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Abstract

INTRODUCTION: MicroRNA (miRNA) activity is increasingly appreciated as a key reg-
ulator of pathophysiologic pathways in Alzheimer’s disease (AD). However, the role of
miRNAs during the progression of AD, including resilience and prodromal syndromes
such as mild cognitive impairment (MCI), remains underexplored.

METHODS: We performed miRNA-sequencing on samples of posterior cingulate
cortex (PCC) obtained post mortem from Rush Religious Orders Study participants
diagnosed ante mortem with no cognitive impairment (NCI), MCI, or AD. NCI sub-
jects were subdivided as low pathology (Braak stage I/Il) or high pathology (Braak
stage IlI/IV), suggestive of resilience. Bioinformatics approaches included differen-
tial expression, messenger RNA (mRNA) target prediction, interactome modeling,
functional enrichment, and AD risk modeling.

RESULTS: We identified specific miRNA groups, mRNA targets, and signaling pathways
distinguishing AD, MCI, resilience, ante mortem neuropsychological test performance,
post mortem neuropathological burden, and AD risk.

DISCUSSION: These findings highlight the potential of harnessing miRNA activity
to manipulate disease-modifying pathways in AD, with implications for precision
medicine.

KEYWORDS
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Highlights

* MicroRNA (MiRNA) dysregulation is a well-established feature of Alzheimer’s
disease (AD).

* Novel miRNAs also distinguish subjects with mild cognitive impairment and putative

resilience.
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1 [ BACKGROUND

Alzheimer’s disease (AD) is a devastating neurodegenerative dement-
ing disorder defined by neuron and synapse loss in higher order
cognitive brain regions and the pathological accumulation of cere-
bral amyloid plaques and neurofibrillary tangles (NFTs).! Therapeu-
tic options have traditionally been limited to symptomatic relief
through treatments such as cholinesterase inhibitors.? However, more
recently, the prospect of mild disease modification through amy-
loid immunotherapies has emerged,® albeit with significant risk to
subsets of the population including those carrying an apolipopro-
tein E (APOE) ¢4 allele.* A prevailing sentiment in the field is that
robust disease modification will require combinatorial therapy of
potentially personalized treatment options to promote neuroprotec-
tion. Hence, the field’s primary goal remains to identify upstream
molecular and biochemical regulatory pathways that drive or protect
against AD pathogenesis. One compelling upstream regulatory path-
way involves small non-coding RNAs (ncRNAs) such as microRNAs
(miRNAs), which bind to messenger RNAs (mRNAs) and usually reduce
their stability and expression.” These miRNAs regulate diverse brain
functions, and perturbations in their expression have been linked to
AD.6"10 Our group and others have identified miRNAs regulating the
metabolism of amyloid beta (AB) precursor protein (APP), -site APP-
cleaving enzyme 1 (BACE1), and tau—thereby potentially mediating
amyloid plaque and NFT pathology—as well as neuroinflammation,
circuit-based synaptic transmission, energy metabolism, and neuronal
survival.11"26 Moreover, miRNAs have emerged as promising cere-
brospinal fluid and blood-based diagnostic biomarkers for AD.27-33
However, the extent to which specific miRNAs are dysregulated in
vulnerable brain regions during the onset of AD, including individu-
als with mild cognitive impairment (MCI), a prodromal AD stage,34-38
remains largely underexplored. Further research on the role of specific
miRNAs in AD pathogenesis would advance the potential promise for
microRNA-based therapies as part of a disease-modifying regimen for
AD.

To help understand which miRNAs—as well as their putative mRNA
targets and associated functional pathways—are altered in AD pro-
gression, we sequenced miRNA transcripts in post mortem tissue
obtained from the posterior cingulate cortex (PCC), a key hub of
the resting-state default mode network (DMN) that mediates autobi-

ographical memory retrieval, emotional memory, and attention3?-41

42-45 synaptic loss,*¢ and tau

and displays hypometabolic changes,
pathology*’ in the earliest stages of AD. Post mortem PCC samples
were obtained from Rush Religious Orders Study (RROS) partici-

pants who came to autopsy with a clinical diagnosis of no cognitive

Select miRNAs are associated with AD risk with age as a significant covariate.

MiRNA pathways include insulin, prolactin, kinases, and neurite plasticity.

impairment (NCI), MCI, or AD and who received a post mortem neu-
ropathological evaluation.*8-51 Over the last several years, we*8:52-54
and others®> %% have reported that older adults with an ante mortem
diagnosis of NCI often display high Braak NFT scores upon post
mortem neuropathological evaluation suggestive of cognitive resilience
to AD pathology. To test for potential miRNA markers of cognitive
resilience®® within the context of AD progression, we also examined
differences in miRNA expression between NCI subjects who came
to autopsy with either a post mortem diagnosis of low AD pathol-
ogy (NCI-LP; e.g., Braak stage I/I1) versus NCI subjects with high AD
pathology (NCI-HP, e.g., Braak stage 111/IV).°”-%0 We also correlated
specific miRNA levels with ante mortem clinical test scores and post
mortem diagnostic variables. Finally, we used regression analysis to
identify potential miRNAs associated with dementia risk within the
current cohort. Given the multifactorial role of miRNAs in regulating
neuronal function, these data will aid in determining specific miRNAs
operating within select signaling networks in the PCC that are crit-
ical to the onset of AD pathogenesis and/or that relate to cognitive
resilience in the elderly. The present findings may potentially reveal
key upstream mechanisms leading to therapeutic interventions and
biomarker strategies for AD as well as preservation of cognition in the
elderly.

2 | METHODS

2.1 | Subjects and clinical pathologic assessments
Post mortem PCC tissue samples (n = 39) were obtained from partici-
pants in the RROS, a longitudinal clinical pathologic study of aging and
dementia in elderly Catholic clergy (Tables 1 and 2).*8 Subjects were
classified ante mortem as NCI (n = 20) and subdivided as NCI-LP (Braak
stage /11, n = 8) or NCI-HP/resilience (Braak stage I11/IV, n = 12),57-¢0
MCI (n = 10), or mild/moderate AD (n = 9).

