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� MAF1 is a novel intrinsic inhibitor of
spontaneous recovery after ischemic
stroke.

� MAF1 is upregulated and activated in
neurons of peri-infarct cortex in the
cerebral hemisphere.

� In addition to Pol III, MAF1 represses
Pol II-transcribed CREB-related genes.

� MAF1 knockdown markedly
enhances global protein synthetic
capacity and CREB-mediated neural
repair in peri-infarct cortex.

� Targeting MAF1 could potentiate
neural plasticity and functional
recovery after ischemic stroke and
other CNS injuries.
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Introduction: Spontaneous recovery after CNS injury is often very limited and incomplete, leaving most
stroke patients with permanent disability. Maf1 is known as a key growth suppressor in proliferating
cells. However, its role in neuronal cells after stroke remains unclear.
Objective: We aimed to investigate the mechanistic role of Maf1 in spontaneous neural repair and eval-
uated the therapeutic effect of targeting Maf1 on stroke recovery.
Methods: We used mouse primary neurons to determine the signaling mechanism of Maf1, and the
cleavage-under-targets-and-tagmentation-sequencing to map the whole-genome promoter binding sites
of Maf1 in isolated mature cortical neurons. Photothrombotic stroke model was used to determine the
therapeutic effect on neural repair and functional recovery by AAV-mediated Maf1 knockdown.
Results: We found that Maf1 mediates mTOR signaling to regulate RNA polymerase III (Pol III)-dependent
rRNA and tRNA transcription in mouse cortical neurons. mTOR regulates neuronal Maf1 phosphorylation
and subcellular localization. Maf1 knockdown significantly increases Pol III transcription, neurite out-
growth and dendritic spine formation in neurons. Conversely, Maf1 overexpression suppresses such
activities. In response to photothrombotic stroke in mice, Maf1 expression is increased and accumulates
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in the nucleus of neurons in the peripheral region of infarcted cortex, which is the key region for neural
remodeling and repair during spontaneous recovery. Intriguingly, Maf1 knockdown in the peri-infarct
cortex significantly enhances neural plasticity and functional recovery. Mechanistically, Maf1 not only
interacts with the promoters and represses Pol III-transcribed genes, but also those of CREB-associated
genes that are critical for promoting plasticity during neurodevelopment and neural repair.
Conclusion: These findings indicate Maf1 as an intrinsic neural repair suppressor against regenerative
capability of mature CNS neurons, and suggest that Maf1 is a potential therapeutic target for enhancing
functional recovery after ischemic stroke and other CNS injuries.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The morbidity rate of stroke has recently increased signifi-
cantly. Among people over 60 years old, stroke is the major cause
of permanent disability worldwide and results in substantial bur-
den to medical care expenditures [1,2]. Although recent advances
in intravenous thrombolysis and surgical thrombectomy have
improved the treatment efficacy in the acute phase of ischemic
stroke, only a small percentage of patients could benefit from these
interventions because of their narrow therapeutic time windows
[3]. Even for those patients who are eligible for receiving thrombol-
ysis or intravascular thrombectomy, they may still suffer from seri-
ous sequelae with various degrees of disability [4]. Therefore,
rehabilitation therapy after stroke is crucial for stroke patients.
However, physical therapy can only partially restore the lost neu-
rological functions, and there is no clinically approved drug ther-
apy for boosting stroke recovery. Therefore, it is urgently needed
to identify novel therapeutic targets and strategies for promoting
nerve repair after stroke.

The brain exhibits amazing plasticity and self-healing potential
after injury. After ischemic stroke, spontaneous recovery is trig-
gered through molecular and cellular events such as transcrip-
tional reprogramming that stimulates regeneration of axons and
dendrite branching, synaptogenesis and circuit reconnection [4].
Preclinical studies have demonstrated that during the sub-acute
phase of stroke, these spontaneous responses occur mainly in the
peripheral region of infarcted tissue (peri-infarct region) [5]. Thus,
the peri-infarct region is regarded as the viable therapeutic target
for functional recovery. However, spontaneous recovery is often
very limited and restricted, causing most stroke patients to suffer
from permanent disability and deficit of neurological functions. A
detailed understanding of the spontaneous recovery mechanisms
is key to effective therapeutic approach aiming to enhance these
spontaneous responses after stroke.

