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Abstract
Epitranscriptomic regulation adds a layer of post-transcriptional control to brain function during development and adult-
hood. The identification of RNA-modifying enzymes has opened the possibility of investigating the role epitranscriptomic 
changes play in the disease process. NOP2/Sun RNA methyltransferase 2 (NSun2) is one of the few known brain-enriched 
methyltransferases able to methylate mammalian non-coding RNAs. NSun2 loss of function due to autosomal-recessive 
mutations has been associated with neurological abnormalities in humans. Here, we show NSun2 is expressed in adult human 
neurons in the hippocampal formation and prefrontal cortex. Strikingly, we unravel decreased NSun2 protein expression 
and an increased ratio of pTau/NSun2 in the brains of patients with Alzheimer’s disease (AD) as demonstrated by Western 
blotting and immunostaining, respectively. In a well-established Drosophila melanogaster model of tau-induced toxicity, 
reduction of NSun2 exacerbated tau toxicity, while overexpression of NSun2 partially abrogated the toxic effects. Condi-
tional ablation of NSun2 in the mouse brain promoted a decrease in the miR-125b m6A levels and tau hyperphosphorylation. 
Utilizing human induced pluripotent stem cell (iPSC)-derived neuronal cultures, we confirmed NSun2 deficiency results 
in tau hyperphosphorylation. We also found that neuronal NSun2 levels decrease in response to amyloid-beta oligomers 
(AβO). Notably, AβO-induced tau phosphorylation and cell toxicity in human neurons could be rescued by overexpression 
of NSun2. Altogether, these results indicate that neuronal NSun2 deficiency promotes dysregulation of miR-125b and tau 
phosphorylation in AD and highlights a novel avenue for therapeutic targeting.
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Introduction

MicroRNAs (miRNAs), a class of non-coding small 
RNAs, are part of a vital regulatory mechanism that pre-
vents the deposition of tau protein [63, 75]. Several studies 
have reported miR-125b is significantly upregulated in the 
frontal cortex and hippocampus in Alzheimer’s disease 
(AD) brains [6, 20, 58, 78]. MiR-125b upregulation has 
been positively correlated with gray matter neurofibril-
lary tangles in post mortem AD patients [86]. Mechanisti-
cally, observed miR-125b upregulation induces tau hyper-
phosphorylation and cell death by targeting DUSP6 and 
PPP1CA phosphatases and activating cyclin-dependent 
kinase 5 (CDK5) and p44/42-MAPK signaling in neurons 
[6, 59]. Several miRNAs have been shown to regulate tau 
proteostasis by modulating tau synthesis or post-transla-
tional modifications on tau, such as phosphorylation [72]. 
However, mechanisms governing how miRNAs are regu-
lated in the brain or how they are dysregulated during the 
disease process are not well understood [7, 31, 45, 47, 48, 
68, 69].

miRNAs can be regulated at the transcriptional or post-
transcriptional level [31, 55]. One of the most frequent 
post-transcriptional modifications of RNA is methylation 
[14, 25, 79, 95]. N6-Methyladenosine  (m6A) and 5-methyl-
cytosine  (m5C) marks are prevalent post-transcriptional 
modifications of RNAs that regulate biogenesis, stability, 
accuracy of translation initiation and function of RNAs 
in a highly “dynamic” and “reversible” fashion. Recently, 
miRNAs have been found to be targets of  m6A methyla-
tion [4, 46, 93]. However, the specific methyltransferase 
able to install  m6A marks in miRNAs in the brain has yet 
to be described.

NSun2 is one of the methyltransferases known to 
facilitate methylation of non-coding RNAs [10, 39, 83, 
93], whose loss of function due to autosomal-recessive 
mutations can cause disorders that are associated with 
intellectual disability in humans [1]. Recent studies have 
elucidated the first association between  m5C regulation 
during cellular stress responses and other non-canonical 

functions of tRNAs in neurodevelopment and in human 
diseases [10]. These studies have shown that loss of 
NSun2 induces the accumulation of 5′ tRNA fragments 
that activate stress response pathways leading to reduced 
rates of protein translation, decreased cell size, decreased 
synaptogenesis, and increased cell death during mouse 
embryogenesis.

Interestingly, NSun2 seems to have a broader substrate 
specificity with the ability to facilitate installing of  m5C 
or  m6A depending on the type of RNA and the interacting 
partners of this methyltransferase [16, 29, 39]. Regarding 
miRNA methylation, it has been shown that NSun2 represses 
the levels and function of miR-125b via  m6A methylation 
that inhibits the processing of miR-125b leading to overall 
reduction in the levels of the mature miR-125b [50, 90, 93]. 
In addition, NSun2-mediated  m6A modification of miR-125b 
can attenuate the recruitment of the RNA-induced silenc-
ing complex affecting miR-125b induced silencing of RNA 
targets [93].

Based on the previously reported putative neuroprotective 
role of NSun2, its ability to regulate miR-125b and accumu-
lating evidence supporting the role of RNA modifications in 
the physiology and pathology of the nervous system [10, 19, 
24], we decided to investigate the status of NSun2 and its 
potential role in AD pathogenesis.

Materials and methods

Human brain tissue samples

Autopsy brain samples were obtained from the New York 
Brain Bank at Columbia University Medical Center. The 
demographics and postmortem neuropathological findings 
of human cases identified in the Columbia University Alz-
heimer’s Disease Research Center Neuropathology Core and 
used in this study are listed in Table 1 and in more detail 
in Supplementary Table 1 (online resource). These speci-
mens were obtained by consent at autopsy and have been de-
identified and are IRB exempt to protect the identity of each 
patient. Patients with no or limited age-related tau pathology 

Table 1  Case demographics

AD Alzheimer's disease, PART  primary age-related tauopathy, PSP progressive supranuclear palsy, MCI mild cognitive impairment, PMI post-
mortem interval, SD standard deviation

Classification Number of 
subjects

Gender 
(male/
female)

Age at autopsy (mean, 
SD and range; in years)

Clinical diagnosis 
of dementia

Braak stage CERAD 
plaque score

PMI (hours)

AD 24 11/13 87.3 ± 7.4 (71–102) 24/24 IV–VI B–C 2.4–22.3
PART 31 11/20 84.7 ± 10.5 (56–103) 10/31 (1 × MCI) II–IV 0–0 1.1–26.9
PSP 10 9/1 68.4 ± 5.3 (55–75) 0/10 NA 0–0 0.6–6.9
Healthy individuals 7 5/2 78.1 ± 11.3 (62–93) 0/7 0 0–0 NA–33.6
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and without amyloid pathology and without dementia 
were assigned to the control group for comparisons with 
AD patients, primary age-related tauopathy (PART) cases 
with dementia and progressive supranuclear palsy (PSP) 
patients (Table 1; Supplementary Table 1, online resource). 
Formalin-fixed paraffin-embedded (FFPE) specimens were 
sectioned by the Histology Service at Columbia University 
Medical Center. Immunohistochemistry was performed on 
6 μm paraffin-embedded sections as previously described 
[76] using various antisera (see below). Images were cap-
tured using an Olympus BX53 microscope with an Olympus 
camera DP-72 (Olympus Lifescience).

Mice

All animal studies were performed according to protocols 
examined and approved by the Animal Use and Care Com-
mittee of Columbia University and Icahn School of Medicine 
at Mount Sinai. C57BL/6N-Nsun2tm1c(EUCOMM)Wtsi/WtsiOulu 
mutant mouse sperm was obtained from the Wellcome Trust 
Sanger Institute (Cambridgeshire, UK). Mice with the tm1c 
allele exhibit a phenotypically wild-type state although loxP 
sites flank exon 6 of Nsun2. Cre-recombinase excises this 
exon and produces a frameshift, resulting in early termination 
of NSun2 translation. In vitro fertilization was performed 
with C57BL/6 N-Nsun2tm1c(EUCOMM)Wtsi/WtsiOulu mutant 
mouse sperm and wildtype (control) C57BL/6 N females. 
Mice were then bred further to obtain Nsun22lox/2lox mice 
(2 copies of tm1c mutant allele). Nsun22lox/2lox mice were 
crossed with a  CamK-Cre+  line [3, 18, 27, 80] to pro-
duce  CamK-Cre+, Nsun22lox/2lox (NSun2 KO) mice for 
knockout of Nsun2 in excitatory forebrain neurons.

Immunohistochemistry on mouse brain tissue

Brain embedded sections from 11-month-old NSun2 KO and 
controls (7 microns thick) were deparaffinized in Histo-Clear 
II (National Diagnostics, GA) and processed for immunohis-
tochemistry using anti-mouse and rabbit tau antibodies (see 
below) according to the manufacturer’s protocol for mouse 
brain sections (MOM kit; Vector Labs, Cat # PK-2200). A 
30 min incubation with 3% H2O2/10% methanol/0.25% Tri-
ton X-100 was used to block endogenous peroxidase activity. 
3,3′-Diaminobenzidine was used as a peroxidase substrate 
(Vector DAB Substrate Kit for Peroxidase, Cat # SK-4100). 
Tissue sections were counterstained with hematoxylin (Vec-
tor Labs, Cat # H-3404) and mounted using VectaMount 
(Vector Labs, Cat # H-5000). Images were captured using an 
Olympus BX53 microscope with an Olympus camera DP-72 
(Olympus Lifescience).

Automated image quantification and statistical 
analyses

Human brain sections from hippocampus and frontal cortex 
of 9 controls and 8 AD patients were stained for NSun2 
(see below). 178 random bright field images (90 control, 88 
AD) were acquired with identical image acquisition parame-
ters. Another set of human brain sections from hippocampus 
and frontal cortex of 5 controls and 8 AD patients were fluo-
rescently immunostained for NSun2 and pTau. 231 random 
fluorescent images (90 control and 141 AD) were acquired 
with identical acquisition parameters. All images were ana-
lyzed using Arivis vision4D-based automated quantifica-
tion (script available upon request). The analysis pipelines 
were designed to measure the total expression of NSun2 
and pTau in individual cells. For bright field images, 4512 
control cells and 3848 AD cells were analyzed for NSun2 
expression levels. For fluorescent images, 1802 control cells 
and 3617 AD cells were analyzed for expression levels of 
NSun2 and pTau and their ratios.

Two pipelines were designed to perform quantifications 
on bright field images. The first pipeline quantified the total 
number of cells and masked the intensity of NSun2 expres-
sion in the nucleus. The second pipeline was used to measure 
the total sum intensity of NSun2 in the defined regions. For 
fluorescent image quantifications, Arivis vision4D machine 
learning tools were used (script available upon request). 5 
random images were selected to train the Arivis AI. Trained 
data were used to quantify every fluorescent image and the 
total sum intensities of NSun2 and pTau was measured in 
the verified cells.

All analyses were performed in a blind manner. Samples 
were de-identified by one researcher and labeled randomly, 
imaging and automated quantification by performed by 
another researcher before unblinding and the raw data are 
shared with three other researchers, and finally data analyses 
and statistical measurements were performed by the third 
researcher after unblinding. Demographics were revealed 
after the quantifications of individual samples.

Summary statistics were prepared by non-parametric t 
test with Kolmogorov–Smirnov to compare cumulative 
distributions with 95% confidence interval for every vari-
able (NSun2 intensity, pTau intensity and pTau/NSun2 
ratios). One-sample t and Wilcoxon signed rank tests 
were used to confirm the significance for summary statis-
tics. **p < 0.0021; ***p < 0.0002, ****p < 0.0001.

Drosophila stocks

All Drosophila stocks were maintained on standard food 
(Bloomington recipe, Archon Scientific) in incubators at 
constant 70% relative humidity and 25 °C on a 12-h/12-
h light/dark cycle. Drosophila dNSun2 line was generated 
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and kindly shared with us by Dr. Stephan J. Sigrist [1]. 
EGFP control line (Stock #5430), NSun2-RNAi line (Stock 
#62,495) and GFP-RNAi control line (Stock #42,555) were 
obtained from Bloomington Drosophila Stock Center. For 
tau overexpression, we used the Drosophila line previously 
generated by us [75] with the full-length human tau cod-
ing sequence (2N4R). The GMR-GAL4 driver was used 
for expression of transgenes in the eye. For amyloid-beta 
overexpression, we used the Drosophila line previously 
generated by Dr. Fernandez-Funez [15] who kindly shared 
the animals with us. The GMR-GAL4 driver was used for 
expression of transgenes in the eye.