Details of RROS clinical and neuropathologic evaluations and diag-
nostic criteria have been published extensively.*3->1 Briefly, RROS
participants undergo an annual neurological examination and cognitive
performance testing using the Mini-Mental State Examination (MMSE)
and 19 additional neuropsychological tests referable to five cognitive
domains: orientation, attention, memory, language, and perception.*?
Composite scores of episodic memory, semantic memory, working
memory, perceptual speed, and visuospatial ability, as well as acompos-
ite global cognitive z score (GCS), were derived from this test battery
for each subject; NCI subjects did not reveal impairment in any of
these domains within a year of death.?:¢1 Exclusion criteria included
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a history of major depressive disorder, chronic alcoholism, and/or neu-
ropathological evidence of Parkinson’s disease, Lewy body disease,
TAR DNA-binding protein 43 proteinopathy, hippocampal sclerosis, or
large strokes. APOE genotyping was performed as reported.*®

Brain slabs were immersion fixed in 4% paraformaldehyde, cryopro-
tected, cut at 40 pm, and sections immunostained with antibodies
against APP and AB (6E10, 1:400 dilution) and phosphorylated tau
(AT8, 1:250 dilution) for neuropathological evaluation.*® A board-
certified neuropathologist evaluated all cases while blinded to clinical
diagnosis.>! Designations of “normal” (with respect to AD or other
dementing processes), “possible AD,” “probable AD,” or “definite AD”
were based on semi-quantitative estimation of neuritic plaque den-
sity, an age-related senile plaque score, and presence or absence of
dementia as established by the Consortium to Establish a Registry
for Alzheimer’s Disease (CERAD).62 Braak scores based on the stag-
ing of NFT pathology were established for each case.®® Cases also
received a National Institute on Aging (NIA)-Reagan likelihood of
AD diagnosis based on neuritic plaque and tangle pathology.®* Semi-
guantitative estimates of global diffuse plaques, neuritic plaques, and
NFTs were also derived from summary evaluations of entorhinal cor-
tex; hippocampus; and midtemporal, inferior parietal, and midfrontal
cortices.® The “ABC” algorithm for the diagnosis of AD®° is currently
being applied to all RROS cases.

2.2 | Preparation of tissue, miRNA-seq, and
post-processing

PCC samples were collected free of white matter using fiduciary land-
marks defined by the corpus callosum inferiorly, Brodmann area 24
anteriorly, and precuneal cortex dorsally®® and then flash frozen and
stored at -80°C until processing for miRNA-seq. Total RNA (~ 1 pg)
was extracted using the mirVana miRNA Isolation Kit (Ambion) to
enrich for small RNAs.67-68 RNA quality was assessed using an Agi-
lent Bioanalyzer and all samples selected for analysis displayed RNA
Integrity Number values > 7. RNA samples were sequenced using
2 x 50 paired-end configuration on the Illumina platform (GeneWiz
Next Generation Sequencing). Sequence reads were trimmed to
remove possible adapter sequences at the 3’ end. After trimming,
sequence reads with 15 to 31 nucleotides were retained for sub-
sequent analysis. Raw data were extracted from FastQ files using
a custom R script and short sequences identified in the samples
were searched against miRBase 21 for annotation. The hit counts
for each small RNA were used as quantitative expression values. The

experimenters were blinded to all subject data.

2.3 | Data analysis

Demographic, clinical, and pathological variables among the subject
groups were screened by the Shapiro-Wilk test for normality and
then compared by either one-way analysis of variance (ANOVA) or

the Kruskal-Wallis test with post hoc corrections for multiple com-
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using PubMed and identified rigorous studies from
human brain samples, rodent models, and in vitro con-
structs demonstrating a potentially critical upstream role
of microRNA (miRNA) dysregulation in the pathophys-
iology of Alzheimer’s disease (AD; cited in the present
article). However, the extent to which miRNA dysregula-
tion is involved in prodromal and preclinical stages of AD
such as mild cognitive impairment (MCI) and resilience
was not well established.

2. Interpretation: Our findings from human post mortem
posterior cingulate cortex samples validate the concept
that select groups of miRNAs are dysregulated in AD, yet
also show that other groups of miRNAs distinguish MClI,
resilience, associations with cognitive and neuropatho-
logical variables, and AD risk.

3. Future directions: The key miRNAs identified in this
study are candidates for further functional studies to
delineate their mechanistic impact on AD progression
and their potential as therapeutic targets. They can also
be explored further as fluid biomarkers for AD.

parisons. Fisher exact test was used to compare sex and APOE ¢4
allele distribution across the groups. Differential gene expression anal-
ysis was conducted using R (v3.3.2). A false discovery rate (FDR) was
set at 0.4 and level of significance was set at « = 0.05. Spearman
correlation was used to test for associations between miRNA expres-
sion level and clinical pathologic criteria. Ordinal logistic regression®?
was used to relate the probability of AD, MCI, and NCI associated
with high or low pathology to levels of selected miRNAs, along with
potential covariates of age, sex, and presence of at least one APOE ¢4
allele. Competing models with different covariates were compared by
second-order Akaike information criterion (AlCc),”° with entropically
favored models selected for analysis by ANOVA.

2.4 | mRNA target identification and pathway
enrichment

TarBase v9.0 was used as a conservative approach to identify verified
and manually curated, direct human miRNA-mRNA interactions with
an algorithm-generated prediction score of 1.0 (highest confidence).”?
Putative interaction networks of miRNA-regulated gene/protein prod-
ucts were created using K means clustering in the Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING) V11 database.”?
Unconnected genes were filtered out of the final STRING interactome
diagrams. Pathway enrichment was performed using Pathview data

integration and visualization software’3 with Kyoto Encyclopedia of
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TABLE 1 Subject demographic and clinical neuropathologic characteristics.

Diagnosis
NCI-LP NCI-HP MCI AD
(n=8) (n=12) (n=10) (n=9) p value Pair-wise comparison
Age (years) at death 83.9+47 89.1+55 87.0+4.3 90.2+4.3 0.01° (NCI-HP,MCI, AD) > NCI-LP
(75-90) (82-95) (81-91) (87-94)
Number (%) of males 4 (50%) 4(33%) 5(50%) 3(33%) 0.24¢ -
Years of education 174+ 3.8 18.3+2.4 170+ 2.7 178+2.3 0.67° -
(12-21) (14-23) (12-20) (14-20)
% with APOE ¢4 allele 2(25%) 3(25%) 3(30%) 3(33%) 0.54¢ -
MMSE 28.6+1.3 283+14 250+31 17.3+5.1 <0.00012 (NCI-LP, NCI-HP, MCI) > AD
(27-30) (27-30) (23-29) (10-24)
Global cognitive score 0.2+0.3 0.0+0.3 -0.6+0.3 -1.6+06 < 0.0001° (NCI-LP, NCI-HP) > (MCI, AD)
(-0.2-0.4) (-0.5-0.4) (-1.2--0.2) (-2.6- -0.7)
Episodic memory 04+0.3 0.3+0.4 -0.7+04 -2.1+1.0 <0.0001? (NCI-LP, NCI-HP) > (MCI, AD)
(-0.2-0.8) (-0.4-0.9) (-0.2-1.5) (-3.7--0.7)
Semantic memory 0.3+0.3 0.0+04 -0.3+0.6 -1.3+08 <0.00012 (NCI-LP, NCI-HP) > (MCI, AD)
(0.1-1.0) (-0.2-0.8) (-1.6-0.1) (-3.0- -0.4)
Working memory -0.1+0.6 -0.1+0.5 —-0.6+0.5 -1.2+08 0.002° (NCI-LP,NCI-HP) > AD
(-1.0-0.7) (-0.8-0.5) (-1.3-0.4) (-2.8--0.1)
Perceptual speed -0.2+0.8 -0.3+0.6 -0.9+06 -1.6+0.8 0.001? (NCI-LP, NCI-HP) > AD
(-1.2-1.2) (-1.2-0.5) (—1.8-0.2) (-3.0- -0.6)
Visuospatial Ability -0.1+04 -0.2+0.6 —-0.5+0.5 -1.3+05 0.0003 (NCI-LP,NCI-HP) > AD
(-0.5-0.7) (-0.6-0.7) (-1.4-0.4) (-2.6- -0.9)
PMiI (hours): 6.6 +2.5 51+17 58+2.7 51+20 0.42° -
(3.0-10.7) (3.1-8.0) (2.0-10.4) (2.9-8.2)
CERAD: 0.003° AD > (NCI-LP, MCl)
No AD 5 3 3 0
Possible 1 1 0 0
Probable 1 6 6 2
Definite 1 2 1 7
Braak scores: <0.0001° (NCI-HP, MCI, AD) > NCI-LP
0 0 0 0 0
171l 8 0 0 0
1/1v 0 12 8 4
V/VI 0 0 2 5
NIA Reagan: 0.0008° AD > NCI-LP
No 0 0 0 0
Low 7 4 3 1
Intermediate 1 8 6 5
High 0 0 1 4
Diffuse plaque load 33.6+51.2 58.3 +60.4 535+70.3 76.4 +28.9 0.09° -
(0-118) (0-191) (0-291) (29-121)
(Continues)
Genes and Genomes (KEGG) functional annotation.”* Pathview param- 3 | RESULTS
eters were set to produce pathway diagrams that strongly linked to our
miRNA-mRNA target genes at p < 0.01. To maintain a conservative 3.1 | Subject characteristics

