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ABSTRACT
We propose a novel blood biomarker detection method that uses miRNA super-resolution

imaging to enable the early-diagnosis of Alzheimer’s-disease (AD). Here, we report a singlemolecule detection method for visualizing disease-specific miRNA in tissue from an AD

mice-model, and peripheral-blood mononuclear-cells (PBMCs) from AD-patients. Using
optimized MAPs (Magnified Analysis of Proteome), we confirmed that five miRNAs
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contribute to neurodegenerative disease in the brain hippocampi of 5XFAD and wild-type
mice. We also assessed PBMCs isolated from the whole-blood of AD-patients and a healthy
control-group and subsequently used the miRNA super-resolution imaging to analyze those
samples. We detected more miR-200a-3p expression in the cornu-ammonis-1 and dentategyrus regions of 3-month-old 5XFAD mice than wild-type mice. Additionally, miRNA super-
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resolution imaging of blood provides AD diagnosis platform for studying miRNA regulation
inside cells at the single-molecule level. Our results present a potential liquid biopsy method
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that could improve the diagnosis of early-stage AD and other diseases.
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INTRODUCTION
An ideal diagnostic technique for Alzheimer’s disease (AD) should be minimally invasive,
low-cost, easily applied in mass screenings, and able to identify the disease with adequate

reliability before the onset of symptoms when treatments are the most effective. The current

diagnostic techniques for AD are cognitive testing, (1) structural imaging with magnetic

resonance imaging (MRI) or computed tomography, (2) and biomarker detection. (3)
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However, MRI is an expensive and specialized technique that is logistically unsuitable for
mass screening. Recently, the development of a positron emission tomography (PET)
technique that can photograph β-amyloid accumulation in the brain, known as the cause of
AD, has opened the way for early AD diagnosis, but PET tests are expensive, which limits
their broad application. (4)
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Specific changes in the RNA profile of whole peripheral blood or blood fractions such as
plasma/serum may be able to reflect physiological and pathological processes occurring in
different cells and tissues throughout the body. (5) Consistently, it was found that peripheral
blood cells share more than 80% of the transcriptome in tissues such as the brain, colon, heart,
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kidney, liver, lung, prostate, spleen, and stomach. (6) Therefore, detecting biomarkers in
peripheral blood presents a path more suitable for mass screenings and regular monitoring of
disease progression than current methods. (7)

Many studies have demonstrated the expression of specific proteins and MicroRNAs
(miRNAs) in neurodegenerative diseases and the central nervous system. (8) For example,
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lower expression of miR-195 appeared in AD patients (1) and has-miR-151a-3p and has-miR261a-5p are differentially expressed in the peripheral blood mononuclear cells (PBMCs) of
Parkinson's disease (PD) patients and controls. (9) Also, both hsa-miR-107 and hsa-miR-103
were downregulated in the blood of AD, PD, major depression, and schizophrenia patients
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and upregulated in patients with mild cognitive impairment (MCI), multiple sclerosis, and
bipolar

disorder. (10)

Therefore,

miRNA–disease

associations

could

expand

the

understanding of molecular mechanisms of multiple human diseases and provide novel
prognostic biomarkers.
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We modified the magnified analysis of the proteome (MAP) techniques (Optimized-CellMAP and Paper-MAP) to enable high-resolution imaging analyses that preserve fluorescent
signals and intracellular cellular structures through a 4-fold expansion of biological samples
such as single cells, organoids, and brain tissues such as brain tumor. (11, 12) Accurately
imaging endogenous or non-engineered RNA in cells without false positive signals was

22
)

previously impossible due to technical limitations. In this study, we propose a miRNA superresolution imaging method that can detect miRNAs in blood-derived cells for early-disease
diagnosis.

Our novel technique for miRNA quantification and visualization in PBMCs and tissues does
not require gene amplification. We identified significant expression of miR-200a-3p in tissue

from an AD mouse model and verified that those results correspond with miRNA quantified
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from serum by quantitative reverse transcription–polymerase chain reaction (qRT-PCR). Our
MAP-based miRNA super-resolution imaging method in blood is convenient, inexpensive,
accurate, fast, making it an exciting potential clinical approach for early-disease diagnosis.
Rapid AD-specific miRNA liquid biopsy in blood using our MAP-based miRNA super-
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resolution imaging technique could be a non-invasive diagnostic tool for AD in the future.