Drosophila rough eye phenotype assessment

For light microscopy imaging of the Drosophila eyes, 
7-day-old adult flies were collected, and eye images were 
recorded, in a blinded fashion, by three independent observ-
ers as described by others with slight modifications [73, 75]. 
Briefly, fly eye images of specified genotypes were acquired 
under a dissecting microscope by one researcher, coded 
and given to another two researchers for blind quantitative 
assessment. To accurately quantify eye degeneration, we 
used an Olympus Stereoscope SZX16 microscope in combi-
nation with the Qcapture Pro7 Imaging software. The extent 
of eye area undergoing degeneration was analyzed using the 
image processing and analysis program Image J (Image J, 
NIH) following previously described methods [41, 66]

Cell culture

HEK 293 T cell line was used for optimal lentivirus produc-
tion. HEK 293 T cells obtained from the American Type 
Culture Collection were grown in Dulbecco’s modified 
Eagle’s medium (ThermoFisher) supplemented with 10% 
fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin, 
and 100 μg/ml streptomycin in a humidified atmosphere of 
5%  CO2 and 95% air at 37 °C.

Human induced pluripotent stem cells (iPSCs; IMR90, 
cl.4 backbone, WiCell) [17, 35, 92] were maintained feeder‐
free in StemFlex media (ThermoFisher) and Cultrex sub-
strate (Bio-techne). Transdifferentiation of human iPSCs 
into cortical-like pyramidal neurons was performed follow-
ing established protocols [51]. Alternatively, neural progeni-
tor cells were generated from iPSC controls, cultured and 
differentiated into neurons following established protocols 
[26].

Primary hippocampal neuronal cultures were prepared 
following previously established methods with mild modi-
fications [53, 56]. Briefly, hippocampi were dissected from 
E18 rats, and neurons plated on 100 μg/mL poly-D-lysine-
coated 12-well-plates at the density of 1.5 × 105 cells/well 
for biochemistry assays, or 6 × 104 cells/coverslip on 18 mm 

coverslips for immunofluorescence. Primary neurons were 
maintained in Neurobasal medium (ThermoFisher) with the 
B-27 supplement (ThermoFisher) and 0.5 mM glutamine 
(ThermoFisher) at 37  °C, and 1/3 of the medium was 
changed every 3–4 days up to 3 weeks in culture.

Lentiviral shRNA preparation

The human pull of shRNA NSun2 and scramble shRNA con-
trol were obtained from Applied Biological Materials Inc. 
To prepare lentivirus for in vitro experiments, the second-
generation packaging system (which generates replication-
deficient lentivirus) was used for all experiments [99]. Pack-
aging vectors such as psPAX2 and pMD2.G were obtained 
from Addgene. Briefly, lentiviral constructs for shRNA or 
scramble control were co-transfected with the packaging 
vectors into HEK293T cells using CalFectin (SignaGgen). 
Supernatants containing virus were collected 48 h after 
transfection. After centrifugation at 1000 rpm for 10 min, 
the supernatants were passed through a 0.45 μm PDVF filter 
unit (Nalgene). The viruses were concentrated 20–30 × by 
centrifugation in an Amicon Ultra centrifugal filter (100 K) 
(Millipore) following the manufacturer's instructions. Len-
tiviral stock titration was carried out using the Global Ult-
raRapid Lentiviral Titer Kit (System Biosciences). Viruses 
were aliquoted and stored at − 80 °C.

Site‑directed mutagenesis

Site-directed mutagenesis of lentiviral plasmid encond-
ing miR-125b was performed using the Q5 Site Directed 
Mutagenesis kit (Cat# E0554S) from New England Biolabs 
following the manufacture protocol using the required prim-
ers: Q5SDM_miR-125b_m6A motif_F CCT GAG ACCCtg-
gcTTG TGA TAGTG and Q5SDM_miR-125b_m6A motif_R 
GAG TCG CTC ACT GTC AAC . Substitution was confirmed 
by Sanger sequencing analysis.

Amyloid‑β oligomers preparation

Oligomer-enriched preparations of Aβ were obtained 
according to previously published methods [82]. Briefly, 
lyophilized Aβ42 peptide (rPeptide) was equilibrated to room 
temperature for 30 min to avoid condensation upon open-
ing the vial. The lyophilized peptide was resuspended in 
hexafluoro-2-propanol (HFIP; Sigma-Aldrich) to a concen-
tration of 1 mM to allow monomerization for another 2 h at 
room temperature and then aliquoted into low protein-bind-
ing Eppendorf tubes. HFIP was removed by speed vacuum, 
and the monomers were stored in − 80 °C. To prepare oli-
gomer-enriched preparations, the aliquots were resuspended 
in anhydrous DMSO to make a 5 mM solution followed by 
10 min of sonication. The resuspended peptide was diluted 
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to 100 µM in ice-cold Ham’s F-12 medium, immediately 
vortexed for 30 s, and then incubated at 4 °C for 24 h before 
use. Total Aβ concentration was measured by bicinchoninic 
acid protein assay (BCA) after oligomerization and indicated 
concentration of oligomeric Aβ was used (see Supplemen-
tary Fig. 9, online resource). For control experiments, vehi-
cle treatment corresponding to the same volume of DMSO 
and F12 media used for AβO treatment was processed as for 
Aβ42 oligomerization.

Tissue and cell lysates preparation for Western 
blotting

Samples from human brain were stored at − 80  °C and 
ground with a mortar in a frozen environment with liquid 
nitrogen to prevent thawing of the samples resulting in tissue 
powder. Mouse brains were quickly dissected on an ice-cold 
plate and the different brain structures stored at − 80 °C. Pro-
tein extracts were prepared by homogenizing brain struc-
tures in ice-cold extraction buffer [250 mM sucrose, 20 mM 
Tris–HCl (pH 7.4), 1 mM ethylenediaminetetraacetic acid 
(EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA)] 
containing cocktail of protease and phosphatase inhibitors 
(Halt Protease & Phosphatase Inhibitor Single-Use Cocktail; 
ThermoFisher) using 20 strokes with a Teflon-coated pestle. 
Homogenates were centrifuged at 3000 rpm for 5 min at 
4 °C. The resulting supernatant was collected, and protein 
content determined by BCA (Pierce, Rockford, IL, USA).

To prepare cell lysates for Western blotting neurons were 
collected in 1X Laemmli sample buffer (150 ml/well on 24 
well plates; Bio-Rad Laboratories). Cells were lysed and 
boiled for 5 min. A volume of 15 ml was subsequently used 
for electrophoresis.

Antibodies used in this study

Rabbit anti-NSun2 (Cat# 20854-1-AP; IHC 1:500, IF 1:100 
and WB 1:1000) and mouse anti-NSun2 (Cat# 66580-1-
Ig; IF 1:500) antibodies were purchased from Proteintech. 
Rabbit anti-NSun2 (Cat# 702036; IF 1:250 and WB 1:500) 
was purchased from ThermoFisher Scientific. Mouse anti-
m6A (Cat# 202 111; IP see amount used per ug of RNA) 
antibody was purchased from Synaptic system. Mouse anti-
β-actin (Cat# A1978; WB 1:2000) was purchased from 
Sigma-Aldrich. Rabbit anti-β-III-tubulin (Cat# 04-1049; 
WB 1:2000) was purchased from Millipore Sigma. Rab-
bit anti-pan-tau (Cat# A0024; WB 1:2000) was purchased 
from Agilent-Dako. Mouse anti-phospho-tau pThr181 (Cat# 
MN1050; WB 1:500), rabbit anti-phospho-tau pSer202/
Thr205 (AT8) (Cat# MN1020; IF 1:200 and WB 1:500), 
rabbit anti-phospho-tau pSer214 (Cat# 44-742G; IF 1:50 and 
WB 1:500), rabbit anti-phospho-tau pThr231 (Cat# 701056; 
WB 1:500), rabbit anti-phospho-tau pSer262 (Cat# 44-750G; 

WB 1:500), rabbit anti-phospho-tau pSer199/Ser202 (Cat# 
44-768G; WB 1:500) antibodies were purchased from Ther-
moFisher Scientific. Human/murine phospho-tau pSer396/ 
Ser404 (PHF1; WB 1:1000) monoclonal antibodies was pro-
vided by Peter Davies. Chicken anti-MAP2 (Cat# ab92434; 
IF 1:500) was purchased from Abcam. Mouse anti-APP 
(Cat# SIG-39320; WB 1:2500) was purchased from Bio-
Legend. Anti-Rabbit HRP (Cat# R1006; WB 1:1000) and 
anti-Mouse HRP (Cat# R1005; WB 1:1000) were purchased 
from Kindle Biosciences. Alexa Fluor 568 goat anti-rabbit 
IgG (Cat# A11011; IF 1:1000), Alexa Fluor 488 goat anti-
mouse IgG (Cat# A11001; IF 1:1000) and Alexa Fluor 647 
goat anti-chicken IgG (Cat# A21449; IF 1:1000) secondary 
antibodies were purchased from ThermoFisher Scientific.

Western blotting

10 μg of total protein was resolved by sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
transblotted using standard procedures. Nitrocellulose mem-
branes (BioRad) were blocked in TBS-T (150 mM NaCl, 
20 mM Tris–HCl, pH 7.5, 0.1% Tween 20) supplemented 
with 5% non-fat dry milk. Membranes were incubated over-
night at 4 °C with designated primary antibodies (see above) 
in TBS-T supplemented with 5% non-fat dry milk, washed 
with TBS and next incubated with HRP-conjugated second-
ary antibodies (Kindle Biosciences; Cell Signaling Technol-
ogy) for 1 h. Afterwards, the membrane was washed with 
TBS-T and developed using the chemiluminescence ECL 
kit (Millipore Classico or Kindle Biosciences ECL kit) and 
imaged using a Kwik Quant Imager (Kindle Biosciences).

For Western blotting of Aβ oligomers, 10–20% Tris–Tri-
cine SDS-PAGE was performed. Synthetic AβO were pre-
pared in 1X Laemmli sample buffer (Bio-Rad Laborato-
ries) without reducing agent and resolved by SDS-PAGE. 
The separated proteins were transferred onto Immobilon-
FL PVDF membrane (EMD Millipore), and subsequently 
blocked and incubated with 6E10 monoclonal antibody and 
secondary antibodies (see Supplementary Table 2) as indi-
cated above for nitrocellulose membranes.

Cell viability assay

Neuronal cultures were treated with AβO preparations and 
cell viability was determined using the CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega) following the manu-
facturer’s instructions. Neurons were infected with NSun2 
expression virus 5 days prior to AβO treatment.
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RNA isolation

Fresh-frozen pulverized brain tissues or rat primary hip-
pocampal neurons were lysed in QIAzol and homogenized 
using a QIAshredder column. Total RNA was extracted 
using the miRNeasy Kit (Qiagen). RNA concentration 
and purity were assessed by measuring the optical density 
at 260 and 280 nm with a Nanodrop Spectrophotometer 
(ThermoFisher).

RNA immunoprecipitation

For immunoprecipitation of RNA, two rounds using 5 μg of 
anti-m6A antibody and 4 μg of small RNA were performed. 
The reaction was carried out using the Immunoprecipita-
tion Kit-Dynabeads Protein G (ThermoFisher) following 
previously established protocols with slight modifications 
[62]. First, the anti-m6A antibody (see above) was coupled 
to Dynabeads Protein G in 500 μl of Binding and Wash-
ing Solution for 3 h at 4 °C followed by 10 min incubation 
at room temperature. Beads were then washed three times 
in Washing Buffer. Small RNA was added to the antibody-
coupled beads in 1X IP buffer (10 mM Tris–HCl, 150 mM 
NaCl and 0.1% (vol/vol) Igepal CA-630) supplemented with 
Rnase inhibitor-RNAsin Plus (Promega) and kept on the 
rotating platform at 4 °C overnight. On the next morning, 
beads were washed 4 times with IP buffer. Finally, the beads 
were resuspended in 100 μl of  m6A competitive elution 
buffer (1X IP buffer containing 6.7 mM N6-methyladenosine 
5′-monophosphate sodium salt (Sigma-Aldrich) and RNAsin 
Plus) with continuous shaking for 1 h at 4 °C. The mixture 
was placed on a magnetic separation rack, and supernatant 
containing the eluted  m6A RNA was collected to a new tube. 
Then, another 100 μl of  m6A competitive elution buffer was 
added for one more elution. Immunoprecipitated RNA was 
recovered using the miRNeasy Kit (Qiagen) following the 
instructions from the manufacturer. As a control, immuno-
precipitation was performed using IgG instead of anti-m6A 
antibody. The rest of experimental parameters were kept 
identical.