approach, only target mRNAs confirmed by at least two independent
published experiments via TarBase were analyzed by STRING and
Pathview.

Demographic variables, ante mortem clinical data including neuropsy-

chological test scores, and post mortem neuropathology diagnostic
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TABLE 1 (Continued)
Diagnosis
NCI-LP NCI-HP MCI AD
(n=8) (n=12) (n=10) (n=9) p value Pair-wise comparison
Neuritic plague load 19.5+37.1 35.3+324 40.4 +42.1 103.3 +45.2 0.002° AD > (NCI-LP, NCI-HP, MClI)
(0-106) (0-108) (0-135) (49-196)
NFT tangle load 56+39 47.5+25.1 41.0+23.7 110.0 + 66.7 < 0.0001 (NCI-HP, AD) >
(1-12) (27-110) (20-88) (18—237) NCI-LP

Note: Data shown as mean + standard deviation (range).

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; MCI, mild cognitive
impairment; miRNAs, microRNAs; MMSE, Mini-Mental State Examination; mTOR, mammalian target of rapamycin; NCI-HP, no cognitive impairment patients
with high AD pathology; NCI-LP, no cognitive impairment patients with low AD pathology; NFT, neurofibrillary tangle; NIA, National Institute on Aging; PCC,

posterior cingulate cortex; PMI, post mortem interval.

20ne-way analysis of variance with Bonferroni correction for multiple comparisons.

bKruskal-Wallis test with Dunn test for multiple comparisons.
CFisher’s exact test.

criteria for the subjects (n = 39) are shown in Table 1. There were no
significant differences in sex, years of education, post mortem interval
(PMI), or possession of at least one APOE ¢4 allele across groups. By
contrast, the NCI-LP group was younger in age than the NCI-HP, MClI,
and AD groups (p = 0.01). Subjects with AD had significantly lower
MMSE scores (p < 0.0001), whereas the MCl and AD groups displayed
a lower GCS than the NCI groups (p < 0.0001). Comparisons of ante
mortem performance on composite measures of episodic, semantic, and
working memory, as well as perceptual speed and visuospatial ability,
are shown in Table 1. Neuropathologically, the NCl group was quite het-
erogeneous and the NCI-HP subgroup overlapped with the MCl group,
suggesting the presence of resilience.>? 5% 7> For instance, NCI-LP sub-
jects met the criteria for Braak NFT stages /1l (100%), whereas the
NCI-HP subjects were categorized as Braak NFT stages IlI/IV (100%),
whereas MCI subjects were categorized as either Braak NFT stages
1I/IV (80%) or V/VI (20%). Distribution of Braak scores were signifi-
cantly different between the AD and NCI/MCl groups (p < 0.0001). By
contrast, CERAD neuritic plaque scores were higher in the AD group
compared to the NCI-LP and MCl groups (p = 0.003); ~ 62% of NCI-LP
subjects were classified as “No AD,” while ~ 66% of the NCI-HP sub-
jects were classified as “Probable AD” or “Definite AD.” The AD group
displayed a significantly greater degree of amyloid and NFT pathol-
ogy than the NCI-LP group based on NIA-Reagan criteria (p = 0.0008,
Table 1). Comparisons of global diffuse plaque, neuritic plaque,
and NFT load (see Methods) among the groups are also shown in
Table 1.

3.2 | PCC miRNA dysregulation during the
progression of AD

Differential gene expression analysis of the miRNA sequencing dataset
identified 36 individual miRNAs or miRNA gene families that were
differentially expressed within the PCC comparing the subjects by
clinical status (Table 2), which fell into two main categories: (1) miR-
NAs with significantly decreased expression levels in AD compared to

NCI/MCI, and (2) miRNAs upregulated in MCI compared to NCI/AD,
which may represent limbic cortical cellular plasticity to mounting AD
pathology within the PCC.>%7¢778 |n addition, a secondary differen-
tial gene expression analysis of the NCI group, as well as separate
Spearman correlation and linear ordinal regression analyses of the
entire dataset, revealed three more notable miRNA groupings: (3)
miRNAs differentiating NCI-HP from NCI-LP subjects, which may be
related to resilience, 85357760 (4) miRNAs with altered expression
levels associated with ante mortem neuropsychological test scores
and/or post mortem neuropathological diagnostic criteria, and (5) miR-
NAs with expression levels related to AD risk, with age, sex, and
APOE status as covariates.>® Sequencing data files have been submit-
ted to the GEO database and are available from the corresponding

author.

3.3 |
of AD

Group 1: PCC miRNAs involved in the onset

The preponderance of significant miRNA expression level changes
(22/36; ~ 61%) were identified as decreased in mild/moderate AD com-
pared to NCI/MCI, including let-7d (p = 0.004), miR-504 (p = 0.009),
and miRs-664a/b (p = 0.005; Table 2). The predicted mRNA targets
for the miRNAs are shown in Table S1 in supporting information. The
stringency of the target prediction analysis precluded representation
of all the AD-related miRNAs. However, STRING analysis of the most
highly validated mRNA targets revealed a large potential functional
interactome with hubs including insulin receptor substrate 1 (IRS1),
transforming growth factor beta receptor 1 (TGFBR1), and mitogen-
activated protein kinase kinase kinase 1 (MAP3K1), suggesting miRNA
regulation of multiple cell signaling pathways including those mediated
by insulin and transforming growth factor beta (TGF-f) receptors, both
of which recruit mitogen-activated protein kinase (MAPK) members as
second messengers (Figure 1A).7% 80

Pathview functional enrichment analysis’® revealed that AD-
related miRNAs may be regulating mRNA targets operating in five
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TABLE 2 Differentially expressed miRNAs among the diagnostic groups.