It is well recognized that CNS regeneration of axons after injury
is constrained due to the suppressed capability of intrinsic growth
in mature CNS neurons as well as the presence of extrinsic growth
inhibitory factors such as Nogo and myelin-associated inhibitors
secreted from astrocyte scars, myelin and fibrotic tissues [6]. How-
ever, merely blocking of these extrinsic inhibitory factors are not
sufficient to trigger robust regeneration of axons after severe CNS
injuries [6,7]. Compared with extrinsic factors, the intrinsic sup-
pressive factors and mechanisms that restrict the neural regrowth
and repair capacity after ischemic stroke remain relatively obscure.
Emerging evidence from different models of CNS injury has
demonstrated the vital role of neuronal intrinsic factors in promot-
ing axon regeneration and neural repair. In particular, up-
regulation of mTOR signaling has been demonstrated to activate
intrinsic mechanism of axon regeneration and neural repair in
CNS injuries related to stroke and mechanical damages [6,8]. How-
ever, the underlying mechanism by the downstream effector of
mTOR signaling for mediating neural repair has not been com-
pletely understood.
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We previously discovered that Maf1 is the downstream sub-
strate of TOR responsible for inhibition of transcription by RNA
polymerase III (Pol III) in budding yeast [9]. We further found that
TOR directly phosphorylates Maf1 in the cytoplasm under normal
growth conditions, whereas Maf1 is dephosphorylated and translo-
cated to the nucleus for repression of Pol III-dependent transcrip-
tion under nutrient starvation conditions [9]. Subsequent studies
by others in Drosophila and human cells have demonstrated that
Maf1 regulation by TOR is highly conserved [10,11]. Maf1 is a
major repressor of Pol III-dependent transcription that inhibits cell
growth under various stress conditions [12–14]. In budding yeast,
Maf1 deletion completely abolishes the nutrient deficiency-
induced Pol III-transcriptional repression [15,16]. The inhibitory
role of Maf1 in Pol III-transcription is also highly conserved in
nematodes, fruit flies, rodents and humans [17,18]. In nematodes,
knockdown of Maf1 increases tRNA levels, whereas overexpression
of Maf1 decreases tRNA abundance and reduces the oogenesis and
reproductive output [19]. In Drosophila larvae, knockdown of Maf1
increases overall protein synthesis, growth rate and body size [11].
In cancer cells, we and others showed that Maf1 expression is
inversely correlated with proliferating rate, and that overexpres-
sion of Maf1 attenuates cellular growth [20,21]. Therefore, Maf1
is a key transcription regulator that inhibits the growth of prolifer-
ating cells.

In the process of neural repair after CNS injury, protein syn-
thetic capacity in neurons is a determining factor for driving
neurite regeneration [22–24]. Consistently, ribosome biosynthe-
sis is essential for the growth and maintenance of dendrites
[25]. It has been reported that mTOR signaling activity in adult
retinal ganglion cells is downregulated after optic nerve injury,
while knockdown of TSC1 or PTEN, the two upstream regulators
of mTOR, reactivates mTOR signaling and promotes robust axon
regeneration. Interestingly, Maf1 is highly expressed in neurons
of cerebral cortex, hippocampus and retina [26,27], but its pre-
cise role in the nervous system has not been well-
characterized. In the present study, we tested the hypothesis
that Maf1 is an intrinsic regrowth inhibitor of neurons after
ischemic stroke, and that ablation of Maf1 enhances neural plas-
ticity and functional recovery. We first explored the functional
roles of Maf1 in neurons. Then we examined the pathophysiolog-
ical role of Maf1 in nerve repair and recovery. Finally, we eval-
uated the effect of Maf1 knockdown on functional recovery
using the mouse ischemic stroke model.
Materials and Methods

Ethics statement

All animal experiments in this study were performed following
the ethical policies and procedures approved by the ethics commit-
tee of the Animal Experimentation of Jinan University, China
(Approval number: 2019285), and the Institutional Animal Care
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and Use Committee (IACUC) at Rutgers University-Robert Wood
Johnson Medical School, USA (Approval number: I11-049-7).