Quantitative real‐time PCR

cDNA synthesis was performed using the First Strand 
cDNA Synthesis Kit (Origene) following the manufac-
turer’s instructions. Quantitative real-time PCR (QPCR) 
was performed using Power SYBR Green PCR Master Mix 
(Applied Biosystems) and an Eppendorf Realplex Master-
cyler with the following settings: 1 cycle at 95 °C for 10 min 
and 45 cycles of amplification: 95 °C for 30 s, 57 °C for 
1 min and 60 °C for 30 s. The following primers pairs were 
used: human NSun2 Fwd 5′-ATG ATC GAA TTT TAT GTG 
ATG TCC -3′ and human NSun2 Rvrs 5′-AGG TGG TCC ACT 

TTT TCC AA-3′; human GAPDH 5′-CTG CAC CAC CAA 
CTG CTT AG-3′ and human GAPDH Rvrs 5’-GTC TTC TGG 
GTG GCA GTG AT-3′; rat NSun2 Fwd 5′-GTC AGC GAG 
ACG GAG TCT G -3′ and rat NSun2 Rvrs 5′-TGG GGG AAT 
CAT GCT GAC -3′; rat GAPDH 5′-GGC AAG TTC AAT GGC 
ACA GT-3′ and rat GAPDH Rvrs 5′-TGG TGA AGA CGC 
CAG TAG ACTC-3′. The amount of NSun2 was quantified 
and normalized to GAPDH mRNA using the comparative 
CT method.

TaqMan MicroRNA assays were used to measure miR-
125b-5p levels (ThermoFisher). 10 ng of total RNA was 
reverse-transcribed using specific stem-loop reverse tran-
scription primers (ThermoFisher) and miR-125b-5p levels 
were measured on an Eppendorf Realplex Mastercyler. The 
levels of U6 snRNA were used as endogenous controls for 
normalization using the comparative CT method.

Immunofluorescence

For immunofluorescence of human brain sections, human 
FFPE sections were deparaffinized with Histoclear and rehy-
drated before performing antigen retrieval. Antigen retrieval 
procedure was done using Citrate buffer (Biogenex). FFPE 
sections were blocked in TBST containing 10% normal goat 
serum for 1 h at room temperature and incubated with pri-
mary antibody (see above) in TBST containing 10% normal 
donkey serum at 4 °C overnight. After three washes with 
TBST, the tissues were incubated with Alexa Fluor 488 goat 
anti-rabbit or Alexa Fluor 594 goat anti-mouse IgG (see 
above) for 3 h at room temperature. Following three washes 
with TBS, autofluorescence was quenched with 0.3% Sudan 
black B (Sigma-Aldrich) in 70% ethanol (Fisher Scientific) 
for 20 min at room temperature. The sections were rinsed in 
TBS. The nuclei were stained Hoechst33342 staining dye 
solution (ThermoFisher) in TBS for 8 min at room tem-
perature. Following three washes with TBS, sections were 
mounted on slides using SlowFade gold anti-fade reagent 
(ThermoFisher) and imaged using confocal laser-scanning 
microscopy via Z stack.

For immunofluorescence of human iPSC-derived neu-
rons, we follow previously established methods [26]. 
Briefly, iPSC-derived neurons on coverslips were fixed 
with 4% paraformaldehyde (Electron microscopy) and per-
meabilized with 0.2% in TBS. Coverslips were quenched 
with ammonium chloride for 10 min then blocked with 
10% normal goat serum for 30 min. Next, coverslips were 
incubated with primary antibodies for NSun2, phospho-
Ser214 tau and MAP2 (see above). Anti-mouse, anti-rabbit, 
and anti-chicken secondary antisera conjugated with Alexa 
Fluor dyes (ThermoFisher-Life Technologies) were used 
for secondary immunodetection (see above). Finally, cov-
erslips were stained with DAPI for 10 min and mounted 
using Shandon Immu-Mount mounting medium (Fisher 
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Scientific). Labeled neurons were imaged using confocal 
laser-scanning microscopy via Z stack.

For immunofluorescence of rat primary neuronal cultures, 
cells on coverslips were fixed with 4.0% paraformaldehyde 
(Electron microscopy) and blocked with 10% normal goat 
serum in TBS (ThermoFisher) and incubated overnight 
in NSun2 antisera (ThermoFisher), AT8 antisera (Ther-
moFisher) and MAP2 antisera (Abcam). Anti-rabbit, anti-
mouse and anti-chicken secondary antisera conjugated with 
Alexa Fluor dyes (ThermoFisher-Life Technologies) were 
used for immunodetection. Labeled neurons were imaged 
in a Zeiss confocal laser-scanning microscope (LSM800).

Single cell data analyses

The raw datasets for human superior frontal gyrus (SFG) 
and entorhinal cortex (EC) samples were downloaded from 
the Gene Expression Omnibus (GEO) repository under the 
following GEO ID: GSE147528 [52]. Cell filtering, cell 
clustering and main cell-type identification was performed 
as described [21]. Genes that show differential expression 
in at least two cell clusters of the neurons are selected for 
preparing the graphs. Difference to no-change baseline is 
calculated by non-parametric test with uncorrected Dunn’s 
test.

Differential gene expression analyses

To identify differentially expressed genes, we compared 
the main cell types, using Braak stage 6 compared to Braak 
stages 0 or 2 in EC and SFG samples using FindMarker in 
Seurat with default options except of the followings; logfc.
threshold = 0.1, min.pct = 0.0 and min.diff.pct = 0.0. We 
checked the expression of genes documented in this study. 
*p < 0.0332; **p < 0.0021; ***p < 0.0002, ****p < 0.0001.

Public mass spectrometry dataset analyses

To check the expression of genes in mass spectrometry data-
sets, we downloaded the raw expression values from publicly 
available datasets and curations [5, 89] with a custom R 
script (available upon request). The protein expression and 
their fold change in each tissue are calculated on raw pep-
tide reads. Mean values of different analyses on 7 platforms/
datasets are shown as raw values and means.

Statistical analysis

For quantitative immunoblotting, rough eye phenotype 
assessment and for Western blot and QPCR experiments, 
the statistical significance was determined by Student’s t test 
or Mann–Whitney U test using GraphPad Prism (Graph-
Pad Software, La Jolla, CA, USA). One-way ANOVA with 

Bonferroni post hoc test was applied for comparisons includ-
ing more than two groups. A p value of less than 0.05 was 
considered significant. For all figures in which error bars are 
shown, data represent the mean ± SEM. Statistical outliers 
and specimens with measurement errors were excluded.

Study approval

The studies using de-identified post mortem autopsy tissue 
were reviewed and approved by the Columbia University 
institutional review board (IRB) (New York, NY). Dros-
ophila studies are not subject to IRB oversight.

Results

NSun2 RNA methyltransferase is dysregulated 
in Alzheimer’s disease

To provide evidence that NSun2 is expressed in adult 
human neurons in the hippocampal formation and prefron-
tal cortex, main brain areas affected in AD, we performed 
NSun2 immunohistochemistry. Immunostaining of human 
control brains shows NSun2 positive neurons in the hip-
pocampal formation and the prefrontal cortex (Brodmann 
area 9). Immunolabeling clearly shows that NSun2 protein 
is expressed in neurons in the adult human brain with strong 
positivity in the nucleus (Supplementary Fig. 1, online 
resource). To determine whether alterations in NSun2 lev-
els are a feature of AD, we performed NSun2 immunohis-
tochemistry on brain sections from AD patients and control 
individuals (Fig. 1; Table 1; Supplementary Table 1, online 
resource). The most salient feature was the neuronal nuclear 
decrease of NSun2 immunoreactivity in both brain regions 
of AD patients compared to controls, as confirmed by quan-
tification of immunostained slides (Fig. 1a–c).

We then performed Western blot analysis to confirm 
whether levels of NSun2 are reduced in AD brains. Immu-
noblots using antisera specifically recognizing human 
NSun2 [37] (Supplementary Fig. 1, online resource) show a 
decrease in the levels of NSun2 in both the prefrontal cortex 
(Fig. 1d, f, g) and hippocampal formation (Fig. 1e, h, i), in 
comparison to samples from control subjects. The reduc-
tion was more pronounced in the hippocampal formation 
than in the prefrontal cortex (54.1% versus 41%) (Fig. 1d–i). 
Importantly, no significant difference was observed when 
comparing AD cases and controls in the cerebellum, a brain 
area devoid of AD pathology (Supplementary Fig. 2, online 
resource). Notably, we did not detect a difference in the beta-
III-tubulin neuronal marker [13] indicating that our observed 
differences might not be secondary to neuronal loss (Fig. 1d, 
g, e, i). However, while quantitative real-time PCR (QPCR) 
analysis did not show a significant difference in the levels 
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Fig. 1  NSun2 RNA methyltransferase is downregulated in Alz-
heimer’s disease. a Representative NSun2 immunohistochemistry 
images of the hippocampal formation (CA1) and prefrontal cortex 
(Brodmann area 9) of controls and Alzheimer’s disease (AD) human 
brains. Quantifications of the intensity of NSuns2 in cells within the 
prefrontal cortex (b) and CA1 (c). Western blots for NSun2, β-actin 

and β-III-tubulin on the prefrontal cortex (d, f, g) and hippocampus 
(e, h, i) with densitometry quantification of NSun2 protein normal-
ized to β-actin (f, h) and β-III-tubulin (g, i). Scale bar in a = 50 μm. 
*p < 0.05, **p < 0.01, ****p < 0.0001 by Mann–Whitney U test. Data 
represent mean ± SEM
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of NSun2 mRNA in the hippocampal formation, prefron-
tal cortex NSun2 mRNA levels were significantly higher in 
AD brains, suggesting a compensatory mechanism in the 
prefrontal cortex, a brain area that degenerates later in the 
disease process (Supplementary Fig. 3, online resource). 
To further explore NSun2 expression in AD patient brains, 
we analyzed publicly available independent single cell tran-
scriptomics and proteomics datasets for m6A regulatory 
proteins including ‘writers’ (methyltransferases), ‘erasers’ 
(demethylases) and ‘readers’ in human AD and control 
brains [89, 94] (Supplementary Fig. 4, online resource). This 
analysis confirmed and validated our observations of NSun2 
downregulation in AD patient brains.

To examine whether downregulation of NSun2 is a com-
mon event among other tauopathies we performed NSun2 
Western blot analysis using brain samples from Primary 
Age-Related Tauopathy (PART) with dementia [22], Pro-
gressive Supranuclear Palsy (PSP) [30, 81] and control cases 

(Table 1; Supplementary Table 1, online resource; Fig. 2). 
We did not observe any decrease in the levels of NSun2 
in the tissues from the prefrontal cortex, hippocampal for-
mation and cerebellum (PART versus controls; PSP versus 
controls) (Fig. 2a, b, d, e, c, g) and from the globus pallidus 
(PSP versus controls) (Fig. 2f), suggesting that the reduction 
of NSun2 is a selective feature of AD brains when compared 
to other tauopathies.

Since AD patients show pronounced tau pathology in 
the prefrontal cortex and hippocampus, we wondered if 
reduced expression of NSun2 in these areas was paralleled 
by an increase in phospho-tau expression within the same 
neurons. To address this question, we performed co-immu-
nostainings for phospho-tau (AT8 immunostaining) and 
NSun2 in human AD brain sections of the prefrontal cortex 
(Fig. 3a–d) and hippocampus (Fig. 3e–h). Quantifications of 
these stainings revealed significantly higher levels of phos-
pho-tau (prefrontal cortex: 2957%; hippocampus: 2063%) 

a b c

d e gf

Fig. 2  NSun2 protein levels in human primary tauopathies. Western 
blots for NSun2 and β-actin were performed on postmortem brain 
tissue from patients with Primary Age-Related Tauopathy (PART) 
with dementia (a–c), Progressive Supranuclear Palsy (PSP) (d–g) and 
control individuals (a–g). The Western blots for NSun2 and β-actin 
were performed on the prefrontal cortex (a, d), hippocampus (b, e), 

cerebellum (c, g) and globus pallidus (f). Densitometry quantifica-
tion of NSun2 protein normalized to β-actin did not reveal significant 
differences in the levels of NSun2 protein between control, PART 
and PSP groups. Mann–Whitney U  test was applied. Data represent 
mean ± SEM
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Fig. 3  Neuronal NSun2 
deficiency is associated with 
increased phospho-tau expres-
sion in Alzheimer’s disease 
brains. Representative images 
of immunostainings for AT8 
(red) and NSun2 (green) of a 
the prefrontal cortex and e the 
hippocampus (CA1) in control 
individuals and patients with 
AD with quantifications of the 
intensity of NSuns2 (b, f) and 
AT8 (c, g) and their ratio (d, 
h) in cells within the prefrontal 
cortex (b–d) and CA1 (f–h). 
Note that the y-axis is presented 
as log10 scale. Scale bars in a 
and e = 50 μm. ***p < 0.001, 
****p < 0.0001 by Mann–
Whitney U test. Data represent 
mean ± SEM
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and significantly reduced levels of NSun2 (prefrontal cor-
tex: − 64.8%; hippocampus: − 9.1%) in neurons of the AD 
group (Fig. 3b, c, f, g) with an increased phospho-tau/NSun2 
ratio at a cellular level (1806% in frontal cortex, 653% in 
hippocampus) (Fig. 3d, h).