Groupwise
miRNAs NCI MCI AD p value comparisons
let-7a.1_let-7a.2_let-7a.3 118,829.50 + 68,581.73 169,457.60 + 64,857.85 87,134.78 + 50,012.67 0.03° MCI > AD; d = 1.42¢
let-7d 652.90 + 207.35 891.90 + 349.01 469.89 + 138.13 0.004 MCI > AD; d=1.59
let-7f.1 44.55 + 16.85 57.60 + 19.18 34.78 + 12.20 0.02 MCI > AD;d=1.42
miR-1229 19.15 + 14.02 22.10 + 12.62 10.22 + 9.32 0.02 MCI > AD; d=1.07
miR-126 24,009.60 + 11,454.72 35,203.10 + 12,328.70 19,531.33 + 9,903.46 0.03 MCI > AD; d=1.40
miR-1271 378.25 + 175.46 543.90 + 321.18 268.89 + 131.95 0.02 MCI >AD;d=1.12
miR-146a 543.80 + 225.91 837.40 + 216.75 574.89 + 139.00 0.005 MCI>NCIl;d=1.33
miR-16.1_miR-16.2 11,750.35 + 5,017.05 13,380.90 + 3,974.12 8,222.22 + 2,545.36 0.04 MCI > AD; d=1.55
miR-191 50,885.60 + 21,107.10 68,616.70 + 21,789.84 38,856.22 + 15,781.66 0.01 MCI > AD;d=1.56
miR-192 5,611.25 + 2,097.24 7,578.70 + 2,388.20 4,493.56 + 1,612.70 0.02 MCI > AD;d=1.51
miR-1983 47.15 + 22.13 72.20 + 27.84 36.56 + 29.53 0.009 MCI>AD;d=1.24
miR-204 12,330.95 + 4,566.45 17,452.60 + 5,437.25 9,216.33 + 3,501.52 0.004 MCI > AD; d = 1.80
miR-218.1 16.20 + 10.51 21.40 + 8.33 8.78 + 3.38 0.01 MCI>AD;d=1.99
miR-2467 98.95 + 48.24 136.90 + 42.10 81.22 + 42.48 0.03 MCI > AD;d=1.32
miR-3074 1,313.05 + 482.43 1,968.40 + 887.54 1,139.00 + 344.00 0.03 MCI>AD;d=1.23
miR-30a 2,135.95 + 764.45 3,197.10 + 874.54 1,863.11 + 716.87 0.006 MCI > NClI, AD;

d=1.28,1.65
miR-30e 2,031.90 + 736.03 2,798.00 + 716.56 1,771.00 + 673.88 0.01 MCI > AD;d=1.48
miR-3117 37.30 + 21.89 56.00 + 19.94 26.11 + 8.65 0.008 MCI > AD; d=1.94
miR-3560 8.15 + 4.02 13.50 + 4.79 10.56 + 5.64 0.03 MCI>NCl;d=1.21
miR-362 84.85 + 43.98 183.20 + 87.82 105.00 + 68.49 0.01 MCI > NCl; d =1.42
miR-374a 353.05 + 144.34 547.10 + 139.98 337.89 + 113.52 0.004 MCI > NCI, AD;

d=1.36,1.64
miR-374b 520.70 + 303.93 753.50 + 238.09 554.00 + 173.48 0.02 MCI > NCI; d=0.85
miR-501 489.75 + 149.66 771.80 + 24291 447.89 + 184.34 0.005 MCI > NCI, AD;
d=1.40,1.50
miR-504 263.25 + 163.89 354.20 + 147.63 143.78 + 91.14 0.009 MCI > AD;d=1.72
miR-589 183.40 + 84.54 280.10 + 83.55 181.78 + 75.54 0.02 MCI > NCI, AD;
d=1.15
miR-6511a.1_miR- 116.80 + 45.30 146.50 + 43.32 82.00 + 71.10 0.02 MCI > AD;d=1.10
6511a.2_ miR-6511a.3
miR-6511a.4
miR-664a 303.50 + 133.08 418.00 + 141.88 196.67 + 81.99 0.005 MCI>AD;d=1.91
miR-664b 26.60 + 9.78 3140 + 11.89 14.89 + 6.64 0.005 NCI, MCI > AD;
d=140,171
miR-99a 11,476.30 + 3,965.20 16,165.50 + 4,077.75 10,164.44 + 3,665.41 0.01 NCI, MCI > AD;
d=0.34,1.55
miRNAs associated with
resilience NCI-LP¢ NCI-HP
miR-211 2.00(2.00, 9.00) 59.00(11.00, 73.00) 0.003
miR-429 6.00 (2.25, 8.00) 3.50(2.00, 7.00) 0.01
miR-193a 44.00(29.25,74.50) 68.00(18.50, 74.25) 0.01
let-7D 637.00 (383.75, 724.25) 660.00 (578.25,835.50) 0.02
miR-467 124.00(65.75, 176.50) 82.00 (49.00, 126.75) 0.02

(Continues)
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TABLE 2 (Continued)
miRNAs associated with
resilience NCI-LP¢ NCI-HP
miR-32 6.00 (4.00, 6.00) 5.50(4.00, 7.00) 0.02
miR-190a_1 13.00 (8.25, 15.00) 11.00(7.00, 15.25) 0.03
miR-320c_ 15.50(11.00, 21.00) 11.00 (6.00, 14.75) 0.04
miR-499a 69.00 (40.50, 90.25) 49.00(27.25,55.00) 0.04
miR-887 343.00(140.25,373.75) 247.00(114.25,286.00)  0.04
miR-99b 11.00(6.25,13.75) 14.00(7.75, 27.25) 0.04

Abbreviations: AD, Alzheimer’s disease; FDR, false discovery rate; miRNAs, microRNAs; NCI, no cognitive impairment; NCI-HP, no cognitive impairment
patients with high AD pathology; NCI-LP, no cognitive impairment patients with low AD pathology; NFT, neurofibrillary tangle.

2Mean + standard deviation.

PFDR significance level = 0.04.
“Between-group effect sizes via Cohend.
dMedian (25th percentile, 5th percentile).
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FIGURE 1

Putative protein-protein interactions and pathways of genes targeted by differentially expressed miRNAs PCC of AD subjects. A,

STRING interactome diagram shows putative functional relationships among mRNAs targeted by AD-specific miRNAs. Pathview diagrams show
functionally enriched (B) insulin and (C) mTOR signaling pathways. Genes/proteins in red are functional interaction nodes for mRNA targets of
AD-related miRNAs in PCC. AD, Alzheimer’s disease; miRNAs, microRNAs; mRNA, messenger RNA; mTOR, mammalian target of rapamycin; PCC,
posterior cingulate cortex; STRING, Search Tool for the Retrieval of Interacting Genes/Proteins

different signaling pathways: insulin, mammalian target of rapamycin
(mTOR), MAPK, neurotrophin, and prolactin (Table S2 in supporting
information). Each of these pathways has been implicated in AD,81-8>
and the present dataset suggests that altered miRNA regulatory net-
works play a critical upstream role in mediating the integrity of
these pathways during disease progression. Nodes of interaction for
AD-related miRNA targets within the two most strongly connected
pathways—insulin and mTOR—are shown in Figure 1B and Figure 1C,
respectively.