RESULTS

miR-200a-3p significantly expressed in cornu-ammonis 1 of 5XFAD mouse brains
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To investigate the difference miRNA expression between comparing WT and 5XFAD
hippocampus tissues by super-resolution imaging analysis, we first generated the 4-fold
expanded and transparent hydrogel tissues in hippocampus tissue via Paper-MAP. As shown
in Fig. 1A, 200-μm thick hippocampal tissue sections of 5XFAD and wild-type (WT) mice
were 4-fold expanding proceed via Paper-MAP technique containing tissue clearing,
denaturation and expansion processes. We also applied a MAP-based novel tool for miRNA
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quantification and three-dimensional visualization in peripheral blood mononuclear cells
(PBMCs) without a require gene amplification (Fig. 1B). In our quantification analysis, we
selected 1) miRNAs that tended to increase with the progression of Alzheimer’s disease (AD),
and 2) miRNAs that were expected to be secreted extracellularly and were thus potential
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biomarkers in serum.

Using a conventional confocal laser microscope, we performed 3D and volumetric imaging
of nuclear patterns after immunostaining for SYTO17 to visualize miRNA expression of
quantum dots (QD)-miRNA molecular beacon (MB) in the hippocampus samples of WT and
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5XFAD mice. We sought differentially expressed miRNA in cornu-ammonis (CA1, CA2, and
CA3) and dentate-gyrus (DG) hippocampal areas of the hippocampus tissue processed via
Paper-MAP. We found a highly significant increase in the expression of miR-200a-3p
especially in the CA1 and DG hippocampal areas of 3-month-old 5XFAD mice (Fig. 2 and
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Supplementary Fig. 1A). However, 9-month-old WT and 5XFAD mice showed decreased
expression of miR-200a-3p, which reflects aging and an advanced disease stage. We thus
confirmed that miR-200a-3p increases early in the progression of AD.

Next, we also found that the expression of miR-7-5p and miR-671-5p in early-stage 3-monthold 5XFAD mice did not differ significantly from that of the age-matched WT mice (see at
the bottom of the Fig. 2 and Supplementary Fig. 1B, C). miR-7-5p expression increased in
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the CA2 region at 9-months-old WT, compared with the CA2 region at 3-months-old WT.
Many recent studies have shown that miR-7 is involved in brain development process and the
pathological processes of various brain diseases. (13) miR-671-5p is not expressed in AD
animal-model, but it functions as a tumor suppressor in various cancers. (14) ciRS-7-5p,

which acts as a potent miR-7 sponge, and miR-122-5p were not expressed in mice aged 3–9
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months despite increased exposure intensity (Supplementary Fig. 2). We thus found that
particular miRNAs, such as miR-671-5p, ciRS-7-5p, and miR-122-5p, are consistently
deregulated throughout AD progression. A previous study that found molecular mechanisms
of ciRS-7 depletion in AD suggested that ciRS-7 could be an AD treatment target. (15)
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Similarly, we present results for lesser-known miRNA circulating in AD tissue samples. Our
findings indicate that the progressive pathology of AD can cause miRNA changes.
Imaging and qRT-PCR analyses of miRNA expression in mice
Next, we examined the expression of miR-200a-3p in different mouse tissues and quantified
miRNA spot images in the hippocampal regions using a 3D rendering tool (Fig. 3A and B;
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and Supplementary Fig. 3). To identify a potentially novel serum biomarker that could be
used to identify or monitor AD pathogenesis in the brain, qRT-PCR was used to confirm miR200a-3p expression (Fig. 3C). We identified differentially expressed miR-200a-3p among 4
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representative groups: early (1–3 months) and late-stage (6–9 months) AD in 5XFAD mice
and age-matched early and late-stage WT mice.
In the early-stage groups, we found that that miR-200a-3p expression in the hippocampal
tissue and blood was significantly higher in the 5XFAD mice than in the WT mice. In other
words, upregulation of miR-200a-3p expression in serum from disease-model mice correlated
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with the increase in miRNA in the CA1 and DG of hippocampal tissue. After the
advancement of AD (at the late stage), the miRNA expression in 5XFAD mice was decreased
compared to the early-stage. Thus, these analyses confirm that specific miRNA are
dynamically expressed across AD relative to the WT. These results show that the variations
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observed in miRNA levels are not simply a result of variation in preanalytical processing but
indeed reflect disease progression. Our work therefore significantly expands our

understanding of mouse hippocampal miRNAs and is useful for obtaining accurate results in
specific hippocampal areas of the brain.

We also examined whether lectins and blood vessel structure differed between the 5XFAD
and WT mice (Supplementary Fig. 4A). The 3D images show decreased blood vessel
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volume and increased length in the 5XFAD group, compared with the WT group.

