Y, Ma C, Dai X, et al. miR-34a, a microRNA
up-regulated in a double transgenic mouse model of Alzheimer’s disease,
inhibits bcl2 translation. Brain Res Bull (2009) 80:268-73. doi:10.1016/j.
brainresbull.2009.08.006

Kiko T, Nakagawa K, Tsuduki T, Furukawa K, Arai H, Miyazawa T. MicroRNAs
in plasma and cerebrospinal fluid as potential markers for Alzheimer’s disease.
J Alzheimers Dis (2014) 39:253-9. doi:10.3233/JAD-130932

Li JE Dai XP, Zhang W, Sun SH, Zeng Y, Zhao GY, et al. Upregulation of
miRNA-146a by hepatitis B virus X protein contributes to hepatitis develop-
ment by downregulating complement factor H. MBio (2015) 6(2):¢02459-14.
doi:10.1128/mBi0.02459-14

36.

37.

Zhang F, Jiang L. Neuroinflammation in Alzheimer’s disease. Neuropsychiatr
Dis Treat (2015) 11:243-56. doi:10.2147/NDT.S75546

Roth W, Hecker D, Fava E. Systems biology approaches to the study of biolog-
ical networks underlying Alzheimer’s disease: role of miRNAs. Methods Mol
Biol (2016) 1303:349-77. doi:10.1007/978-1-4939-2627-5_21

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Hill, Pogue and Lukiw. This is an open-access article distrib-
uted under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Neurology | www.frontiersin.org

November 2015 | Volume 6 | Article 232


http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.3389/fnagi.2015.00061
http://dx.doi.org/10.3389/fnagi.2015.00061
http://dx.doi.org/10.1093/bioinformatics/btt423
http://dx.doi.org/10.1016/j.brainresbull.2009.08.006
http://dx.doi.org/10.1016/j.brainresbull.2009.08.006
http://dx.doi.org/10.3233/JAD-130932
http://dx.doi.org/10.1128/mBio.02459-14
http://dx.doi.org/10.2147/NDT.S75546
http://dx.doi.org/10.1007/978-1-4939-2627-5_21
http://creativecommons.org/licenses/by/4.0/

	Pathogenic microRNAs common to brain and retinal degeneration; recent observations in Alzheimer’s disease and age-related macular degeneration
	Acknowledgments
	References