Downregulation of NSun2 in human neurons results 
in increased tau phosphorylation

Having observed that NSun2 is reduced in human samples 
and that NSun2 deficient neurons present higher levels of 
phospho-tau in human AD brains, we next asked whether 
reduction of NSun2 might trigger tau proteostasis dys-
regulation by altering tau phosphorylation levels in human 
neurons. To this end, we took advantage of iPSC-derived 
neurons as a favored in vitro model system to interrogate 
and investigate molecular events driving tau dysregulation 
in humans [43, 65, 70]. Efficient gene knockdown was tested 
using a pool of short hairpin RNA and its respective scram-
ble control. Our system enabled us to significantly reduce 
NSun2 protein levels (31.88% decrease, p = 0.0018) in the 
iPSC-derived neuronal cultures (Supplementary Fig. 5, 
online resource), resembling a similar reduction observed 
in the human cortex of AD brains. We then performed 
immunostainings on the human iPSC-derived neuronal 
cultures and found an increase in the number of positive 
phospho-serine-214-tau neuronal cells and an increase in the 
phospho-tau/NSun2 ratio upon NSun2 protein knockdown 
compared to controls (Fig. 4a, b). Strikingly, Western blot 
analysis of whole cell lysates using a battery of anti-phos-
pho-tau antibodies (Fig. 4c) showed that NSun2 knockdown 
promoted a significant increase in the levels of phosphoryl-
ated tau in several of the phospho-epitopes tested (pSer-199-
202, pSer-214, pSer-262, pSer-396-404) (Fig. 4d).

Similar effects were also observed when we reduced the 
expression of NSun2 in rat primary hippocampal neurons 
from wild-type rats. Here, shRNA mediated knockdown of 
NSun2 protein resulted in significantly increased expression 
of tau pSer-214 and tau pThr-231 (Supplementary Fig. 6, 
online resource).

Deleterious effect of NSun2 deficiency 
in a Drosophila melanogaster model of tau toxicity

We then investigated whether NSun2 influences tau toxic-
ity in vivo. Many molecular mechanisms of post-transcrip-
tional regulation including epitranscriptomic modifications 
and miRNA regulation are conserved between Drosophila 
melanogaster (fruit flies) and humans [23]. Furthermore, 
fruit flies have proven to be useful for modeling essential 
mechanisms of tauopathy and tau biology [67]. Using a 
conditional expression system, we overexpressed either 
a short interfering RNA (siRNA) against NSun2 or we 

overexpressed NSun2. First, human tau was co-expressed 
with a siRNA control in the Drosophila eye, producing a 
rough eye phenotype, confirming that the model system was 
functioning (Fig. 4e). Next, human tau and NSun2 siRNA 
were co-expressed resulting in an exacerbation of the pheno-
type (Fig. 4e). In contrast, co-expression of human tau and 
Drosophila NSun2 showed a partial reversal of the rough eye 
phenotype, consistent with a protective role, demonstrating 
bidirectionality (Fig. 4f). Quantitative assessment of these 
phenotypes revealed that these findings are highly significant 
(Fig. 4e, f), demonstrating that NSun2 influences tau toxicity 
in this system.

Decreased levels of neuroprotective NSun2 
promotes epitranscriptomic alterations in miR‑125b 
and tau hyperphosphorylation

It has been shown that NSun2 mediates  m6A methylation 
of miR-125b, repressing its processing and function [93]. 
Importantly, miR-125b is found to be upregulated in AD 
[20, 58, 78, 86] and its upregulation promotes tau hyper-
phosphorylation and cognitive deficits in vivo [6]. To study 
whether NSun2 deficiency alters  m6A methylation of miR-
125b and promotes tau hyperphosphorylation in vivo in 
the brain, we performed m6A-methylated RNA immuno-
precipitation followed by QPCR analysis and phospho-tau 
immunohistochemistry (Fig. 5). RNA isolated from NSun2 
KO mice brain cortical samples was immunoprecipitated 
using an anti-m6A antibody and the presence of methylated 
miR-125b in the immunoprecipitated materials was analyzed 
by QPCR (Fig. 5a). As expected, miR-125b levels were sig-
nificantly increased in the input samples from NSun2 KO 
mice brains (Fig. 5b). Conversely, the levels of methylated 
miR-125b were found significantly decreased in the brain 
samples from NSun2-deficient mice (43.90%, p = 0.0182) 
(Fig. 5c). To further confirm NSun2 deficiency promoted tau 
alterations in vivo, we performed AT8 (pSer-202/Thr205-
tau) (Fig. 5d, e), pSer-214-tau (Fig. 5f, g) and pSer-262-tau 
(Fig. 5h, i) immunostaining on the brains of aged NSun2 
conditional knockout animals. Strikingly, immunoreactiv-
ity for AT8, pSer214-tau and pSer-262-tau was significantly 
increased in neurons in the frontal cortex of NSun2 deficient 
mice (31.8%, 23.9% and 4.4%, respectively) (Fig. 5e, g, i).

Next, we wanted to confirm in our AD brain tissues sam-
ples whether miR-125b is found upregulated. We found that 
the levels of miR-125b were significantly increased in AD 
frontal cortex samples which is in agreement with previously 
reported observations and our data on the NSun2 deficient 
mouse brains (Supplementary Fig. 7, online resource).

To further investigate the potential role of miR-125b m6A 
methylation on tau phosphorylation, we substituted the m6A 
motif site AAC with GGC in the lentiviral vector encoding 
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miR-125b (miRNA sequence UCC CUG AGA CCC UAA CUU 
GUGA). Transduction of iPSC-derived neurons with miR-
125b vector induced a significant increase of pSer-214-tau 

levels when compared to scrambled miR control (Fig. 5j, k) 
which confirms similar previously reported results in rodent 
neurons [6]. Strikingly, cells transduced with 125b mutant 
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vector (miR-125b∆m6A) exhibited significantly higher lev-
els of pSer-214-tau (Fig. 5j, k), supporting the role of m6A 
miRNA methylation in regulating tau phosphorylation.

Oligomeric amyloid‑beta induces neuronal loss 
of NSun2

One of the main factors that distinguishes AD from pri-
mary tauopathies is the accumulation of AβO in the brain, 
which is positively correlated with cognitive decline and/
or disease progression in AD patients and animal models 
[32]. Given the significant reduction of NSun2 levels in AD 
brains (Fig. 1), we tested whether Aβ could trigger down-
regulation of NSun2. To this end, rat primary hippocampal 
neurons from wild-type rats were exposed to 300 nM AβO, 
a sub-apoptotic concentration (Fig. 6a–c; Supplementary 
Fig. 8, online resource). We found that NSun2 protein levels 
decreased over 24 h AβO exposure (Fig. 6a) while NSun2 
mRNA levels were not affected (Fig. 6b). Concomitantly, we 
observed a significant increase in phospho-tau levels using 
an anti pSer-214-tau antibody at 24 h paralleled by signifi-
cant reduction of total tau (Fig. 6c).

NSun2 partially rescues amyloid‑beta‑induced 
toxicity

We next investigated whether NSun2 influences Aβ-induced 
toxicity in vivo. Using the human Aβ42 transgenic dros-
ophila model that also develops a rough eye phenotype, we 
overexpressed either GFP or NSun2 in these flies (Fig. 6d). 
Notably, NSun2 overexpression resulted in a significant 
reversal of the rough eye phenotype, as similarly seen after 
NSun2 overexpression in our human tau overexpression 

drosophila model. These observations demonstrated that 
NSun2 partially rescues Aβ-induced toxicity in vivo.

To investigate if NSun2 also rescues AβO-induced toxic-
ity in human neurons, we next exposed human iPSC-derived 
neurons to AβO. This treatment caused significant upregula-
tion of phospho-tau (pSer-214-tau), as similarly observed 
for rat primary neurons (Fig. 6e, f). Thus, we decided to 
investigate if overexpression of NSun2 would lead to reduc-
tion of phospho-tau levels in these human cells. Notably, 
NSun2 overexpression resulted in significantly reduced lev-
els of phospho-tau in AβO-challenged neurons (Fig. 6e, f). 
In addition, overexpression of NSun2 rescued cell viability 
and reduced AβO-induced toxicity in cell viability assays 
(Fig. 6g), indicating a neuroprotective role of Nsun2.

Discussion

NSun2 is an RNA methyltransferase that has been well char-
acterized in higher eukaryotes [1, 11, 28, 38, 40, 74, 85]. It is 
a member of the NSun family and its expression is enriched 
in the developing brains [19]. Here, we have shown for the 
first time that NSun2 protein is expressed in the adult human 
brain (Fig. 1; Supplementary Fig. 1, online resource). We 
observed positive NSun2 staining mainly in neurons; yet, 
NSun2 mRNA is also found in the transcriptome profile 
of other cell types in the brain such as oligodendrocytes, 
microglia, astrocytes and endothelial cells [96, 97], indicat-
ing potential cell-type specific roles of NSun2 during devel-
opment and in cellular stress responses [10].

To date several studies have implicated epitranscrip-
tomic regulation of coding and non-coding RNAs in 
diverse biological brain functions [24, 77]. However, cur-
rent understanding of the role that epitranscriptomic alter-
ations play in brain dysfunction and pathology is limited 
[24, 87, 91]. Here, we show that NSun2 RNA methyltrans-
ferase protein levels are decreased in AD brains denoting 
epitranscriptomic alterations in the AD process (Fig. 1). 
NSun2 deficiency has a negative impact on learning and 
memory in fruit flies, mice and causes intellectual dis-
ability and neurological abnormalities in human [1, 12, 
44]. Our results show that the brain area that is devoid of 
AD pathology such as cerebellum has comparable NSun2 
levels to control brains, indicating that NSun2 deficiency 
is specific to the brain areas that are majorly affected in 
AD. Unexpectedly, our results also show that NSun2 pro-
tein is not reduced in primary tauopathies like PART and 
PSP (Fig. 2), indicating a distinct NSun2-related disease 
mechanism in the AD brains. Future studies will be impor-
tant to uncover whether NSun2 alterations are occurring 
in specific disease stages or throughout the AD process.

By utilizing the tau toxicity Drosophila system (Fig. 3), 
we were able to show that NSun2 could modulate tau 

Fig. 4  NSun2 deficiency promotes tau hyperphosphorylation and 
tau toxicity. a Representative immunofluorescence images of human 
iPSC-derived neurons transduced with shNSun2 or scramble control 
immunostained using NSun2 (green), phospho-serine 214-tau (pSer-
214-tau; red) and MAP2 (white) antibodies. b Quantification of the 
intensity of NSun2 and pSer214-tau expression in shNSun2 or scram-
ble control neurons presented as ratio. c Representative Western blots 
with indicated antibodies demonstrating the effects of shNSun2 on 
the levels of phosphorylated forms of tau. d Quantification of phos-
phorylated tau in neurons transduced with shNSun2, plotted relative 
to the levels of total tau (after normalization of total tau with β-actin 
levels). *p < 0.05 by Student’s t test. Data represent mean ± SEM. e, f 
Regulation of tau toxicity by NSun2 in drosophila tau models. e Co-
expression of NSun2-RNAi (n = 26) with human tau exacerbated the 
rough eye phenotype compared with that observed in the GFP-RNAi 
control (n = 29). f Co-expression of NSun2 (n = 18) partially sup-
pressed the human tau–induced rough eye phenotype compared with 
that seen in the GFP control (n = 28). The yellow marked area shows 
the degenerated part of eyes. Scale bars, 200 μm. Histograms show 
quantitative assessment of eye phenotypes. ****p ≤ 0.0001 by Mann–
Whitney U test. Data represent mean ± SEM

◂
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Fig. 5  NSun2 deficiency 
promotes epitranscriptomic 
alterations in miR-125b. a 
Diagram showing that RNA 
was isolated from the forebrain 
of NSun2 conditional KO mice 
and non-transgenic controls and 
was subjected to immunopre-
cipitation analysis using an anti-
m6A antibody or IgG control. 
b, c The presence of miR-125b 
in the Input (n = 3)  m6A (n = 3) 
and IgG (n = 3; used as negative 
control) materials was analyzed 
by QPCR. Histograms show 
quantification of miR-125b 
levels with respect to control in 
Input (b) and  m6A (c) materials. 
*p < 0.05 by Student’s t test. 
Data represent mean ± SEM. 
Representative images (d, f, h) 
and quantifications (e, g, i) of 
immunohistochemistry on the 
frontal cortex of NSun2 condi-
tional KO and non-transgenic 
control mice with phospho-Ser-
ine 202-phospho-Threonine 205 
(AT8) (d, e), phospho-Serine 
214-tau (f, g) and phospho-
Serine 262-tau (h, i) antibodies 
showing a marked increase in 
phospho-tau immunostaining in 
NSun2 conditional KO animals. 
Note that the y-axis is presented 
as log10 scale. Scale bars, 
100 μm. j, k After site directed 
mutagenesis, transduction of 
human iPSC-derived neurons 
with miR-125b vector induced 
a significant increase of pSer-
214-tau levels when compared 
to scrambled miR control, while 
cells transduced with 125b 
mutant vector (miR-125b∆m6A) 
exhibited significant higher 
levels of pSer-214-tau. *p < 0.05 
and **p < 0.01 by one-way 
ANOVA with Bonferroni post 
hoc test
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toxicity bidirectionally. A partial rescue of the rough eye 
phenotype was observed when NSun2 is overexpressed sug-
gesting that NSun2 can play a protective role against tau tox-
icity, and this supports previously published neuroprotective 
roles of NSun2 [10].