Furthermore, we found a dense distribution of amyloid-beta (Aβ) neuroimaging biomarkers
between the blood vessels in the hippocampus during AD progression (Supplementary Fig.
4B). In the 5XFAD group, the hippocampus, which is essential for memory and cognitive
function, contained extracellular Aβ plaques, a distinct pathological hallmark of AD,
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confirming the presence of both amyloid pathology and hippocampal atrophy due to neuronal
cell death. (16) Therefore, Aβ can be proposed as a potential biomarker that could be used to
monitor disease progression.
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miRNA super-resolution imaging and qRT-PCR analysis in human PBMCs
To investigate changes in a neurodegenerative marker during AD progression, we identified
differentially expressed miR-200a-3p among 3 representative patient groups: the control
group with normal cognitive function (NC), the group with mild cognitive impairment (MCI),
and the group with dementia (AD) (student’s t test, p < 0.05) (Fig. 4). In this study, we
considered data from 28 patients with a diagnosis of MCI or AD, pathological levels of
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amyloid confirmed by PET (POS. or N/A), and MMSE score ≥ 20. Using our technique and
the MB probes that can detect fluorescence only when hybridized to a target sequence, we
observed the presence of miRNAs. The expression of miR-200a-3p was higher in the nuclei
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of PBMCs from AD patients than in those from the NC group, and those results were
quantified using spot counting (Fig. 4A and B). It is difficult to accurately diagnose MCI (the
stage between preclinical disease and the clinical development of dementia) in animal-models.
However, our results confirmed a significant increase in miR-200a-3p expression in PBMCs
from patients diagnosed with MCI (Fig. 4B). We also evaluated miR-200a-3p in the serum of
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AD patients using a TaqMan Advanced miRNA array (Fig. 4C) and found that miR-200a-3p
expression was higher in the AD group than the MCI group.
In addition, we observed significant differences in the expression levels when we expanded
our analysis to four groups [Control, MCI, AD, and early-onset AD (EOAD)] (see
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Supplementary Fig. 5). In EOAD, the expression of miR-200a-3p was increased 5-fold
compared with the MCI group and increased 2- to 3-fold compared with the AD group.
Samples of rare diseases such as EOAD are difficult to obtain from patients and difficult to

reproduce in animal models. However, if miRNA super-resolution imaging for blood can

confirm that the expression of AD-related miRNAs increases before proteins such as Aβ, Tau,
and amyloid precursor protein (APP) accumulate in the brain, EOAD could be diagnosed
with the progression of AD.

DISCUSSION
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quickly. Taken together, our results show that changes in miRNA expression are associated
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Alzheimer’s disease (AD) is characterized by extracellular amyloid-beta (Aβ) plaque
deposition (17) and intracellular neurofibrillary tangles of hyperphosphorylated tau
proteins. (18) AD is a slowly progressing disease, (19) and various miRNAs have been
suggested as potential diagnostic or prognostic biomarkers. (20) Early detection of such
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miRNA changes through a liquid biopsy could enable the early treatment of AD. In this study,
we modified the liquid biopsy technique to analyze miRNAs. miRNAs play important roles
in various physiological and pathological processes by mediating the expression of target
messenger RNAs (mRNAs). miRNAs are also released from cells and enter into circulatory
bio-fluids such as blood, serum, plasma, saliva, and urine. (21) Interestingly, Liang et al. (10)
showed that the expression patterns of brain and blood peripheral blood mononuclear cells
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(PBMCs) cluster together, which might indicate that a specific blood-based expression
signature could be used as a biomarker for AD and other neurological diseases. Previous
studies have introduced several candidate biomarkers in the blood and blood cells, but their
sensitivity, specificity, and true association with brain processes remain unclear. (22) Another
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barrier to current methods is that it is not possible to accurately determine whether the
miRNA in serum (identified by qRT-PCR) and the miRNA in PBMCs (identified by miRNA
super resolution imaging in blood) have the same origin. In addition, identifying reliable
blood biomarkers for diagnosing AD continues to be limited by technical issues. (23) Most
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studies are based on qRT-PCR and the TaqMan detection system for detecting RNA (e.g.,
miRNA) that are present in low concentrations in the blood. However, the above methods are
not adequately accurate, and inaccurately detected miRNA levels in experiments can greatly
affect the diagnostic utility of molecules. Therefore, in-depth small molecule–RNA analyses
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are needed to sensitively investigate small quantitative changes in miRNA expression.
We previously observed intracellular miRNA by developing an Optimized-Cell-MAP
technique that can preserve fluorescence while maintaining cellular structures. (11)
Specifically, we reported the 3D structures of miR-122 and miR-671 in Hep-3B cells. We also
showed that Paper-MAP enables the visualization of miRNAs in expanded tissues. In this

study, we attempted to further determine whether miRNAs present in blood, as reported in
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previous studies, could be identified from tissues prepared using Paper-MAP.