3.4 | Group 2: MCl-specific PCC miRNA
dysregulation—putative plasticity responses

A second class of differentially expressed miRNAs comprising miR-30a
(p = 0.006), miR-374a (p = 0.004), miR-501 (p = 0.005), and miR-589
(p = 0.02) was specifically upregulated in MCI compared to NCI and
AD (Table 2). The predicted mRNA targets for the miRNAs are shown
in Table S3 in supporting information. STRING interactome analysis of
the mRNA targets identified heat-shock protein 90 alpha family class
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FIGURE 2 Putative protein-protein interactions and pathways of genes targeted by miRNAs upregulated in PCC of MCl compared to NCl and
AD subjects. A, STRING interactome diagram show putative functional relationships among mRNAs targeted by MCl-specific miRNAs. Pathview
diagrams show functionally enriched (B) prolactin and (C) MAPK signaling pathways. Genes/proteins in red are functional interaction nodes for
mRNA targets of miRNAs upregulated in PCC of MCl subjects. ¥ MAPK pathway interaction nodes for AD-related miRNAs; #, MAPK pathway
interaction nodes for resilience-related miRNAs. AD, Alzheimer’s disease; MAPK, mitogen-activated protein kinase; MCI, mild cognitive
impairment; miRNAs, microRNAs; mRNA, messenger RNA; NCI, no cognitive impairment; PCC, posterior cingulate cortex; STRING, Search Tool

for the Retrieval of Interacting Genes/Proteins.

B member 1 (HSP90AB1) as a major hub (Figure 2A), suggesting a
role for this chaperone in mediating MCl-related miRNA responses
in PCC. STRING analysis also identified a cluster of transcription reg-
ulatory genes including activating transcription factor 2 (ATF2), also
known as cyclic AMP-responsive element-binding protein 2 (CREB2);
Fos proto-oncogene, AP-1 transcription factor subunit (FOS); embry-
onic ectoderm development (EED); and snail family transcriptional
repressor 1 (SNA1), suggesting an additional upstream reorganization
of miRNA expression that redirects the transcriptional machinery in
PCC during MCI (Figure 2A).

In tandem with the functional clues to MCl-specific miRNA alter-
ations provided by STRING, Pathview functional enrichment analysis
uncovered interactions with several cell signaling pathways including
prolactin, MAPK, phosphatidylinositol 3-kinase/AKT-serine/threonine
kinase (PIBK-AKT), TGF-B, and estrogen (Table S4 in supporting infor-
mation). Nodes of interaction for the MCl-related miRNA targets
within the two most strongly connected pathways—prolactin and

MAPK—are shown in Figure 2B and Figure 2C, respectively.

3.5 | Group 3: PCC miRNAs related to resilience in
NCI subjects

We performed a secondary analysis comparing miRNA levels in NCI-
LP (e.g., Braak NFT stages I/1l) and NCI-HP (e.g., Braak NFT stages
111/1V) to identify potential miRNA alterations in PCC associated with
resilience in NCI-HP subjects. Bidirectional changes in specific miR-
NAs were identified between the two subgroups (Table 2). miR-211
(p = 0.003) and miR-193a (p = 0.01) were downregulated, whereas
miR-429 (p = 0.01) and miR-467 (p = 0.02) were upregulated, in NCI-
HP subjects compared to NCI-LP subjects. PCC levels of let-7d, which
were downregulated in AD compared to MCI, were also downreg-
ulated in NCI-HP versus NCI-LP subjects (p = 0.02, Table 2). The
predicted mRNA targets for the NCl/resilience-related miRNAs are
shownin Table S5 in supporting information. STRING interactome anal-
ysis of the targets identified Jun proto-oncogene, AP-1 transcription
factor subunit (JUN) as a major hub (Figure 3A), suggesting a role for

this transcription factor in orchestrating the functional outcome of
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FIGURE 3 Putative protein-protein interactions and pathways of genes targeted by resilience-related miRNAs differentially expressed in
PCC of NCI-HP compared to NCI-LP subjects. A, STRING interactome diagram show putative functional relationships among mRNAs targeted by
resilience-associated miRNAs. Pathview diagrams show functionally enriched (B) Dorso-ventral axis formation and (C) focal adhesion pathways.
Genes/proteins in red are functional interaction nodes for mMRNA targets of miRNAs differentially expressed in NCI-HP versus NCI-LP subjects.
NCI-HP, no cognitive impairment patients with high AD pathology; NCI-LP, no cognitive impairment patients with low AD pathology; miRNAs,
microRNAs; mRNA, messenger RNA; PCC, posterior cingulate cortex; STRING, Search Tool for the Retrieval of Interacting Genes/Proteins.

miRNA alterations within PCC in the face of increasing AD pathol-
ogy. JUN activation is elicited by neurotransmitter, neurotrophin, and
cytokine receptors,8® resulting in heterodimerization with FOS fam-
ily members and other binding partners to form AP-1 and ATF-CREB
transcription factor complexes, which regulate immediate-early gene
expression, particularly during cell differentiation, stress responses,
and apoptosis.8”~87 Also of interest was that JUN displayed connectiv-
ity with the repressor element 1-silencing transcription factor (REST),
whichis reduced in MCl and AD and is neuroprotective against various
neuronal stressors such as A and oxidative stress.”® Three additional
small interactomes included the dendritic spine protein cofilin 2 (CFL2),
the cell adhesion molecules Integrin Subunit Alpha 5/V (ITAG5/V) and
TIMP metallopeptidase inhibitor 2 (TIMP2), and neurofilament heavy
and light chains (NEFL/NEFH; Figure 3A).

Pathview functional enrichment analysis revealed several mMRNA
target pathways with potential relevance to the NCI-HP/resilience-
associated miRNAs, including dorso-ventral axis formation, focal
adhesion, regulation of actin cytoskeleton, and extracellular matrix
(ECM)-receptor interaction, along with MAPK, PISK-AKT, and ErbB

signaling pathways (Table Sé in supporting information). Nodes of

interaction for the NCl/resilience-related genes within the two most
strongly connected pathways-dorso-ventral axis formation and focal
adhesion—are shown in Figure 3B and Figure 3C, respectively.