Even though  m6A methylation occurring in miRNAs 
has been reported in few studies before [4, 46, 93], none of 
these studies had investigated  m6A miRNA methylation in 
the brain. NSun2 is one of the few brain-enriched methyl-
transferases known to facilitate methylation of non-coding 
RNAs, including miRNAs. It has been shown that NSun2 
methylates miR-125b repressing its processing and function 
[93]. Moreover, miR-125b is upregulated in AD brains [20, 
58, 78, 86] and its upregulation promotes tau hyperphospho-
rylation and cognitive deficits in vivo [6]. Here, our results 
on NSun2 conditional knockout mice show that NSun2 defi-
ciency promotes alterations in miR-125b methylation and 
dysregulation of tau proteostasis in vivo by inducing changes 
in tau phosphorylation levels (Fig. 5). Notably, it has been 
reported that miR-125b upregulation in neurons resulted 
in increased tau phosphorylation at S202/T205 (AT8) sites 
through silencing of phosphatase PPPCA1 [6]. We found 
elevated levels of AT8 staining in NSun2 conditional KO 
mice suggesting that PPPCA1 phosphatase could be reg-
ulated by miR-125b in the NSun2 deficient mice. As for 
phospho-Ser214-tau, a particular phosphatase that dephos-
phorylates this residue has not been identified yet. However, 
Akt/protein kinase B (Akt) can phosphorylate tau at Ser214 
[49] and this implies that Akt might be altered in NSun2 
KO mice. Future studies are needed to better untangle the 
complexity of NSun2 targets which may include other poten-
tial miRNAs associated with AD pathogenesis such as miR-
106b [57].

Even though NSun2 has been traditionally considered an 
 m5C methyltransferase and tRNAs are the major substrates 
of this RNA methyltransferase, our data analysis shows that 
NSun2 mediates  m6A methylation in miRNAs. Indeed a pos-
sible cooperative mechanism between NSun2 and Mettl3 has 
been proposed [54] requiring future research. In addition, 
loss of NSun2 results in accumulation of tRNA fragments 
[9]. Curiously, tRNA fragments function as short RNAs with 
multi-faceted roles in disease processes [61, 84], including 
neurological disorders and possibly including AD [34, 60, 
71, 88, 95]. Therefore, further analysis will be required to 
uncover other salient roles of NSun2 on the post-transcrip-
tional regulation of other non-coding small RNAs in AD and 
related neurological disorders.

Remarkably, we were able to demonstrate that phospho-
tau levels were upregulated upon NSun2 knockdown con-
firming our hypothesis that NSun2 modulates tau proteo-
stasis mediating changes in tau phosphorylation in human 
neuronal cultures (Fig. 4). The human iPSC-derived neu-
ronal culture used in this study was obtained following a 

well-established differentiation protocol in the laboratory 
that produces a heterogeneous population of neurons includ-
ing glutamatergic, cholinergic neurons, GABAergic neurons 
and dopaminergic neurons [26]. This led us ponder if there 
could be a differential vulnerability to changes in NSun2 
levels depending on the neuronal cell types. Even though 
NSun2 seems to be expressed in different neuronal cell 
types at least at the transcriptomic level [8], it would be 
very valuable to find out in future studies whether any dif-
ferential expression levels of NSun2 exist depending on the 
neuronal cell types produced in these cultures and whether 
tau hyperphosphorylation induced by loss of NSun2 drives 
neurotoxicity in specific neuronal populations.

Our data indicate that reduction of NSun2 occurs in 
response to amyloid-beta accumulation (Fig. 6) leading to 
alterations in tau proteostasis. We also demonstrate rescue 
of Aβ-induced cell stress by NSun2 overexpression, pro-
viding tentative evidence that targeting of NSun2 could be 
of therapeutic value. Protease-activated receptor 2 (PAR2) 
modulates NSun2 and miR-125b methylation [90]. Moreo-
ver, PAR2 expression is reduced in vivo in response to amy-
loid-beta. Furthermore, PAR2 receptor levels are reduced in 
human AD brains [2], which could potentially explain our 
observed alterations in NSun2. Therefore, one plausible way 
of modulating NSun2 could be mediated through PAR2, one 
of the proteinase-activated receptors with profound roles in 
the nervous system [64].

While this study has several strengths in that we have 
linked decreased NSun2 expression to tau pathology and 
neurodegeneration in various in vitro and in vivo mod-
els including mice, flies, primary cultures, human iPSC-
derived neurons, and AD patient brains, we recognize that 
there are also some limitations. First, while we were able 
to analyze the effects on NSun2 expression in neurons, 
future studies should explore possible NSun2 dysregula-
tion and any effects on cellular pathology in glial cells in 
the context of AD and other tauopathies. In fact, we have 
noticed some differences when comparing the extent of 
consistent NSun2 downregulation in AD tissue in bulk 
preparations versus single cell neuron analyses, especially 
in the hippocampus, further encouraging future studies on 
NSun2 expression in non-neuronal cells in AD. In addi-
tion, a detailed in vivo analysis of NSun2 dysregulation 
and tau pathology in various neuronal subtypes, including 
glutamatergic neurons versus interneurons, and possible 
brain region-specific alterations in NSun2 and tau pathol-
ogy, for instance in different compartments of the hip-
pocampal formation or different cortical layers across the 
frontal, temporal, parietal and occipital lobes would be 
particularly informative. Second, here we have uncovered 
NSun2 alterations in AD, which we have also observed 
by proteomics and single cell analyses in AD brain tissue 
(Supplementary Fig. 4, online resource). However, deeper 
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definition of the epitranscriptomic changes in other non-
coding and coding RNAs as well as further characteri-
zation of alterations in other epitranscriptome regulatory 
proteins in AD such as Mettl3, HNRNPA2B1, YTHDF3 
or YTHDF3 are needed (Supplementary Fig. 4, online 
resource) [33, 36, 42, 98]. Furthermore, comparative anal-
yses with related tauopathies such as Corticobasal Degen-
eration, Pick’s diseases or other types of Frontotemporal 
Lobar Degeneration as well as unrelated neurodegenera-
tive disorders are warranted. Third, since the Drosophila 
model used in this study is limited to the analysis on one 

single isoform, additional fly models and their brain func-
tion and behavior should be tested in the future, including 
the modulation of the NSun2 target miR-125b. Fourth, 
deeper characterization of miR-125b targets in vitro and 
in vivo could inform about the role that epitranscriptomic 
regulation plays in brain physiology and pathology.

In conclusion, our results suggest that Nsun2 modulates 
tau toxicity through epitranscriptomic regulation of tau 
proteostasis. This conclusion is based on the finding that 
NSun2 deficiency regulates tau phosphorylation in vitro and 
in vivo and that tau toxicity is bidirectionally regulated by 
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NSun2 overexpression and inhibition in vivo. Our results are 
consistent with NSun2 influencing tau phosphorylation at 
the post-transcriptional level through miR-125b regulation, 
but that may differ depending on the experimental context. 
Further validation in other disease models and behavioral 
studies would be valuable. It is unlikely that NSun2 is the 
only methyltransferases with the ability to regulate miRNAs. 
However, the role of NSun2 is of critical interest, given the 
extraordinary and unique role this enzyme plays in physiol-
ogy and pathology. Further studies will advance our under-
standing of the regulation of tau and AD pathogenesis and 
may guide us toward the development of novel therapeutic 
strategies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 022- 02511-7.

Acknowledgements This work was supported by NIH Grants 
R01NS095922 and P50AG0008702 to I.S.M., R01MH117790 to S.A., 
R03NS112785, R25NS070697, R21AG070414-01 and K08NS116166-
01 to G.H., and R01AG050658 to F.B. and NIMH Postdoctoral fellow-
ship F32MH115565-01A1 to J.B. Additional support was provided to 
I.S.M. by the Alzheimer’s Association (NIRG-15-3644-58). G.H. and 
A.A.S. were supported by the Henry and Marilyn Taub Foundation 
and the Thompson Family Foundation Program (TAME-AD). We want 
to thank Dr. Jean Paul Vonsattel for neuropathology support. We are 
grateful to the late Dr. Peter Davies for his generous gift providing us 
PHF1 anti-phospho-tau antibody. Finally, we want to thank Dr. Stephan 
J. Sigrist who kindly shared with us the transgenic Drosophila line.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Abbasi-Moheb L, Mertel S, Gonsior M, Nouri-Vahid L, Kahrizi 
K, Cirak S et al (2012) Mutations in NSUN2 cause autosomal-
recessive intellectual disability. Am J Hum Genet 90:847–855. 
https:// doi. org/ 10. 1016/j. ajhg. 2012. 03. 021

 2. Afkhami-Goli A, Noorbakhsh F, Keller AJ, Vergnolle N, Westa-
way D, Jhamandas JH et al (2007) Proteinase-activated receptor-2 
exerts protective and pathogenic cell type-specific effects in Alz-
heimer’s disease. J Immunol 179:5493–5503. https:// doi. org/ 10. 
4049/ jimmu nol. 179.8. 5493

 3. Akbarian S, Rios M, Liu RJ, Gold SJ, Fong HF, Zeiler S et al 
(2002) Brain-derived neurotrophic factor is essential for opiate-
induced plasticity of noradrenergic neurons. J Neurosci 22:4153–
4162. https:// doi. org/ 10. 1523/ JNEUR OSCI. 22- 10- 04153. 2002. 
(20026381)

 4. Alarcón CR, Lee H, Goodarzi H, Halberg N, Tavazoie SF (2015) 
N6-methyladenosine marks primary microRNAs for processing. 
Nature 519:482–485. https:// doi. org/ 10. 1038/ natur e14281

 5. Bai B, Vanderwall D, Li Y, Wang X, Poudel S, Wang H et al 
(2021) Proteomic landscape of Alzheimer’s disease: novel insights 
into pathogenesis and biomarker discovery. Mol Neurodegener 
16:55. https:// doi. org/ 10. 1186/ s13024- 021- 00474-z

 6. Banzhaf-Strathmann J, Benito E, May S, Arzberger T, Tahirovic 
S, Kretzschmar H et al (2014) MicroRNA-125b induces tau hyper-
phosphorylation and cognitive deficits in Alzheimer’s disease. 
EMBO J 33:1667–1680. https:// doi. org/ 10. 15252/ embj. 20138 
7576

 7. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, 
and function. Cell 116:281–297. https:// doi. org/ 10. 1016/ s0092- 
8674(04) 00045-5

 8. Bennett ML, Bennett FC, Liddelow SA, Ajami B, Zamanian JL, 
Fernhoff NB et al (2016) New tools for studying microglia in the 
mouse and human CNS. Proc Natl Acad Sci U S A 113:E1738-
1746. https:// doi. org/ 10. 1073/ pnas. 15255 28113

 9. Blanco S, Bandiera R, Popis M, Hussain S, Lombard P, Aleksic J 
et al (2016) Stem cell function and stress response are controlled 
by protein synthesis. Nature 534:335–340. https:// doi. org/ 10. 
1038/ natur e18282

 10. Blanco S, Dietmann S, Flores JV, Hussain S, Kutter C, Hum-
phreys P et al (2014) Aberrant methylation of tRNAs links cellular 
stress to neuro-developmental disorders. EMBO J 33:2020–2039. 
https:// doi. org/ 10. 15252/ embj. 20148 9282

 11. Blanco S, Kurowski A, Nichols J, Watt FM, Benitah SA, Frye M 
(2011) The RNA-methyltransferase Misu (NSun2) poises epider-
mal stem cells to differentiate. PLoS Genet 7:e1002403. https:// 
doi. org/ 10. 1371/ journ al. pgen. 10024 03

 12. Blaze J, Navickas A, Phillips HL, Heissel S, Plaza-Jennings A, 
Miglani S et al (2021) Neuronal Nsun2 deficiency produces tRNA 
epitranscriptomic alterations and proteomic shifts impacting 