One of the major gaps in research investigating miRNAs as biomarkers for AD is the
verification of such biomarkers in different cohorts of patients. Nagaraj et al. (24) reported
finding hsa-miR-200a-3p in plasma separated from mild cognitive impairment (MCI) patients
diagnosed with probable early AD. In another study, increased levels of hsa-miR-200a-3p
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were reported in blood mononuclear cells from early AD patients, (8) and Lau et al. (25)
investigated increases in miR-200a-3p in the brain cortex. Similarly, our imaging results
verified the presence of hsa-miR-200a-3p in PBMCs isolated from the blood of MCI and AD
patients, with a 6-fold increase in MCI and a 7-fold increase in AD compared with the NC
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group. These results suggest that this miRNA can be secreted by blood mononuclear cells.
However, because miRNAs are detected in or around the nucleus, both the precursor form
and mature form are probably reflected in our results. It is currently impossible to accurately
distinguish the precursor from the mature form, so further studies using a precursor beacon
system are needed. Our qRT-PCR results show a 3- to 4-fold increase in the serum levels of
hsa-miR-200a-3p in AD patients compared with the NC group. Of note, this study represents
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the first time in which miRNA expression is profiled in liquid biopsies (e.g., blood sample),
with two optimized MAP methods and super-resolution imaging analysis. Our results also
indicate that miRNA imaging from liquid biopsies can detect MCI faster than qRT-PCR.
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Furthermore, our results are similar to previous studies showing increased miR-200a-3p
expression in the brain of AD patients and in the hippocampus of AD mouse model. (24, 25,
26) Studies indicated that hsa-miR-200a-3p plays a critical role in the biological processes
such as the neuroinflammation, inflammatory response, and apoptosis by modulating
expression of several target mRNAs such as SIRT1. (26) SIRT1 is an anti-apoptotic protein
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that has a protective role in several neurodegenerative diseases such as Alzheimer’s,
Parkinson’s and motor neuron diseases. (27) Several studies have described the function of
hsa-miR-200a-3p, but the exact molecular mechanisms of Alzheimer’s disease progression
are still unknown. Therefore, further studies on the miR-200a-3p target gene pathway
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following AD progression are needed. Compared to conventional methods, this technique
offers new opportunities to advance current understanding of disease pathogenesis, drug
discovery, medical diagnoses, and biological research.

In addition, the MB technology used in this methodology can be used to detect a variety of

DNA and RNA targets through its unique on/off signal mechanism. Therefore, the
fluorescence intensity is proportional to the number of specific miRNAs in a sample, making
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the technique highly sensitive and specific. Accurately imaging endogenous or nonengineered RNA in cells without false positive signals was previously impossible. Utilizing
MAP-based super-resolution imaging and MB technology, we propose a miRNA superresolution imaging method that can detect miRNAs in blood-derived cells for early-disease
diagnosis. This is the first study to visualize miRNAs present in the blood and determine
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accurate amounts of miRNAs without non-specific reactions.

In conclusion, our MAP-based miRNA super-resolution imaging method can provide
simple, reproducible, and rapid miRNA liquid biopsy analyses. However, this process has not
yet been standardized, and further improvements are needed to produce the most efficient

(&
7

method. For example, the gel components should be modified to improve gel solidity so that
each sample can be reused. Further validation of use in liquid biopsies and extension to other
human biofluids are also needed.

MATERIALS AND METHODS
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Patients and samples

This study was approved by the Institutional Review Board (IRB) of Gangnam Severance
Hospital, Yonsei University College of Medicine (IRB: 3-2019-0058) and Seoul National
University Bundang Hospital (IRB: B-1811-507-006). Human blood samples were collected
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from patients at the Department of Neurology of Gangnam Severance Hospital, Yonsei
University College of Medicine, and Seoul National University Bundang Hospital.
Supplementary Methods
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Details of other assays used are provided in the Supplementary Methods.

AUTHOR CONTRIBUTIONS
M.L. and J.-Y.P. conceived and designed all experiments. M.L. performed the MAP

22
)

experiments and subsequent imaging. S.T.K. contributed to QD-miRNA molecular beacon
synthesis. M.M. and S.K. contributed to the AD mouse model studies. S.Y.K., H.-K.K. and
H.C. contributed to the AD patient studies. M.L. composed all illustrations and figures. M.L.
and J.-Y.P. wrote the manuscript. J.W. participated in the discussions of the results and

commented on the manuscript. J.-Y.P. supervised all aspects of the work. Great thank you for

35

English proofreading and editing by Saemi Han.
ACKNOWLEDGMENTS

This study was supported by a research grant from Gangnam Severance Hospital, Yonsei
University College of Medicine. This study was supported by a faculty research grant from
the Yonsei University College of Medicine for (6-2020-0109). This work was supported by

('

the Korea Health Technology R&D Project through the Korea Health Industry Development
Institute (KHIDI), funded by the Ministry of Health & Welfare and Ministry of Science and
ICT, Republic of Korea (grant number: HI17C1260 and HU20C0164). This research was
supported by a National Research Foundation of Korea (NRF) grant funded by the Korea

(&
7

government (MSIT) (NRF-2020R1F1A1072307). This work was supported by the Basic
Science Research Program through the NRF, funded by the Ministry of Education (NRF2020R1A6A3A01097969).

CONFLICTS OF INTEREST

55

The authors declare that they have no competing interests.