3.6 | Group 4: PCC miRNAs associated with
clinical pathologic variables

We also tested for associations between PCC miRNA alterations and
either ante mortem neuropsychological test scores or post mortem
neuropathological variables across the NCI, MCI, and AD subjects. Sig-
nificant associations are shown in Table 3. Decreasing levels of let-7d,
which was downregulated in AD and NCI-HP versus NCI-LP cases,
were associated with poorer performance on semantic memory tests
(r=0.45, p = 0.004) and GCS (r = 0.38, p = 0.02), whereas decreasing
levels of miR-664b, which was also downregulated in AD, were associ-
ated with poorer performance on tests of semantic memory (r = 0.44,
p=0.004), episodic memory (r=0.41, p=0009), and visuospatial orien-
tation (r=0.45, p = 0.004) in addition to GCS (r = 0.45, p = 0.004). The

predicted mRNA targets for the cognition-related miRNAs are shown
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TABLE 3 Correlation of PCC miRNAs with neuropsychological
test scores and AD neuropathology.

miRNA Correlation  pvalue
Global cognitive let-7d r=0.38 p=0.02
score miR-4634 r=0.45 p=0.005
miR-664b r=0.45 p=0.004
Episodic memory miR-4634 r=041 p=0.01
miR-664b r=041 p=0.009
Semantic memory  let-7d r=0.45 p=0.004
miR-6511a r=0.33 p=0.04
miR-664b r=0.44 p=0.004
Working memory  miR-218_1 r=0.33 p=0.04
miR-4634 r=0.45 p=0.005
Visuospatial miR-504 r=0.33 p=0.04
miR-664b r=0.45 p=0.004
CERAD stage miR-218_1 r=0.34 p=0.03
Braak NFT stage miR-211 r=-0.33 p=0.04
miR-3587 r=0.40 p=0.01
miR-3968 r=-0.43 p=0.006
miR-4634 r=-0.47 p=0.003
miR-4705 r=0.35 p=0.03
NIA Reagan miR-4634 r=-0.36 p=0.03
Diffuse plaque miR-1983 r=-0.38 p=0.02
load miR-218_1 r=-0.33 p=0.04
miR-30a r=-0.34 p=0.03
miR-4634 r=-0.45 p=0.005
miR-501 r=0-0.38 p=0.02
Neuritic plaque miR-1229 r=-0.37 p=0.02
load miR-1983 r=-0.37 p=0.02
miR-218_1 r=-0.37 p=0.02
miR-664b r=-0.33 p=0.04
NFT load let-7a1/let-7a2 r=-0.33 p=0.04
let-7d r=-0.51 p=0.001
miR-16_1/miR-16_ 2 r=-0.34 p=0.03
miR-191 r=-0.38 p=0.02
miR-204 r=-0.37 p=0.02
miR-211 r=-0.37 p=0.02
miR-3968 r=-043 p=0.007
miR-4634 r=-0.44 p=0.006
miR-504 r=-045 p=0.004
miR-6511a r=-0.41 p=0.001
miR-664a r=-0.46 p=0.003
miR-664b r=-041 p=0.01

Abbreviations: AD, Alzheimer’s disease; CERAD, Consortium to Establish a
Registry for Alzheimer’s Disease; miRNAs, microRNAs; NFT, neurofibrillary
tangle; NIA, National Institute on Aging; PCC, posterior cingulate cortex.

in Table S7 in supporting information and reveal that only putative
mRNA targets of let-7d and miR-664b were identified. Pathway enrich-
ment analysis revealed that the pathway most strongly linked with
miRNA alterations associated with cognitive test scores was protein
processing in endoplasmic reticulum (ER); nodes of interaction within
this pathway are shown in Figure S1A in supporting information.
Among the multiple miRNAs associated with neuropathology
(Table 3), decreasing levels of miR-4634 in PCC, which were not dif-
ferentially expressed across the diagnostic groups, were inversely
associated with increasing NFT load (r = —0.44, p = 0.006) and Braak

stage (r = —0.47, p = 0.003) as well as increasing diffuse plaque
load (r = —0.45, p = 0.005) and NIA-Reagan likelihood of AD scores
(r = —0.36, p = 0.03). Levels of miR-4634 were also associated with
episodic memory (r = 0.41, p = 0.01), working memory (r = 0.45,
p = 0.005), and GCS (r = 0.45, p = 0.005), suggesting this miRNA is a
prime target for future exploration. The predicted mRNA targets for
the pathology-related miRNAs are shown in Table S8 in supporting
information. Pathway enrichment analysis revealed that the pathway
most strongly linked with miRNAs associated with plaque and NFT
neuropathology scores was Janus kinase-signal transducer and acti-
vator of transcription (JAK-STAT) signaling, with interaction nodes
concentrated at the level of membrane-bound JAK non-receptor pro-
tein tyrosine kinases (Figure S1B). Enrichment pathways for cognition-
and pathology-related miRNAs are shown in Table S9 in supporting
information.

3.7 | Group 5: PCC miRNAs related to AD risk

We leveraged ordinal logistic regression techniques to determine
which miRNAs displayed expression changes associated with the like-
lihood of AD, with potential covariates such as age, sex, and APOE
¢4 status. We identified seven miRNAs associated with differences
in probabilities of the four diagnostic groups (NCI-LP, NCI-HP, MClI,
and AD): miR-32, miR-3560, miR-6500, miR-101a, miR-183, miR-142b,
and miR-374 (Table 4). Of these, miR-32 was increased in NCI-HP
compared to NCI-LP subjects (p = 0.02) and miR-3560 was upregu-
lated in MCI compared to NCI (p = 0.03, Table 2). When we analyzed
miRNA effects on the likelihood of each diagnosis, along with potential
covariates, AlCc comparison revealed that age was the most influ-
ential. We found that increasing miR-32 levels were associated with
increased AD probability and reduced NCI-LP probability at ages 75
to 85 (Figure 4A). However, elevated miR-32 levels were associated
with decreased AD probability and elevation of NCI-LP probability in
subjects > 85 years (Figure 4B,C). By contrast, increasing miR-3560
levels were associated with elevated AD probability at all ages and
an accompanying reduction in the probability of NCI-LP and other
diagnoses (Figure 4D-F). We also analyzed the relationships between
miR-6500, miR-101a, miR-183, miR-142b, and miR-374 levels and AD
risk. When we tested the potential effects of APOE ¢4 status alongside
the selected miRNAs, we found that APOE ¢4 status had no significant
effect (Figures S2-S4 in supporting information). By contrast, sex influ-
enced miR-183 associations with AD risk, with a potential protective
role in females across age groups (Figure S3, Table S4).

The predicted mRNA targets for the AD risk-related miRNAs are
shown in Table S10 in supporting information. Pathway enrichment
analysis revealed that the pathways most strongly linked with the pre-
dicted mRNA targets of these miRNAs were the PI3K-AKT signaling
pathway and dorso-ventral axis formation (Table S11 in support-
ing information). Intriguingly, these pathways were also enriched for
the resilience-related miRNAs (Table Sé). Nodes of interaction of
mRNAs/proteins targeted by the AD risk miRNAs within the PISK-AKT

signaling pathway are shown in Figure S5 in supporting information.
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TABLE 4 miRNAs associated with AD risk.