Animals

All mouse experimental procedures were complied with the
guidelines recommended by the Animal Research: Reporting of
In Vivo Experiments (ARRIVE). These animal experiments were
also conducted in accordance with the recommendations sug-
gested by the Guide for the Care and Use of Laboratory Animals
of National Research Council. Approval was obtained by Rutgers
University-Robert Wood Johnson Medical School-IACUC, and the
Committee for Animal Experimentation of Jinan University. CD-1
timed pregnancy mice (Charles river, New Jersey, USA) were used
for isolation of primary neurons. Adult male C57BL/6 mice used
for the focal stroke models and female pregnancy mice used for
isolation of primary neurons were obtained from the Laboratory
Animal Science of Chinese Academy of Medical Science Institute
(Guangzhou, China). All animals were housed in constant humidity
and temperature in daily cycle of 12 h light and 12 h dark. Exper-
imental animals were freely access to water and food ad libitum in
their cages. In all experimental procedures including stroke surg-
eries, treatments and group allocation, mice were randomized
and specific identity numbers were assigned by computer-
generated random numbers for blinding the investigators who per-
formed experimental procedures and analysis of data.

Mouse cortical ischemic stroke model

Photochemical thrombosis method was used for inducing the
focal brain cortical ischemic stroke in adult male mice [28,29].
After anesthesia via inhalation of isoflurane, stereotaxic device
was used for keeping the mice stable for coordination. Mouse skull
was then exposed and a diode-pumped solid-state laser light with
a wavelength of 532 nm, power of 0.5 mW, and diameter of 2-mm
(GL532TA-100FC, Laser & Optics Century, Shanghai) was posi-
tioned at the left side 2.2 mm from fontanelle of the brain and
0.5 mm anteriorly. Rose Bengal (10 mg/mL) was administered
intraperitoneally to 0.3 mL/30 g. After 5 min, the laser power of
80 mW was used for irradiation at the brain for 15 min. A Laser
Speckle Contrast Imaging System (PeriCam PSI System, Perimed
AB, Stockholm, Sweden) was used to monitor the blood flow in
the brain to confirm the success of blood flow occlusion by the
PT surgery. Rectal temperature of the mice was maintained at
37 �C during the surgery. Moues head skin was sutured after sur-
gery and they were then transferred back to their cages for
recovery.

Neuronal cell line, primary neuronal culture, treatments and
transfection

Neuro2A cells were cultured in DMEM (high glucose, Thermo
Fisher Scientific) supplemented with horse serum (10 %) (Thermo
Fisher Scientific) and fetal bovine serum (5 %) (Thermo Fisher Sci-
entific) in a 37 �C incubator supplied with 5 % CO2. Differentiation
of Neuro2A cells was induced by reducing the FBS concentration to
1 % in the same culture medium and incubation for 12 h. Papain
Dissociation Kit (BioWorthington) was used for isolation and
purification of primary cortical and hippocampal neurons from
cerebral cortices and hippocampus dissected from the mouse
embryos at embryonic stage of 15.5 day. The dissociated primary
neurons were cultured as previously described [30]. Treatments
of neurons with the indicated pharmacological inhibitors and/or
Reelin or Mock conditioned medium were followed as described
[31]. Transfection of primary neurons was performed using the
Nucleofector with Amaxa Mouse Neuron Nucleofector Kit (Lonza).
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Reagents, constructs and antibodies