FIGURE LEGENDS
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Figure 1. Schematic of MAP process with tissue and blood.
Schematic representation of PBMC isolation from patient blood, the Paper-MAP process for
mouse brains (A), and liquid biopsy for blood (B).
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Figure 2. Differential miRNA expression profiles in the hippocampal regions of wildtype and 5XFAD mice via Paper-MAP.
miR-200a-3p, miR-7-5p, miR-671-5p, and SYTO-17 immunostaining in the hippocampi of
mouse brains processed via Paper-MAP. Each image (white box: CA1, CA2, CA3, DG) was
taken with the same 40× objective lens and z-stacked for comparison. Green arrows indicate
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miR-200a-3p expression. Scale bars: yellow = 1000 μm, blue = 30 μm.
Figure 3. miRNA expression in wild-type and 5XFAD brain hippocampus via PaperMAP.

(A) SYTO-17 immunostaining in hippocampus sections of mouse brains processed via Paper-

MAP. Each image (white box: CA1, CA2, CA3, DG) was taken with the same 40× objective

35

lens and z-stacked for comparison. Green arrows indicate miR-200a-3p expression. Scale

bars: yellow = 100 μm. (B) Spot counting of miR-200a-3p (QD525) in wild-type (3 months;
n=6, 9 months; n=6) and and 5XFAD mouse hippocampal regions at early-stage AD (3
months, n=6) and late-stage AD (9 months, n=6), processed via 3D Rendering. (C) qRT-PCR
quantification of miR-200a-3p expression in serum from 5XFAD and wild-type mice at early†
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stage AD and late-stage AD. Means ± SD from triplicate experiments are shown. *; P < 0.05,
; P < 0.01.

Figure 4. miRNA expression in Alzheimer’s disease patients.

(&
7

(A) Representative images of miR-200a-3p in serum from the cognitively normal control
(NC), mild cognitive impairment (MCI), and Alzheimer’s disease (AD) groups. (B) Spot
counting of miR-200a-3p (QD525 or QD565) in PBMCs from AD patients (n=8) compared
with the NC (n=5) group, processed via 3D Rendering. (C) miR-200a-3p expression levels in
AD patients versus the NC group by qRT-PCR. Validation by qRT-PCR in patients with AD
(n=20) and cognitively normal controls (n=5) confirmed that miR-200a-3p showed
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significantly higher serum expression in AD patients than in controls. Means ± SD are shown
from triplicate experiments. *; P < 0.05, †; P < 0.01.
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Supplementary Methods
Animal experiments ethics

All experimental procedures involving animals were conducted in accordance with the
National Institutes of Health’s Guide for the Care and Use of Laboratory Animals. All

experimental procedures were approved by Konyang University (Daejeon, Korea). Mice used

35

in these studies were cared for in accordance to the National Institutes of Health “Guide for the
Care and Use of Laboratory Animals” and ARRIVE guidelines.
Experimental animal

Transgenic mice that express five familial mutations of Alzheimer’s disease (AD)-related genes,

('

which include three mutations of human APP (K670N/M671L, V717I, and I716V) and two
mutations of human PSEN1 (M146L and L286V), called 5XFAD mice, were purchased from
Jackson Laboratory (Bar Harbor, ME, USA; catalog number 006554). The transgenic mice
were genotyped using polymerase chain reaction (PCR), and their wild-type (WT) littermates
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were used as the control group. The mice were kept in temperature-controlled conditions with
a 12 h light/dark cycle and were provided with fresh water and food. Female 5XFAD and WT
mice at 1, 3, 6, and 9 months of age were used in this study.
Serum collection

Mouse blood was collected following euthanasia (isoflurane; Jeung Do Bio & Plant Co, Seoul,

55

Korea) via heart puncture. Blood samples were centrifuged for 30 min at 4 ℃ and ×850 rpm,
and the supernatant (serum) was transferred to a 1.5-mL tube. The resulting serum layer was
used for miRNA isolation or stored at -80 ℃ until further use. Serum samples were collected

&2

from the WT and 5XFAD mice at the early stage (1–3 months) and late stage (6–9 months) (n
= 4 per group). Human blood was centrifuged for 30 min at 4 ℃ and ×850 rpm, and the
supernatant (serum) was transferred to a 1.5-mL tube. The resulting serum layer was used for
miRNA isolation, and samples were stored at -80 ℃ until further use.
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miRNA-molecular beacon design
To construct the quantum dots (QD)-miRNA molecular beacon (MB), an NH2-modified MB
2
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and miR-200a-3p-, miR-7-5p-, miR-671-5p-, miR-122-5p-, and circular RNA (ciRS)-7-5plinked MBs were synthesized by Bioneer Inc. (Daejeon, Korea). The miRNA MBs were formed

as a partly double-stranded oligonucleotide by following a previously reported protocol. (28,
29) The miR-200a-3p-linked MB contains QD525 (excitation/emission wavelength: 460/525

nm) and a black hole quencher-1 (BHQ-1). The miR-671-5p-linked MB also contains QD525
and BHQ-1. The designed miR-200a-3p-linked MB contains QD565 (excitation/emission

35

wavelength: 520/625 nm) and BHQ-2. The designed miRNA-122-5p-linked MB contains

QD525 and BHQ-1. The designed ciRS-7-5p-linked MB contains QD525 and BHQ-1. The
designed ciRS-7-5p-linked MB contains QD565 and BHQ-2.