Effect 22 (df) p R?
miR-32

Age 11.998(1) <0.001 0.405
miR-32 0.513(1) 0.474 0.244
Age x miR-32 10.647 (1) 0.001 0.193
miR-3560

Age 11.494 (1) <0.001 0.240
miR-3560 7.959 (1) 0.005 0.158
miR-6500

Age 12.691(1) <0.001 0.274
miR-6500 4.307 (1) 0.038 0.200
Age x miR-6500 4.561(1) 0.033 0.082
miR-101a

Age 9.168 (1) 0.002 0.390
miR-101a 0.247 (1) 0.619 0.188
Age x miR-101a 8.602 (1) 0.003 0.165
miR-183

miR-183 4.711(1) 0.030 0.236
Sex 0.437(1) 0.509 0.205
Age 10.695 (1) 0.001 0.196
miR-183 x Sex 10.931(1) <0.001 0.201
miR-142b

Age 9.688 (1) 0.002 0.297
miR-142b 6.738(1) 0.009 0.176
Age x miR-142b 4.613(1) 0.032 0.086
miR-3574

Age 10.789 (1) 0.001 0.238
miR-3574 5.465(1) 0.019 0.112

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Effect 22 (df) p R?2

Age 11.986 (1) <0.001 0.386
miR-32 0.463(1) 0.496 0.233
APOE 0.000(1) 0.990 <0.001
Age x miR-32 9.746 (1) 0.002 0.174
Age 11.865(1) <0.001 0.242
miR-3560 8.607 (1) 0.003 0.168
APOE 1.128 (1) 0.288 0.020
Age 13.332(1) <0.001 0.282
miR-6500 4.414(1) 0.036 0.205
APOE 0.946 (1) 0.331 0.016
Age x miR-6500 4.850(1) 0.028 0.085
Age 9.221 (1) 0.002 0.383
miR-101a 0.259 (1) 0.611 0.178
APOE 0.066 (1) 0.797 0.001
Age x miR-101a 8.173(1) 0.004 0.156
APOE 0.037(1) 0.847 0.196
Age 10.692 (1) 0.001 0.172
miR-183 4.694 (1) 0.030 0.149
Sex 0.460(1) 0.498 <0.001
miR-183 x Sex 10.261 (1) 0.001 0.141
APOE 0.167 (1) 0.683 0.294
Age 9.624 (1) 0.002 0.175
miR-142b 6.436 (1) 0.011 0.003
Age x miR-142b 4.425(1) 0.035 0.088
Age 14.312(1) <0.001 0.301
miR-3574 6.277 (1) 0.012 0.118
APOE 0.675(1) 0411 0.071
Age x APOE 3.244 (1) 0.072 0.059

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; miRNAs, microRNAs.

4 | DISCUSSION

We show that select miRNAs are altered within the PCC, a critical
region for episodic memory and attentional function,’! during the
onset of AD, prodromal MCI, and in NCI cases displaying putative cog-
nitive resilience. We also demonstrate that several miRNA clusters are
associated with ante mortem cognitive performance and post mortem
neuropathological burden and that others may influence AD risk.
These miRNA groups appear to regulate a wide variety of functional

pathways, as discussed below.

4.1 | PCC miRNAs dysregulated during the onset
of AD: involvement in insulin and mTOR signaling

Insulin expression has been noted in rodent and human cortex and

hippocampus?2-74

and AD progression is characterized by defective
brain insulin signaling, as evidenced by reduced insulin receptor
binding and subsequent loss of IRS1 (Figure 1A) activation and down-
stream PI3K-AKT (Figure S5) and MAPK (Figure 2C) signaling.83 95 %¢
A key manifestation is impaired cellular energy metabolism and oxida-

tive stress, which further perturbates defective insulin signaling.?”
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with low AD pathology.

Moreover, type 2 diabetes mellitus is a risk factor for dementia, and
insulin-sensitizing drugs have shown therapeutic promise for the
disease.”®7190 |n this regard, given the rising popularity of glucagon-
like peptide-1 (GLP-1) receptor agonists and similar incretin mimetics
for diabetes and weight loss, it will be interesting to gauge AD risk
reduction in those patients in future studies.%°

The association of mTOR signaling pathways in disrupting
autophagy in AD has also been well described.8’ 191 However, it
is notable that sustained mTOR activation is also associated with
IRS1 inhibition, thus playing a role in insulin pathway impairments.102
Furthermore, neurons co-expressing tau pathology and activated
mTOR display decreased mitochondrial antioxidant enzymes and
higher levels of oxidative damage.’%® These data suggest that miRNA
perturbations during the onset of AD are linked to promoting or
preventing cellular damage and impaired energy metabolism through
insulin and mTOR signaling pathways.

4.2 | PCC miRNAs dysregulated during MCI:
involvement of prolactin and MAPK signaling

While prolactin is best known for its role in lactation, prolactin
receptors are expressed by neurons and glia in the cortex and
hippocampus,%4 where prolactin signaling regulates the expression
of glutamatergic (e.g., vesicular glutamate transporter 1 [SLC17A7]),
cholinergic (e.g., choline acetyltransferase [CHAT]), and catecholamin-
ergic (e.g., adrenoceptor alpha 2 [ADRA2A] and dopamine recep-
tor 2 [DRD2]) genes, axonal guidance genes (e.g., semaphore 3A
[SEMA3A], which interacts with HSP9OAB1 [Figure 2A]);32 105,106

and hippocampal neurogenesis.’%7 A prospective cerebrospinal fluid
biomarker study of control and AD subjects found that increased
prolactin levels were significantly associated with decreased AB4.42

levels,108

and increases in prolactin levels are associated with insulin

resistance.10? 110 These findings suggest a role for miRNA expres-
sion alterations in regulating energy metabolism within PCC during
MCI and AD via their co-regulation of interacting prolactin and insulin
pathways.

The role of MAPK serine/threonine kinases such as those com-
prising the extracellular-regulated kinase (ERK), p38 MAPK, and
stress-activated c-Jun N-terminal kinase (JNK) families in AD has
been appreciated for decades.’'! In addition to their physiological
role in cognitive behavior as downstream second messengers of gluta-
matergic, cholinergic, noradrenergic, dopaminergic, and neurotrophin
receptors,®¢ these kinases have been implicated in tau hyperphospho-
rylation, AB aggregation, neuroinflammation, and synaptic deficits.®°
Small molecule modulators of ERK, p38 MAPK, and JNK are active
areas of therapeutic investigation for AD.8>

Notably, MAPK signaling emerged as the only functional enrich-
ment pathway shared by the AD-, MCI-, and NCl/resilience-related
miRNA target genes (see below and Figure 2C), and MAPK signal-
ing is an essential mediator for most of the functionally enriched cell
signaling pathways in these datasets.’*2 Other miRNA modulators of
MAPKs have been observed in different datasets. In particular, the
miR-132/212 specifically targets ERK1 and ERK2 as well as tau (MAPT)
and sirtuin 1 (SIRT1) transcripts,'*® and we previously showed that
miR-132/212 transcripts are transiently downregulated in the frontal
cortex of MCI subjects.”® Follow-up in vitro studies revealed that

experimental downregulation of miR-132/212 protected human neu-
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ronotypic cultures from Ag-induced cell death via a SIRT1-dependent
manner.”®

4.3 | PCC miRNAs dysregulated during cognitive
resilience: involvement of dorso-ventral axis
formation and focal adhesion pathways