Fig. 6  NSun2 is downregulated in response to amyloid-β oligomers. 
a Western blot quantification of NSun2 protein levels in rat primary 
hippocampal neurons untreated (control) or treated with 300 nM AβO 
for the indicated times. Top portion of the panel shows representa-
tive Western blots. Histograms show densitometry quantification of 
NSun2 protein levels (bottom of the panel). NSun2 values are nor-
malized against β-actin. Data represent mean ± SEM. *p < 0.05 by 
One-way ANOVA with Bonferroni post hoc test. b QPCR analysis of 
NSun2 mRNA levels in rat primary hippocampal neurons untreated 
(control) or treated with 300 nM AβO for the indicated times. No sig-
nificant changes in the levels of NSun2 mRNA are found. c Western 
blot quantification of phospho-tau and total tau levels in rat primary 
hippocampal neurons untreated (control) or treated with 300  nM 
AβO for 24  h. Phospho-tau levels are plotted relative to the lev-
els of total tau (after normalization of total tau with β-actin levels; 
also shown here). d Co-expression of NSun2 (n = 16) partially sup-
pressed the Aβ42-induced rough eye phenotype compared with that 
seen in the GFP control (n = 16). The marked area shows the degen-
erated part of eyes. Histograms show quantitative assessment of eye 
phenotypes. ****p ≤ 0.0001 by Mann–Whitney  U  test. Data repre-
sent mean ± SEM. e Human iPSC-derived neurons were treated with 
AβO and protein lysates were collected 24 h later for analysis. Rep-
resentative Western blots with antibodies directed against pSer214-
tau and total tau demonstrate the effects of AβO treatment and res-
cue by NSun2 overexpression in human neurons. f Quantification of 
phospho-tau in AβO-challenged neurons in the presence of absence 
of NSun2 demonstrating significant reduction of tau phosphorylation 
after overexpression of NSun2. g Cell viability assay demonstrat-
ing partial rescue of cell viability in AβO-challenged neurons after 
overexpression of NSun2. *p < 0.05, **p < 0.01, ***p ≤ 0.001 and 
****p ≤ 0.0001 One-way ANOVA with Bonferroni post hoc test. 
Data represent mean ± SEM

◂

https://doi.org/10.1007/s00401-022-02511-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ajhg.2012.03.021
https://doi.org/10.4049/jimmunol.179.8.5493
https://doi.org/10.4049/jimmunol.179.8.5493
https://doi.org/10.1523/JNEUROSCI.22-10-04153.2002
https://doi.org/10.1038/nature14281
https://doi.org/10.1186/s13024-021-00474-z
https://doi.org/10.15252/embj.201387576
https://doi.org/10.15252/embj.201387576
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1038/nature18282
https://doi.org/10.1038/nature18282
https://doi.org/10.15252/embj.201489282
https://doi.org/10.1371/journal.pgen.1002403
https://doi.org/10.1371/journal.pgen.1002403


46 Acta Neuropathologica (2023) 145:29–48

1 3

synaptic signaling and behavior. Nat Commun 12:4913. https:// 
doi. org/ 10. 1038/ s41467- 021- 24969-x

 13. Caccamo DV, Herman MM, Frankfurter A, Katsetos CD, Col-
lins VP, Rubinstein LJ (1989) An immunohistochemical study 
of neuropeptides and neuronal cytoskeletal proteins in the neu-
roepithelial component of a spontaneous murine ovarian tera-
toma. Primitive neuroepithelium displays immunoreactivity for 
neuropeptides and neuron-associated beta-tubulin isotype. Am 
J Pathol 135:801–813

 14. Cantara WA, Crain PF, Rozenski J, McCloskey JA, Harris 
KA, Zhang X et al (2011) The RNA modification database, 
RNAMDB: 2011 update. Nucleic Acids Res 39:D195-201. 
https:// doi. org/ 10. 1093/ nar/ gkq10 28

 15. Casas-Tinto S, Zhang Y, Sanchez-Garcia J, Gomez-Velazquez 
M, Rincon-Limas DE, Fernandez-Funez P (2011) The ER stress 
factor XBP1s prevents amyloid-beta neurotoxicity. Hum Mol 
Genet 20:2144–2160. https:// doi. org/ 10. 1093/ hmg/ ddr100

 16. Chellamuthu A, Gray SG (2020) The RNA methyltransferase 
NSUN2 and its potential roles in cancer. Cells. https:// doi. org/ 
10. 3390/ cells 90817 58

 17. Chen G, Gulbranson DR, Hou Z, Bolin JM, Ruotti V, Probasco 
MD et al (2011) Chemically defined conditions for human iPSC 
derivation and culture. Nat Methods 8:424–429. https:// doi. org/ 
10. 1038/ nmeth. 1593

 18. Chen RZ, Akbarian S, Tudor M, Jaenisch R (2001) Deficiency 
of methyl-CpG binding protein-2 in CNS neurons results in a 
Rett-like phenotype in mice. Nat Genet 27:327–331. https:// doi. 
org/ 10. 1038/ 85906

 19. Chi L, Delgado-Olguin P (2013) Expression of NOL1/NOP2/
sun domain (Nsun) RNA methyltransferase family genes in early 
mouse embryogenesis. Gene Expr Patterns 13:319–327. https:// 
doi. org/ 10. 1016/j. gep. 2013. 06. 003

 20. Cogswell JP, Ward J, Taylor IA, Waters M, Shi Y, Cannon B 
et al (2008) Identification of miRNA changes in Alzheimer’s 
disease brain and CSF yields putative biomarkers and insights 
into disease pathways. J Alzheimers Dis 14:27–41. https:// doi. 
org/ 10. 3233/ jad- 2008- 14103

 21. Cosacak MI, Bhattarai P, De Jager PL, Menon V, Tosto G, Kizil 
C (2022) Single cell/nucleus transcriptomics comparison in 
zebrafish and humans reveals common and distinct molecular 
responses to Alzheimer’s disease. Cells. https:// doi. org/ 10. 3390/ 
cells 11111 807

 22. Crary JF, Trojanowski JQ, Schneider JA, Abisambra JF, Abner 
EL, Alafuzoff I et  al (2014) Primary age-related tauopathy 
(PART): a common pathology associated with human aging. 
Acta Neuropathol 128:755–766. https:// doi. org/ 10. 1007/ 
s00401- 014- 1349-0

 23. Dai Q, Smibert P, Lai EC (2012) Exploiting Drosophila genetics 
to understand microRNA function and regulation. Curr Top Dev 
Biol 99:201–235. https:// doi. org/ 10. 1016/ B978-0- 12- 387038- 4. 
00008-2

 24. Dermentzaki G, Lotti F (2020) New Insights on the Role of N 
(6)-methyladenosine RNA methylation in the physiology and 
pathology of the nervous system. Front Mol Biosci 7:555372. 
https:// doi. org/ 10. 3389/ fmolb. 2020. 555372

 25. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-
Divon M, Ungar L, Osenberg S et al (2012) Topology of the 
human and mouse m6A RNA methylomes revealed by m6A-seq. 
Nature 485:201–206. https:// doi. org/ 10. 1038/ natur e11112

 26. Ehrlich M, Hallmann AL, Reinhardt P, Arauzo-Bravo MJ, Korr 
S, Ropke A et al (2015) Distinct neurodegenerative changes 
in an induced pluripotent stem cell model of frontotemporal 
dementia linked to mutant TAU protein. Stem Cell Rep 5:83–96. 
https:// doi. org/ 10. 1016/j. stemcr. 2015. 06. 001

 27. Fan G, Beard C, Chen RZ, Csankovszki G, Sun Y, Siniaia M 
et al (2001) DNA hypomethylation perturbs the function and 

survival of CNS neurons in postnatal animals. J Neurosci 
21:788–797. https:// doi. org/ 10. 1523/ JNEUR OSCI. 21- 03- 00788. 
2001

 28. Frye M, Watt FM (2006) The RNA methyltransferase Misu 
(NSun2) mediates Myc-induced proliferation and is upregulated 
in tumors. Curr Biol 16:971–981. https:// doi. org/ 10. 1016/j. cub. 
2006. 04. 027

 29. Gilbert WV, Bell TA, Schaening C (2016) Messenger RNA mod-
ifications: form, distribution, and function. Science 352:1408–
1412. https:// doi. org/ 10. 1126/ scien ce. aad87 11

 30. Golbe LI (2014) Progressive supranuclear palsy. Semin Neurol 
34:151–159. https:// doi. org/ 10. 1055/s- 0034- 13817 36

 31. Ha M, Kim VN (2014) Regulation of microRNA biogenesis. Nat 
Rev Mol Cell Biol 15:509–524. https:// doi. org/ 10. 1038/ nrm38 38

 32. Haass C, Selkoe DJ (2007) Soluble protein oligomers in neurode-
generation: lessons from the Alzheimer’s amyloid beta-peptide. 
Nat Rev Mol Cell Biol 8:101–112. https:// doi. org/ 10. 1038/ nrm21 
01

 33. Han M, Liu Z, Xu Y, Liu X, Wang D, Li F et al (2020) Abnormal-
ity of m6A mRNA methylation is involved in Alzheimer’s disease. 
Front Neurosci 14:98. https:// doi. org/ 10. 3389/ fnins. 2020. 00098

 34. Hanada T, Weitzer S, Mair B, Bernreuther C, Wainger BJ, Ichida 
J et al (2013) CLP1 links tRNA metabolism to progressive motor-
neuron loss. Nature 495:474–480. https:// doi. org/ 10. 1038/ natur 
e11923

 35. Hu K, Yu J, Suknuntha K, Tian S, Montgomery K, Choi KD et al 
(2011) Efficient generation of transgene-free induced pluripotent 
stem cells from normal and neoplastic bone marrow and cord 
blood mononuclear cells. Blood 117:e109-119. https:// doi. org/ 10. 
1182/ blood- 2010- 07- 298331

 36. Huang H, Camats-Perna J, Medeiros R, Anggono V, Widagdo J 
(2020) Altered expression of the m6A methyltransferase METTL3 
in Alzheimer’s disease. eNeuro. https:// doi. org/ 10. 1523/ eneuro. 
0125- 20. 2020

 37. Huang T, Chen W, Liu J, Gu N, Zhang R (2019) Genome-wide 
identification of mRNA 5-methylcytosine in mammals. Nat Struct 
Mol Biol 26:380–388. https:// doi. org/ 10. 1038/ s41594- 019- 0218-x

 38. Hussain S, Benavente SB, Nascimento E, Dragoni I, Kurowski 
A, Gillich A et al (2009) The nucleolar RNA methyltransferase 
Misu (NSun2) is required for mitotic spindle stability. J Cell Biol 
186:27–40. https:// doi. org/ 10. 1083/ jcb. 20081 0180

 39. Hussain S, Sajini AA, Blanco S, Dietmann S, Lombard P, Sugi-
moto Y et al (2013) NSun2-mediated cytosine-5 methylation of 
vault noncoding RNA determines its processing into regulatory 
small RNAs. Cell Rep 4:255–261. https:// doi. org/ 10. 1016/j. celrep. 
2013. 06. 029

 40. Hussain S, Tuorto F, Menon S, Blanco S, Cox C, Flores JV et al 
(2013) The mouse cytosine-5 RNA methyltransferase NSun2 is 
a component of the chromatoid body and required for testis dif-
ferentiation. Mol Cell Biol 33:1561–1570. https:// doi. org/ 10. 1128/ 
MCB. 01523- 12

 41. Iyer J, Wang Q, Le T, Pizzo L, Gronke S, Ambegaokar SS et al 
(2016) Quantitative assessment of eye phenotypes for functional 
genetic studies using drosophila melanogaster. G3 (Bethesda) 
6:1427–1437. https:// doi. org/ 10. 1534/ g3. 116. 027060

 42. Jiang L, Lin W, Zhang C, Ash PEA, Verma M, Kwan J et al (2021) 
Interaction of tau with HNRNPA2B1 and N(6)-methyladenosine 
RNA mediates the progression of tauopathy. Mol Cell 81:4209-
4227.e4212. https:// doi. org/ 10. 1016/j. molcel. 2021. 07. 038

 43. Karch CM, Kao AW, Karydas A, Onanuga K, Martinez R, Arg-
ouarch A et al (2019) A comprehensive resource for induced pluri-
potent stem cells from patients with primary tauopathies. Stem 
Cell Rep 13:939–955. https:// doi. org/ 10. 1016/j. stemcr. 2019. 09. 
006