All miRNA MB probes were generated at a total concentration of 100 pmol with a carboxyterminal-QD probe at a molar ratio of 100 pmol:100 µL in 0.1 M Tris-EDTA buffer (Biosesang.
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Inc., Seoul, Korea) with 78 mg/mL of 1-ethyl-3-(3-(dimethylaminopropyl) carbodiimide
hydrochloride (Sigma-Aldrich Inc., St. Louis, MO, USA) at 25 °C for 1 h. The fluorescent MB
conjugates were then purified on NAP-5 gel chromatography columns (Amersham Biosciences,
Little Chalfont, Buckinghamshire, United Kingdom) in phosphate buffer [48mM potassium
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phosphate dibasic (K2HPO4), 4.5mM potassium phosphate monobasic (KH2PO4) and 14mM
sodium phosphate monobasic dehydrate (NaH2PO4), pH 7.2]. The sequences of the
oligonucleotides are listed in Supplementary Table 1.
Paper-MAP for mouse brain tissue

The animals were anesthetized and cardiac-perfused with cold 4% paraformaldehyde (PFA;
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Chembio, Seoul, Korea). After perfusion, the brains were removed and post-fixed in 4% PFA
for 20 h at 4 °C. The fixed whole brain tissue was sectioned into 200-μm slices (500-μm slices
in Supplementary Figure 3) using a Leica VT1000-S vibratome (Leica Biosystems, Wetzlar,
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Germany). The tissue sections were stored in 0.1 M phosphate-buffered saline (PBS) at 4°C
until further analysis. Sections were transferred to fresh 0.1 M PBS and washed three times at
room temperature for 30 min. The samples were carefully placed between two coverslips (24
× 60 mm). Sample were then polymerized for 5 min at room temperature by adding PaperMAP solution [20% acrylamide (Sigma‐Aldrich Inc., St. Louis, MO, USA), 10% sodium
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acrylate (Sigma‐Aldrich Inc., St. Louis, MO, USA), 0.1% bis-acrylamide (Bio-Rad
Laboratories Inc, Hercules, CA, USA), 4% PFA, 0.65% N,N,N,N′,N′-Tetramethylenediamin
3
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(TEMED; Sigma‐Aldrich Inc., St. Louis, MO, USA), in 0.1 M PBS] and 0.5% ammonium
persulfate (APS; Sigma‐Aldrich Inc., St. Louis, MO, USA). The sample were then incubated
in denaturation solution [200mM sodium dodecyl sulfate (SDS; Affymetrix Inc., Santa Clara,

CA, USA), 200mM sodium chloride (Sigma‐Aldrich Inc., St. Louis, MO, USA), and 50mM
Tris (Affymetrix Inc., Santa Clara, CA, USA) in dH2O, pH 9.0] at 90 °C for 9–12 h, and washed
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in 0.1 M PBS. Finally, the samples were incubated in dH2O until they expanded 4-fold in size.
qPCR for miRNA expression

A MagMAX™ mirVana™ Total RNA Isolation kit (Thermo Fisher Scientific, Waltham, MA,
USA) was used to extract miRNA from serum samples according to the manufacturer's
instructions. One hundred ng of RNA were used to generate cDNA with the specific RT-primer

('

from a TaqMan™ Advanced miRNA cDNA synthesis kit (Applied Biosystems, Waltham, MA,
USA). qRT-PCR used a 2× SYBR Green master mix kit (Applied Biosystems, Waltham, MA,
USA). and TaqMan™ Advanced miRNA assay (Applied Biosystems, Waltham, MA, USA).
Fold changes were calculated with the ΔΔCt method using the geometric mean of hsa-miR-
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484 and RNU6 as an internal control. The sequences of the primers are listed in
Supplementary Table 2.