There is little data on dorso-ventral axis formation as a functional
pathway in AD as it is more commonly associated with embry-

onic development,4

although evidence exists for developmental
radial and transverse axis differences in innervation patterns, gene
expression, and sector-specific mediation of cognitive function in the
hippocampus.115-117 |n addition, this functional enrichment category
has been linked to miRNA alterations in response to AS in primary
neurons and increasing pathology in mouse and Drosophila models of
AD.118-120 Hence, while this pathway remains underexplored in AD, it
is intriguing in the context of potential morphological compensatory
pathways associated with resilience. 48 53.57-60

By contrast, focal adhesion pathways mediating communication
between ECM cues and cytoskeletal proteins have been more broadly
implicated in AD.'2! Physiologically, this pathway is required for
growth cone formation, neurite outgrowth, and axon pathfinding via
focal adhesion kinase (FAK) receptors,122:123 which activate focal
adhesions through integrin clustering and ECM mobilization.12* In
contrast, A can bind FAK receptors to induce tau phosphorylation,
dystrophic changes, synaptic loss, and toxicity in primary neurons via
focal adhesion proteins such as integrins and paxillins.124-126

Remarkably, none of the miRNAs associated with resilience in the
present dataset aligned with miRNAs related to resilience in our pre-
vious total RNA sequencing study of PCC in NCI subjects.*® Although
19 of the 20 NCI cases used in the present study matched with the
26 cases used in our previous study, these divergent findings could
be due to several factors including differences in sample size, library
preparation, sequencing strategies, trimming for sequence reads, or
bioinformatic approaches. Then again, the resilience-related miRNAs
identified in our previous dataset were functionally enriched for axon
guidance, glutamatergic synapse, long-term potentiation, and extracel-
lular structure pathways (adherens junction), suggesting a commonal-
ity of resilience-related miRNA changes among the two datasets for
morphological responses and perhaps reflecting upstream regulation
of DMN connectome reorganization within PCC during the preclinical
stages of AD. 48:57.60

4.4 | PCC miRNAs associated with clinical
pathologic variables: involvement of protein
processing in the ER and JAK-STAT signaling

To our knowledge, this is the first study to report miRNA associations
with individual neuropsychological test scores during the progres-
sion of AD. The most significantly linked miRNA pathway associated

with ante mortem cognitive test scores was ER-mediated protein

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

metabolism. Nodes of interaction were associated with N-linked gly-
cosylation (e.g., oligosaccharyltransferase complex subunit [OST]) in
the secretory pathway and with deubiquitination (e.g., OTU deubig-
uitinase 1 [OTU1]) during ER-associated protein catabolism involving
the ubiquitin/proteasome pathway. The role of ubiquitin/proteasomal
system dysfunction and potential therapeutic implications of targeting

127-130 and we have

this system in AD have been reviewed extensively,
demonstrated the dysregulation of gene families associated with ubig-
uitin/proteasome function and other mechanisms of protein turnover
in pre-tangle bearing neurons.'3!

The most significantly linked miRNA pathway associated with
post mortem neuropathological diagnostic criteria was JAK-STAT sig-
naling, which is a driver of neuroinflammation in AD and vascular
contributions to cognitive impairment and dementia.>32-136 |n par-
ticular, pro-inflammatory cytokines such as tumor necrosis factor
alpha (TNFa), interleukins 1 beta (IL-1p), IL-6, and interferon gamma
(INF-y), produced by innate immune cells such as microglia,'®” stim-
ulate intracellular JAK-STAT pathways upon binding their cognate
receptors to amplify the inflammatory cascade, ultimately leading
to oxidative damage, impaired cellular metabolism, and the promo-
tion of tau and amyloid pathology.134 136.138,139 These data suggest
miRNA-mediated pathways regulate proteostasis and neuroinflamma-
tory pathways that influence cognitive status and pathological burden

during the progression of AD.

4.5 | PCC miRNAs associated with AD risk:
involvement of PI3K-AKT signaling

A potential role for the PISK-AKT pathway in AD has been widely
reported®® 140.141 and, similar to the MAPK pathway, PI3K-AKT
second messenger signaling is stimulated by ligand binding to gluta-
matergic, cholinergic, noradrenergic, dopaminergic, and neurotrophin
receptors. This pathway also mediates putative miRNA-associated
mechanisms discussed above, including insulin signaling, mTOR sig-
naling, metabolic, morphologic, and proteostasis pathways.8° 140. 141
Interestingly, these miRNAs appear to exert upstream regulation of
PI3K-AKT signaling at the level of growth factors (GF) and receptor
tyrosine kinases (RTK), integrin receptors (ITGA), and Gg, proteins'42
(Figure S5). Therefore, miRNA regulation of diverse signaling functions
related to growth factor (e.g., neurotrophin) and G protein-coupled
receptors, as well as focal adhesion pathways, may also influence the
risk of AD onset .84 121

4.6 | Study limitations and conclusions

There are several study caveats to consider. First, miRNA databases
are populated primarily by studies from cancer research, where miRNA
pathways have long been recognized as essential regulators of cell
transformation and therapeutic targeting,1*3 so these databases are
likely returning incomplete information about miRNA-mRNA target-

ing in neural circuits, especially those associated with cortico-cortical
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vulnerability. In addition, incomplete information on miRNA targets
precluded unequivocal conclusions about the directionality of change
in the affected functional pathways. While downregulation of the
AD-associated miRNAs implies that insulin and mTOR pathways were
upregulated, this may be a simplistic view because multiple positive
and negative regulators of these pathways are being targeted. Future
studies can be designed to model specific miRNA-mRNA coordinate
interactions to gain a better mechanistic understanding of target
pathway alterations that underlie resilience, MCI, or AD. Moreover,
as miRNA databases are constantly being updated with new target
prediction and functional validation data, the sequencing dataset gen-
erated in this study will provide an invaluable resource for developing
more refined analyses of the intricate regulation of protective and
pathogenic protein expression orchestrated by miRNAs during the
progression of AD, with critical insights into PCC functionality within
the DMN.*! Functional validation in in vitro and animal models!3 17
is also needed to gauge the potential for targeting these regulatory
interactions as protective therapies. Although we did not note sex
differences related to differential expression in post hoc analyses
(not shown), the sample sizes of the groups were not powered for
such an analysis, warranting further study. Also warranting further
study is the extent to which the differentially expressed miRNAs are
dysregulated in other brain regions in this cohort. Finally, it will be
important to understand how miRNA expression and function are
moderated by external factors affecting AD risk, such as lifestyle vari-
ables and epigenetic responses to environmental exposures,144 14
and how these interactions might impact miRNA-mediated pathways
to promote or prevent neurodegeneration. Nonetheless, these data
from a key, vulnerable limbic region of the DMN provide the field with
new insights into putative molecular mechanistic roles of miRNAs in
AD risk, pathophysiology, and resilience. They add to a growing body
of literature underscoring the potential of harnessing miRNA activity,
as well as that of other ncRNAs such as long ncRNAs,14¢ circular
RNAs,'#7 PIWI-interacting RNAs, 48 tRNA fragments,'*? and natural
antisense transcripts,’°° to manipulate disease-modifying pathways
associated with AD and other neurodegenerative disorders, with

implications for precision medicine.”® 151,152
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