Reagents involved in cell cultures were purchased from Thermo
Fisher Scientific. Pharmacological inhibitors including rapamycin,
rapalogs and other chemical inhibitors were purchased from LC
Laboratories. Stable cell line CER was used to obtain the recombi-
nant reelin in the conditioned medium as described [32], and the
corresponding mock medium was obtained from the parental
293 EBNA cell line as described [31]. Maf1 specific 29mer shRNA
constructs were expressed from retroviral GFP vector (pGFP-V-
RS) (OriGene). Maf1 shRNA and scramble shRNA were expressed
from AAV-PHP.eB vectors (PackGene Biotech). Vector overexpress-
ing Myc-tagged Maf1 was constructed from pCMV6-AN-His-Myc
vector (OriGene). Raptor shRNA was expressed from pLKO.1 vector
(AddGene). Antibodies and other experimental reagents used in
this study can be found in Table S3.

Isolation of total RNA, RT-PCR and real time PCR

RNA was extracted and purified as described previously [33].
RETROscript Kit (Ambion) was used for reverse transcription (RT)
using random decamers according to the user instruction. TRIzol
reagent was used for extraction of RNA from brain tissues and
Evo M-MLV RT Mix kit (AG 11728) and SYBR Green Pro Taq HS
qPCR kit (AG11701) were used for RT step and quantitative real
time PCR, respectively. PCR was then used to amplify cDNA as
described in the user menu. For real time PCR, the Rotor-Gene
Q2 plex System (Qiagen) was used for the quantification of cDNA.
To determine whether DNA contamination was present in the sam-
ples, the reverse transcriptase was omitted in parallel samples dur-
ing cDNA synthesis as a control. For each sample, at least three
technical replicates were used for setting up the reactions with
the Rotor-Gene SYBR Green PCR Kit or SYBR Green Pro Taq HS qPCR
kit (AG11701). The program consisted of one hold at 95 �C for
5 min, followed by 40 cycles of 5 s at 95 �C and 10 s at 60 �C
was used for the thermocycling reactions. The melting curves were
analyzed to ensure PCR products were specific, free from contam-
ination and primer dimmers. We have tested several real-time
PCR-specific primers for 5S pre-rRNA and found that they were
not appropriate based on the melting curve analysis. Thus, we used
conventional RT-PCR for quantification of 5S pre-rRNA expressions
as described [34,35], whereas real time PCR was used for the
expression analysis of all other genes. Levels of messenger RNA
of the house keeping genes GAPDH or ACT1 were used for the nor-
malization purpose. Relative RNA levels were determined by stan-
dard curves method as described [36]. Primer sequences used for
PCR in this study could be found in Table S4. The primer pairs used
for measuring 5S rRNA and tRNA transcription detect their nascent
transcripts which are processed rapidly during transcription and
therefore can accurately reflect their transcription activity [34,35].

Western blot analysis

For tissue samples of mouse brain and neuronal cells, we used
the RIPA buffer (Tris-HCL: 50 mM, pH 7.2, NaCl: 150 mM, NP-40:
1 %, EDTA: 2 mM, SDS: 0.1 %, PMSF: 0.1 mM, cocktails of protease
and phosphatase inhibitor (Roche)) for lysis and protein extraction.
Protein samples (5–30 lg/lane) were loaded onto SDS-PAGE (8–
12 % according to protein size) and then transferred to PVDF mem-
brane (Bio-Rad). TBST supplemented with 5 % milk was used to
block the membranes for one hour. The blocked membrane was
then incubated with specific primary antibodies in the same block-
ing buffer at 4 �C for 1 h to overnight, depending on the recommen-
dation of antibody vendors. Primary antibodies used in this study
included rabbit polyclonal anti-Maf1 antibody (NOVUS, #31617,
1:1,000), rabbit monoclonal anti-PSD9 (Cell Signaling Technology
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(CST), #3450, 1:1,000), rabbit monoclonal anti-Synaptophysin (CST
#36406, 1:1000), rabbit monoclonal anti-GAP43 (Signalway,
#49013, 1:2,000), mouse monoclonal anti-NF160 (Thermo Fisher,
#13–0700, 1:1,000), rabbit monoclonal anti-CREB1 (CST #9197,
1:1000), rabbit polyclonal anti-CREB5 (Immunoway, #YT7747,
1:1,000), rabbit monoclonal anti-CREB (phospho S133, Abcam
#32096, 1:1,000), and rabbit monoclonal anti-PTEN (CST #9559,
1:1000). After the incubation with the above mentioned primary
antibodies, membranes were incubated in corresponding horse-
radish peroxidase-conjugated secondary antibodies in 5 % milk-
TBST and the protein bands were then developed with the Chemi-
Doc Touch imaging system (Bio-Rad) and analyzed by the Image
Lab software in the system. Tanon 2500 Gel Imaging System was
also used for analysis of Western Blot results. Protein bands were
analyzed and quantified by Quantity-One (Bio-Rad) or ImageJ with
normalization by the corresponding loading controls in the same
samples.