miRNA super-resolution imaging in blood

Fresh peripheral venous blood acquired from healthy controls and AD patients was collected
in EDTA-coated tubes (BD, Franklin Lakes, NJ, USA) at Gangnam Severance Hospital, Yonsei
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University College, and Bundang Hospital, Seoul National University. To isolate peripheral
blood mononuclear cells (PBMCs), the blood was diluted 1:1 (vol/vol) with FicollPaque™PLUS medium (Cytiva, Uppsala, Sweden). After centrifugation (×400 g, acceleration
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speed: 2, and deceleration speed: 0) for 30 min at 22 °C, the PBMC layer was pooled and
transferred into a 15-mL falcon tube. The sample was washed with 10 mL of 0.1 M phosphatebuffered saline (PBS) and centrifuged again for 10 min at ×400 g (without deceleration). The
obtained cell pellet was resuspended in fetal bovine serum (GE Healthcare Life Sciences,
Logan, Utah, USA) and stored at -80 ℃ until further use.
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PBMC cells (2 x 105) were suspended in 30 µL of Cell-MAP solution [20% acrylamide (Sigma‐
Aldrich Inc., St. Louis, MO, USA), 10% sodium acrylate (Sigma‐Aldrich Inc., St. Louis, MO,
4

miRNA imaging in blood

paraformaldehyde

(PFA;

Chembio,

Seoul,

Korea),
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USA), 0.1% bis-acrylamide (Bio-Rad Laboratories Inc, Hercules, CA, USA), 4%
and

0.65%

N,N,N,N′,N′-

Tetramethylenediamin (TEMED; Sigma‐Aldrich Inc., St. Louis, MO, USA), in 0.1 M PBS]
and seeded onto round, 8-mm coverslips; 3 µL of ammonium persulfate (APS; Sigma‐Aldrich

Inc., St. Louis, MO, USA) from a freshly prepared 5% stock solution was added last. The Cell-

MAP solution was quickly added to each coverslip and left to polymerize for 4–5 min. Gels

35

were peeled off the coverslips using forceps, washed thoroughly, and incubated in clearing

solution for 30 min at 37 °C. The gels were incubated with miR-200a-3p-QD565 (1:25) in
PBST [0.1% Triton X-100 (Sigma‐Aldrich Inc., St. Louis, MO, USA) in 0.1 M PBS] at 4 °C
for 24 h. After washed three times with 0.1 M PBS for 1 h, and the sample were stained with
DAPI (1:5000; Invitrogen Inc., Carlsbad, CA, USA) for 5 min. The sample were then incubated
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in dH2O for 12 h until they expanded more than 4-fold. The gels were cut into pieces and
washed thoroughly.

Immunofluorescence staining and imaging for miRNA
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After tissue clearance and expansion, the samples were blocked with 2% bovine serum albumin
(Bovogen, Melbourne, Victoria, Australia) in 0.1 M PBS for 6 h and treated with the miR-200a3p-, miR-7-5p-, miR-671-5p-, miR-122-5p-, and ciRS-7-linked MBs for 1–3 days at room
temperature. The samples were then washed three times in PBST for 3–24 h and counterstained with DAPI (1:5000) and SYTO17 red fluorescent nucleic acid stain (1:1000; Invitrogen
Inc., Carlsbad, CA, USA) for 15 min. The immunostained tissues were visualized using an

55

LSM780 confocal microscope (Carl Zeiss, Oberkochen, Germany) at a wavelength of 525 nm
for miR-200a-3p, miR-7-5p, miR-671-5p, and miR-122-5p; 565 nm for ciRS-7-5p (DAPI:
wavelength of 360/460 nm, and SYTO-17: wavelength of 630 nm). Three-dimensional images
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were processed and analyzed using Zeiss ZEN-2 software (Carl Zeiss, Oberkochen, Germany),
and the results were assessed using Imaris 8.0.1v software (Bitplane, Belfast, United Kingdom).
Quantification of miRNA

In the murine WT and 5XFAD brains, we assessed the expression of miRNAs among several

81

sub-regions of the hippocampus: the three cornu ammonis (CA1, CA2, CA3) regions and the
dentate gyrus (DG). Upon immunostaining for the miR-200a-3p-linked MB containing QD525,
5
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the spots were quantified using Imaris 8.0.1v software. Images were reconstructed with
“Surpass view” on the “Spot” icon in the object toolbar. To analyze each region of interest

(ROI), whole ROIs of ×40 z-stack images were selected from each sub-region. “Channel” was

used as the source channel, and “Absolute Intensity” was used to adjust the thresholds. The
results were filtered by the intensity number using the “Classify Surfaces” tab according to the
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default settings. Quantification was performed using the “Statistics” tool.
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Supplementary Fig. 1. Quantification of miRNA expression in hippocampus region of
wild-type and 5XFAD mouse via Paper-MAP.
Quantification of miRNA (miR-200a-3p, miR-7-5p, miR-671-5p) expression in the
hippocampi of mouse brains processed via Paper-MAP. Means ± SD from triplicate
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experiments are shown. *; P < 0.05, †; P < 0.01.
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Supplementary Fig. 2. ciRS-7-5p and miRNA-122-5p expression in hippocampus region
(CA1) of early-stage and late-stage AD mouse via Paper-MAP.
Paper-MAP processed 200 µm-thick mouse brain was incubated with ciRS-7-5p and miR-1225p and probe tagged QD-miRNA molecular beacon. Nuclei were stained with DAPI and