 44. Khan MA, Rafiq MA, Noor A, Hussain S, Flores JV, Rupp V 
et  al (2012) Mutation in NSUN2, which encodes an RNA 

https://doi.org/10.1038/s41467-021-24969-x
https://doi.org/10.1038/s41467-021-24969-x
https://doi.org/10.1093/nar/gkq1028
https://doi.org/10.1093/hmg/ddr100
https://doi.org/10.3390/cells9081758
https://doi.org/10.3390/cells9081758
https://doi.org/10.1038/nmeth.1593
https://doi.org/10.1038/nmeth.1593
https://doi.org/10.1038/85906
https://doi.org/10.1038/85906
https://doi.org/10.1016/j.gep.2013.06.003
https://doi.org/10.1016/j.gep.2013.06.003
https://doi.org/10.3233/jad-2008-14103
https://doi.org/10.3233/jad-2008-14103
https://doi.org/10.3390/cells11111807
https://doi.org/10.3390/cells11111807
https://doi.org/10.1007/s00401-014-1349-0
https://doi.org/10.1007/s00401-014-1349-0
https://doi.org/10.1016/B978-0-12-387038-4.00008-2
https://doi.org/10.1016/B978-0-12-387038-4.00008-2
https://doi.org/10.3389/fmolb.2020.555372
https://doi.org/10.1038/nature11112
https://doi.org/10.1016/j.stemcr.2015.06.001
https://doi.org/10.1523/JNEUROSCI.21-03-00788.2001
https://doi.org/10.1523/JNEUROSCI.21-03-00788.2001
https://doi.org/10.1016/j.cub.2006.04.027
https://doi.org/10.1016/j.cub.2006.04.027
https://doi.org/10.1126/science.aad8711
https://doi.org/10.1055/s-0034-1381736
https://doi.org/10.1038/nrm3838
https://doi.org/10.1038/nrm2101
https://doi.org/10.1038/nrm2101
https://doi.org/10.3389/fnins.2020.00098
https://doi.org/10.1038/nature11923
https://doi.org/10.1038/nature11923
https://doi.org/10.1182/blood-2010-07-298331
https://doi.org/10.1182/blood-2010-07-298331
https://doi.org/10.1523/eneuro.0125-20.2020
https://doi.org/10.1523/eneuro.0125-20.2020
https://doi.org/10.1038/s41594-019-0218-x
https://doi.org/10.1083/jcb.200810180
https://doi.org/10.1016/j.celrep.2013.06.029
https://doi.org/10.1016/j.celrep.2013.06.029
https://doi.org/10.1128/MCB.01523-12
https://doi.org/10.1128/MCB.01523-12
https://doi.org/10.1534/g3.116.027060
https://doi.org/10.1016/j.molcel.2021.07.038
https://doi.org/10.1016/j.stemcr.2019.09.006
https://doi.org/10.1016/j.stemcr.2019.09.006


47Acta Neuropathologica (2023) 145:29–48 

1 3

methyltransferase, causes autosomal-recessive intellectual dis-
ability. Am J Hum Genet 90:856–863. https:// doi. org/ 10. 1016/j. 
ajhg. 2012. 03. 023

 45. Kim CK, Asimes A, Zhang M, Son BT, Kirk JA, Pak TR (2020) 
Differential stability of miR-9–5p and miR-9–3p in the brain is 
determined by their unique cis- and trans-acting elements. eNeuro. 
https:// doi. org/ 10. 1523/ ENEURO. 0094- 20. 2020

 46. Konno M, Koseki J, Asai A, Yamagata A, Shimamura T, Motooka 
D et al (2019) Distinct methylation levels of mature microRNAs 
in gastrointestinal cancers. Nat Commun 10:3888. https:// doi. org/ 
10. 1038/ s41467- 019- 11826-1

 47. Kosik KS (2006) The neuronal microRNA system. Nat Rev Neu-
rosci 7:911–920. https:// doi. org/ 10. 1038/ nrn20 37

 48. Krol J, Busskamp V, Markiewicz I, Stadler MB, Ribi S, Richter 
J et al (2010) Characterizing light-regulated retinal microRNAs 
reveals rapid turnover as a common property of neuronal micro-
RNAs. Cell 141:618–631. https:// doi. org/ 10. 1016/j. cell. 2010. 03. 
039

 49. Ksiezak-Reding H, Pyo HK, Feinstein B, Pasinetti GM (2003) 
Akt/PKB kinase phosphorylates separately Thr212 and Ser214 of 
tau protein in vitro. Biochim Biophys Acta 1639:159–168. https:// 
doi. org/ 10. 1016/j. bbadis. 2003. 09. 001

 50. Lannes J, L’Hôte D, Fernandez-Vega A, Garrel G, Laverrière JN, 
Cohen-Tannoudji J et al (2016) Corrigendum: a regulatory loop 
between miR-132 and miR-125b involved in gonadotrop cells 
desensitization to GnRH. Sci Rep 6:34676. https:// doi. org/ 10. 
1038/ srep3 4676

 51. Lee A, Chandana K, Virga DM, Lewis TL Jr, Koo SY, Ashok 
A et al (2019) Aβ42 oligomers trigger synaptic loss through 
CAMKK2-AMPK-dependent effectors coordinating mitochon-
drial fission and mitophagy. bioRxiv. https:// doi. org/ 10. 1101/ 
637199

 52. Leng K, Li E, Eser R, Piergies A, Sit R, Tan M et al (2021) 
Molecular characterization of selectively vulnerable neurons in 
Alzheimer’s disease. Nat Neurosci 24:276–287. https:// doi. org/ 
10. 1038/ s41593- 020- 00764-7

 53. Lesuisse C, Martin LJ (2002) Long-term culture of mouse cortical 
neurons as a model for neuronal development, aging, and death. 
J Neurobiol 51:9–23. https:// doi. org/ 10. 1002/ neu. 10037

 54. Li Q, Li X, Tang H, Jiang B, Dou Y, Gorospe M et al (2017) 
NSUN2-mediated m5C methylation and METTL3/METTL14-
mediated m6A methylation cooperatively enhance p21 translation. 
J Cell Biochem 118:2587–2598. https:// doi. org/ 10. 1002/ jcb. 25957

 55. Libri V, Miesen P, van Rij RP, Buck AH (2013) Regulation of 
microRNA biogenesis and turnover by animals and their viruses. 
Cell Mol Life Sci 70:3525–3544. https:// doi. org/ 10. 1007/ 
s00018- 012- 1257-1

 56. Liu J, Pasini S, Shelanski ML, Greene LA (2014) Activating 
transcription factor 4 (ATF4) modulates post-synaptic develop-
ment and dendritic spine morphology. Front Cell Neurosci 8:177. 
https:// doi. org/ 10. 3389/ fncel. 2014. 00177

 57. Liu W, Zhao J, Lu G (2016) miR-106b inhibits tau phosphoryla-
tion at Tyr18 by targeting Fyn in a model of Alzheimer’s disease. 
Biochem Biophys Res Commun 478:852–857. https:// doi. org/ 10. 
1016/j. bbrc. 2016. 08. 037

 58. Lukiw WJ, Andreeva TV, Grigorenko AP, Rogaev EI (2012) 
Studying micro RNA function and dysfunction in Alzheimer’s 
disease. Front Genet 3:327. https:// doi. org/ 10. 3389/ fgene. 2012. 
00327

 59. Ma X, Liu L, Meng J (2017) MicroRNA-125b promotes neurons 
cell apoptosis and Tau phosphorylation in Alzheimer’s disease. 
Neurosci Lett 661:57–62. https:// doi. org/ 10. 1016/j. neulet. 2017. 
09. 043

 60. Magee R, Londin E, Rigoutsos I (2019) TRNA-derived fragments 
as sex-dependent circulating candidate biomarkers for Parkinson’s 

disease. Parkinsonism Relat Disord 65:203–209. https:// doi. org/ 
10. 1016/j. parkr eldis. 2019. 05. 035

 61. Magee R, Rigoutsos I (2020) On the expanding roles of tRNA 
fragments in modulating cell behavior. Nucleic Acids Res 
48:9433–9448. https:// doi. org/ 10. 1093/ nar/ gkaa6 57

 62. Meyer KD, Saletore Y, Zumbo P, Elemento O, Mason CE, Jaffrey 
SR (2012) Comprehensive analysis of mRNA methylation reveals 
enrichment in 3’ UTRs and near stop codons. Cell 149:1635–
1646. https:// doi. org/ 10. 1016/j. cell. 2012. 05. 003

 63. Millan MJ (2017) Linking deregulation of non-coding RNA to 
the core pathophysiology of Alzheimer’s disease: an integrative 
review. Prog Neurobiol 156:1–68. https:// doi. org/ 10. 1016/j. pneur 
obio. 2017. 03. 004

 64. Noorbakhsh F, Vergnolle N, Hollenberg MD, Power C (2003) 
Proteinase-activated receptors in the nervous system. Nat Rev 
Neurosci 4:981–990. https:// doi. org/ 10. 1038/ nrn12 55

 65. Oakley DH, Klickstein N, Commins C, Chung M, Dujardin S, 
Bennett RE et al (2021) Continuous monitoring of tau-induced 
neurotoxicity in patient-derived iPSC-neurons. J Neurosci 
41:4335–4348. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2590- 20. 
2021

 66. Panchal K, Tiwari AK (2020) Miro, a Rho GTPase genetically 
interacts with Alzheimer’s disease-associated genes (Tau, Abeta42 
and Appl) in Drosophila melanogaster. Biol Open. https:// doi. org/ 
10. 1242/ bio. 049569

 67. Papanikolopoulou K, Skoulakis EM (2011) The power and rich-
ness of modelling tauopathies in Drosophila. Mol Neurobiol 
44:122–133. https:// doi. org/ 10. 1007/ s12035- 011- 8193-1

 68. Park JH, Shin SY, Shin C (2017) Non-canonical targets destabilize 
microRNAs in human Argonautes. Nucleic Acids Res 45:1569–
1583. https:// doi. org/ 10. 1093/ nar/ gkx029

 69. Pawlica P, Sheu-Gruttadauria J, MacRae IJ, Steitz JA (2019) How 
Complementary targets expose the microRNA 3’ end for tailing 
and trimming during target-directed microRNA degradation. Cold 
Spring Harb Symp Quant Biol 84:179–183. https:// doi. org/ 10. 
1101/ sqb. 2019. 84. 039321

 70. Penney J, Ralvenius WT, Tsai LH (2020) Modeling Alzheimer’s 
disease with iPSC-derived brain cells. Mol Psychiatry 25:148–
167. https:// doi. org/ 10. 1038/ s41380- 019- 0468-3

 71. Prehn JHM, Jirstrom E (2020) Angiogenin and tRNA fragments 
in Parkinson’s disease and neurodegeneration. Acta Pharmacol 
Sin 41:442–446. https:// doi. org/ 10. 1038/ s41401- 020- 0375-9

 72. Reddy PH, Tonk S, Kumar S, Vijayan M, Kandimalla R, Kuruva 
CS et al (2017) A critical evaluation of neuroprotective and neu-
rodegenerative MicroRNAs in Alzheimer’s disease. Biochem Bio-
phys Res Commun 483:1156–1165. https:// doi. org/ 10. 1016/j. bbrc. 
2016. 08. 067

 73. Reid DW, Muyskens JB, Neal JT, Gaddini GW, Cho LY, Wandler 
AM et al (2012) Identification of genetic modifiers of CagA-
induced epithelial disruption in Drosophila. Front Cell Infect 
Microbiol 2:24. https:// doi. org/ 10. 3389/ fcimb. 2012. 00024

 74. Sakita-Suto S, Kanda A, Suzuki F, Sato S, Takata T, Tatsuka 
M (2007) Aurora-B regulates RNA methyltransferase NSUN2. 
Mol Biol Cell 18:1107–1117. https:// doi. org/ 10. 1091/ mbc. 
e06- 11- 1021

 75. Santa-Maria I, Alaniz ME, Renwick N, Cela C, Fulga TA, Van 
Vactor D et al (2015) Dysregulation of microRNA-219 promotes 
neurodegeneration through post-transcriptional regulation of tau. 
J Clin Invest 125:681–686. https:// doi. org/ 10. 1172/ JCI78 421

 76. Santa-Maria I, Diaz-Ruiz C, Ksiezak-Reding H, Chen A, Ho L, 
Wang J et al (2012) GSPE interferes with tau aggregation in vivo: 
implication for treating tauopathy. Neurobiol Aging 33:2072–
2081. https:// doi. org/ 10. 1016/j. neuro biola ging. 2011. 09. 027

 77. Satterlee JS, Basanta-Sanchez M, Blanco S, Li JB, Meyer K, 
Pollock J et al (2014) Novel RNA modifications in the nervous 

https://doi.org/10.1016/j.ajhg.2012.03.023
https://doi.org/10.1016/j.ajhg.2012.03.023
https://doi.org/10.1523/ENEURO.0094-20.2020
https://doi.org/10.1038/s41467-019-11826-1
https://doi.org/10.1038/s41467-019-11826-1
https://doi.org/10.1038/nrn2037
https://doi.org/10.1016/j.cell.2010.03.039
https://doi.org/10.1016/j.cell.2010.03.039
https://doi.org/10.1016/j.bbadis.2003.09.001
https://doi.org/10.1016/j.bbadis.2003.09.001
https://doi.org/10.1038/srep34676
https://doi.org/10.1038/srep34676
https://doi.org/10.1101/637199
https://doi.org/10.1101/637199
https://doi.org/10.1038/s41593-020-00764-7
https://doi.org/10.1038/s41593-020-00764-7
https://doi.org/10.1002/neu.10037
https://doi.org/10.1002/jcb.25957
https://doi.org/10.1007/s00018-012-1257-1
https://doi.org/10.1007/s00018-012-1257-1
https://doi.org/10.3389/fncel.2014.00177
https://doi.org/10.1016/j.bbrc.2016.08.037
https://doi.org/10.1016/j.bbrc.2016.08.037
https://doi.org/10.3389/fgene.2012.00327
https://doi.org/10.3389/fgene.2012.00327
https://doi.org/10.1016/j.neulet.2017.09.043
https://doi.org/10.1016/j.neulet.2017.09.043
https://doi.org/10.1016/j.parkreldis.2019.05.035
https://doi.org/10.1016/j.parkreldis.2019.05.035
https://doi.org/10.1093/nar/gkaa657
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1016/j.pneurobio.2017.03.004
https://doi.org/10.1016/j.pneurobio.2017.03.004
https://doi.org/10.1038/nrn1255
https://doi.org/10.1523/JNEUROSCI.2590-20.2021
https://doi.org/10.1523/JNEUROSCI.2590-20.2021
https://doi.org/10.1242/bio.049569
https://doi.org/10.1242/bio.049569
https://doi.org/10.1007/s12035-011-8193-1
https://doi.org/10.1093/nar/gkx029
https://doi.org/10.1101/sqb.2019.84.039321
https://doi.org/10.1101/sqb.2019.84.039321
https://doi.org/10.1038/s41380-019-0468-3
https://doi.org/10.1038/s41401-020-0375-9
https://doi.org/10.1016/j.bbrc.2016.08.067
https://doi.org/10.1016/j.bbrc.2016.08.067
https://doi.org/10.3389/fcimb.2012.00024
https://doi.org/10.1091/mbc.e06-11-1021
https://doi.org/10.1091/mbc.e06-11-1021
https://doi.org/10.1172/JCI78421
https://doi.org/10.1016/j.neurobiolaging.2011.09.027


48 Acta Neuropathologica (2023) 145:29–48

1 3

system: form and function. J Neurosci 34:15170–15177. https:// 
doi. org/ 10. 1523/ JNEUR OSCI. 3236- 14. 2014

 78. Sethi P, Lukiw WJ (2009) Micro-RNA abundance and stability in 
human brain: specific alterations in Alzheimer’s disease temporal 
lobe neocortex. Neurosci Lett 459:100–104. https:// doi. org/ 10. 
1016/j. neulet. 2009. 04. 052

 79. Shelton SB, Reinsborough C, Xhemalce B (2016) Who watches 
the watchmen: roles of RNA modifications in the RNA interfer-
ence pathway. PLoS Genet 12:e1006139. https:// doi. org/ 10. 1371/ 
journ al. pgen. 10061 39

 80. Shen EY, Jiang Y, Javidfar B, Kassim B, Loh YE, Ma Q et al 
(2016) Neuronal deletion of Kmt2a/Mll1 histone methyltrans-
ferase in ventral striatum is associated with defective spike-
timing-dependent striatal synaptic plasticity, altered response to 
dopaminergic drugs, and increased anxiety. Neuropsychopharma-
cology 41:3103–3113. https:// doi. org/ 10. 1038/ npp. 2016. 144

 81. Steele JC, Richardson JC, Olszewski J (1964) Progressive 
supranuclear palsy. a heterogeneous degeneration involving the 
brain stem, basal ganglia and cerebellum with vertical gaze and 
pseudobulbar palsy nuchal dystonia and dementia. Arch Neurol 
10:333–359. https:// doi. org/ 10. 1001/ archn eur. 1964. 00460 16000 
3001

 82. Stine WB Jr, Dahlgren KN, Krafft GA, LaDu MJ (2003) In vitro 
characterization of conditions for amyloid-beta peptide oligomeri-
zation and fibrillogenesis. J Biol Chem 278:11612–11622. https:// 
doi. org/ 10. 1074/ jbc. M2102 07200

 83. Sun Z, Xue S, Xu H, Hu X, Chen S, Yang Z et al (2019) Expres-
sion profiles of long noncoding RNAs associated with the NSUN2 
gene in HepG2 cells. Mol Med Rep 19:2999–3008. https:// doi. org/ 
10. 3892/ mmr. 2019. 9984

 84. Telonis AG, Loher P, Honda S, Jing Y, Palazzo J, Kirino Y et al 
(2015) Dissecting tRNA-derived fragment complexities using 
personalized transcriptomes reveals novel fragment classes and 
unexpected dependencies. Oncotarget 6:24797–24822. https:// doi. 
org/ 10. 18632/ oncot arget. 4695

 85. Tuorto F, Liebers R, Musch T, Schaefer M, Hofmann S, Kellner 
S et al (2012) RNA cytosine methylation by Dnmt2 and NSun2 
promotes tRNA stability and protein synthesis. Nat Struct Mol 
Biol 19:900–905. https:// doi. org/ 10. 1038/ nsmb. 2357

 86. Wang WX, Huang Q, Hu Y, Stromberg AJ, Nelson PT (2011) 
Patterns of microRNA expression in normal and early Alzhei-
mer’s disease human temporal cortex: white matter versus gray 
matter. Acta Neuropathol 121:193–205. https:// doi. org/ 10. 1007/ 
s00401- 010- 0756-0

 87. Weng YL, Wang X, An R, Cassin J, Vissers C, Liu Y et al (2018) 
Epitranscriptomic m(6)A regulation of axon regeneration in the 
adult mammalian nervous system. Neuron 97(313–325):e316. 
https:// doi. org/ 10. 1016/j. neuron. 2017. 12. 036

 88. Wu W, Lee I, Spratt H, Fang X, Bao X (2021) tRNA-derived 
fragments in Alzheimer’s disease: implications for new disease 
biomarkers and neuropathological mechanisms. J Alzheimers Dis 
79:793–806. https:// doi. org/ 10. 3233/ JAD- 200917

 89. Xu J, Patassini S, Rustogi N, Riba-Garcia I, Hale BD, Phillips AM 
et al (2019) Regional protein expression in human Alzheimer’s 
brain correlates with disease severity. Commun Biol 2:43. https:// 
doi. org/ 10. 1038/ s42003- 018- 0254-9

 90. Yang L, Ma Y, Han W, Li W, Cui L, Zhao X et al (2015) Protein-
ase-activated receptor 2 promotes cancer cell migration through 
RNA methylation-mediated repression of miR-125b. J Biol Chem 
290:26627–26637. https:// doi. org/ 10. 1074/ jbc. M115. 667717

 91. Yoon KJ, Ming GL, Song H (2018) Epitranscriptomes in the adult 
mammalian brain: dynamic changes regulate behavior. Neuron 
99:243–245. https:// doi. org/ 10. 1016/j. neuron. 2018. 07. 019

 92. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane 
JL, Tian S et al (2007) Induced pluripotent stem cell lines derived 
from human somatic cells. Science 318:1917–1920. https:// doi. 
org/ 10. 1126/ scien ce. 11515 26

 93. Yuan S, Tang H, Xing J, Fan X, Cai X, Li Q et al (2014) Methyla-
tion by NSun2 represses the levels and function of microRNA 
125b. Mol Cell Biol 34:3630–3641. https:// doi. org/ 10. 1128/ MCB. 
00243- 14

 94. Zhang B, Gaiteri C, Bodea LG, Wang Z, McElwee J, Podtelezh-
nikov AA et al (2013) Integrated systems approach identifies 
genetic nodes and networks in late-onset Alzheimer’s disease. 
Cell 153:707–720. https:// doi. org/ 10. 1016/j. cell. 2013. 03. 030

 95. Zhang X, Cozen AE, Liu Y, Chen Q, Lowe TM (2016) Small RNA 
modifications: integral to function and disease. Trends Mol Med 
22:1025–1034. https:// doi. org/ 10. 1016/j. molmed. 2016. 10. 009

 96. Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe 
S et al (2014) An RNA-sequencing transcriptome and splicing 
database of glia, neurons, and vascular cells of the cerebral cor-
tex. J Neurosci 34:11929–11947. https:// doi. org/ 10. 1523/ JNEUR 
OSCI. 1860- 14. 2014

 97. Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal 
PD et al (2016) Purification and characterization of progenitor 
and mature human astrocytes reveals transcriptional and func-
tional differences with mouse. Neuron 89:37–53. https:// doi. org/ 
10. 1016/j. neuron. 2015. 11. 013

 98. Zhao F, Xu Y, Gao S, Qin L, Austria Q, Siedlak SL et al (2021) 
METTL3-dependent RNA m(6)A dysregulation contributes to 
neurodegeneration in Alzheimer’s disease through aberrant cell 
cycle events. Mol Neurodegener 16:70. https:// doi. org/ 10. 1186/ 
s13024- 021- 00484-x

 99. Zufferey R, Nagy D, Mandel RJ, Naldini L, Trono D (1997) Mul-
tiply attenuated lentiviral vector achieves efficient gene delivery 
in vivo. Nat Biotechnol 15:871–875. https:// doi. org/ 10. 1038/ nbt09 
97- 871

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1523/JNEUROSCI.3236-14.2014
https://doi.org/10.1523/JNEUROSCI.3236-14.2014
https://doi.org/10.1016/j.neulet.2009.04.052
https://doi.org/10.1016/j.neulet.2009.04.052
https://doi.org/10.1371/journal.pgen.1006139
https://doi.org/10.1371/journal.pgen.1006139
https://doi.org/10.1038/npp.2016.144
https://doi.org/10.1001/archneur.1964.00460160003001
https://doi.org/10.1001/archneur.1964.00460160003001
https://doi.org/10.1074/jbc.M210207200
https://doi.org/10.1074/jbc.M210207200
https://doi.org/10.3892/mmr.2019.9984
https://doi.org/10.3892/mmr.2019.9984
https://doi.org/10.18632/oncotarget.4695
https://doi.org/10.18632/oncotarget.4695
https://doi.org/10.1038/nsmb.2357
https://doi.org/10.1007/s00401-010-0756-0
https://doi.org/10.1007/s00401-010-0756-0
https://doi.org/10.1016/j.neuron.2017.12.036
https://doi.org/10.3233/JAD-200917
https://doi.org/10.1038/s42003-018-0254-9
https://doi.org/10.1038/s42003-018-0254-9
https://doi.org/10.1074/jbc.M115.667717
https://doi.org/10.1016/j.neuron.2018.07.019
https://doi.org/10.1126/science.1151526
https://doi.org/10.1126/science.1151526
https://doi.org/10.1128/MCB.00243-14
https://doi.org/10.1128/MCB.00243-14
https://doi.org/10.1016/j.cell.2013.03.030
https://doi.org/10.1016/j.molmed.2016.10.009
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1016/j.neuron.2015.11.013
https://doi.org/10.1016/j.neuron.2015.11.013
https://doi.org/10.1186/s13024-021-00484-x
https://doi.org/10.1186/s13024-021-00484-x
https://doi.org/10.1038/nbt0997-871
https://doi.org/10.1038/nbt0997-871

	RNA methyltransferase NSun2 deficiency promotes neurodegeneration through epitranscriptomic regulation of tau phosphorylation
	Abstract
	Introduction
	Materials and methods
	Human brain tissue samples
	Mice
	Immunohistochemistry on mouse brain tissue
	Automated image quantification and statistical analyses
	Drosophila stocks
	Drosophila rough eye phenotype assessment
	Cell culture
	Lentiviral shRNA preparation
	Site-directed mutagenesis
	Amyloid-β oligomers preparation
	Tissue and cell lysates preparation for Western blotting
	Antibodies used in this study
	Western blotting
	Cell viability assay
	RNA isolation
	RNA immunoprecipitation
	Quantitative real‐time PCR
	Immunofluorescence
	Single cell data analyses
	Differential gene expression analyses
	Public mass spectrometry dataset analyses
	Statistical analysis
	Study approval

	Results
	NSun2 RNA methyltransferase is dysregulated in Alzheimer’s disease
	Downregulation of NSun2 in human neurons results in increased tau phosphorylation
	Deleterious effect of NSun2 deficiency in a Drosophila melanogaster model of tau toxicity
	Decreased levels of neuroprotective NSun2 promotes epitranscriptomic alterations in miR-125b and tau hyperphosphorylation
	Oligomeric amyloid-beta induces neuronal loss of NSun2
	NSun2 partially rescues amyloid-beta-induced toxicity

	Discussion
	Acknowledgements 
	References