55

SYTO17. ciRS-7-5p and miR-122-5p were not expressed in the early and late-stage AD group
despite the increased exposure intensity. Each image of CA1 region was taken with the same
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40× objective lens and z-stacked for comparison. Scale bars: green = 30 μm
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Supplementary Fig. 3. 3D Rendering of miRNA-200a-3p expression in hippocampus
region of wild-type and 5XFAD mouse via Paper-MAP.
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miR-200a-3p and SYTO-17 immunostaining in the hippocampus of mouse brain sections
processed via Paper-MAP. 3D rendering images show spot counts of miR-200a-3p and inverted
miRNA images are specifically visualized at 3 months 5XFAD. Each image of region (white
box; CA1, CA2, CA3, DG) was taken with the same 40× objective lens and z-stacked for
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comparison. Green arrows indicated that miR-200a-3p expression. Scale bars: yellow = 1000

81

μm, blue = 30 μm
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Supplementary Fig. 4. Hippocampal blood vessels and β-amyloid imaging of Paper-MAP
processed AD mouse brain.
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(A) Enlarged images of blood vessels were compared at each AD stage, green arrows indicate
hemolytic plaques at 9 months 5XFAD. The images were obtained with a 10x tile scan
(working distance = 0.45 mm, NA = 1.2) on an LSM-780 META confocal microscope. Scale
bars, 500 μm (blue) and 200 μm (white) (B) 3D rendering of a Paper MAP-processed AD

81

mouse brain sample stained with blood vascular structure (Lectin, red), amyloid-β (green) and
3D reconstruction rendering (lectin; white, amyloid-β; green). Visualized amyloid- β around
blood vessels in the brain of 9 months AD mouse. Scale bars: green = 500 μm.
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Supplementary Fig. 5. Relative expression of miRNA-200a-3p in AD patient.

qRT-PCR of miRNA-200a-3p in serum from AD patient. Compared to cognitive normal control
(NC, n=5), the Alzheimer’s disease (AD) group showed significantly increased AD and early
onset-AD (EOAD) expression but no difference in mild cognitive impairment (MCI). Means ±
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SD are shown from triplicate experiments. *; P < 0.05, †; P < 0.01.
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Supplementary Table 1. Sequences of miRNA molecular beacons (MB).
Sequence (5'→3') †

Oligonucleotide

miR-7-5p

miR-671-5p

miR-122-5p
ciRS-7-5p
†

QD525COOH
QD565COOH

35

miR-200a-3p

5′-NH2CCGCGAACATCGTTACCAGACAGT
GTTACGATGTTCGC-(BHQ-1)-3′
5′-NH2CCGCGAACATCGTTACCAGACAGT
GTTACGATGTTCGC-(BHQ-2)-3′
5’-NH2TTCGCTGTTCTTCCAAGAGACAGATACAG
CGAAGAAGAACAGCGTTCGAAGAGACAG
-(BHQ-1)-3′
5′-NH2TTCTGGGCTTCCTTCAAGAGACAGATACA
GCGGGCAGGAGACAGCG-(BHQ-1)-3′
5′-NH2TTTTCTCCTTTCAAGAGACAGATACAGCG
CGACAAAGACG-(BHQ-1)-3′
5’-NH2-GACCTGAATGTCAGAAGATC(BHQ-2)-3′
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miR-200a-3p

QD525COOH
QD525COOH
QD525COOH
QD565COOH
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The stem loop regions are underlined and target-binding regions are bold.
All miRNA MB were linked with black bole quencher (BHQ-1 and BHQ-2) and carboxylic acid (COOH)-coated
quantum dots (QD) at 3’-end of miRNA sequence.
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Sequence (5'→3')

miRNA

UAACACUGUCUGGUAACGAUGU

mmu-miR-200a-3p

UAACACUGUCUGGUAACGAUGU

hsa-miR-484

UCAGGCUCAGUCCCCUCCCGAU

mmu-miR-484

UCAGGCUCAGUCCCCUCCCGAU

cel-miR-39-3p

UCACCGGGUGUAAAUCAGCUUG

RNU6

CUAGUCCGAUCUAAGUCUUCGA
CCTGGATGATGATAGCAAATGCT
GACTGAACATGAAGGTCTTAATT
AGCTCTAACTGACT
GATGACCCCAGGTAACTCTGAGT
GTGTCGCTGATGCCATCACCGCA
GCGCTCTGACC

RNU44
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RNU48

miRBase accession No
MIMAT0000682
MIMAT0000519
MIMAT0002174
MIMAT0003127
MIMAT0000010
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hsa-miR-200a-3p
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Supplementary Table 2. Sequences of miRNA-specific primers.
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