Indirect immunofluorescence

For immunofluorescence (IF) analysis of the mouse primary
neurons, brain cortical tissues were firstly dissected from embryos
of developmental stage at E15.5. The isolated neurons were cul-
tured for two to three days in vitro. Cell number of 0.2 � 106 were
seeded on a glass coverslip coated with poly-L-lysine and placed on
24-well plate for experiments. Cell fixation was performed by add-
ing 4 % formaldehyde solution (in PBS) to the cells and incubated
for 10–15 min and then in blocking solution with primary and sec-
ondary antibodies as described before [32]. Nucleus was counter-
stained with 40,6-diamidino-2-phenylindole (DAPI) at concentra-
tion of 50 ng/ml for 15 min at room temperature. Microscopic
images of the cells showing the localization and intensity of vari-
ous fluorescent signals were analysis using a fluorescence micro-
scope equipped with CCD cool-camera or with a confocal
microscopy. Quantitative and statistical analyses were performed
as described [30].

For IF staining in the brain tissues, mice were anesthetized and
their brain tissues were subjected to fixation by 4 % paraformalde-
hyde (PFA) perfusion. The brains were then dissected and embed-
ded in optimal cutting temperature compound with thickness of
frozen sections of 10 lm, followed by permeabilization using
0.3 % Triton X-100, and incubation with the blocking buffer con-
taining 5 % donkey serum at room temperature for one hour. After
blocking, primary antibody was added to tissue sections which was
incubated at 4 �C cold room overnight. Primary antibodies used in
this study included rabbit polyclonal anti-Maf1 antibody (NOVUS,
#31617, 1:200), mouse monoclonal anti-NeuN (Millipore,
#MAB377, 1:200), mouse monoclonal anti-GFAP (Millipore,
#MAB360,1:200), rabbit monoclonal anti-IBA-1 (Wako Chemicals,
Fig. 1. Pol III repression induced by mTORC1 inhibition is associated with Maf1 dephosph
prepared from mouse primary cortical neurons treated with or without 20 nM rapamycin
precursor rRNA (pre-rRNA) and pre-tRNALEU in cells from (A). Reactions without input (
panel indicates quantification of transcription levels relative to untreated controls. Valu
**p < 0.05, Mann-Whitney test. (C) RT-PCR analysis of 5S pre-rRNA and pre-tRNALEU in pr
Right panel indicates quantification of transcription levels relative to controls. Values
**p < 0.05, Mann-Whitney test. (D) Raptor knockdown by shRNA in primary cortical neur
pre-rRNA level in primary cortical neurons transfected with scramble control or shRNA R
the data are expressed as mean and error bars represent ± SEM values, n = 6, **p < 0.05, M
cells expressing Myc-Maf1 were treated with 20 nM rapamycin for 30 min, andWB was u
Myc. Band 1 and 2 denote the fast and slow electrophoretic forms, respectively. (G) Inhib
treated with 20 nM rapamycin or calf intestine alkaline phosphatase (CIP) for 30 min and
Immunofluorescence (IF) staining of Maf1 in primary cortical neurons which were treate
analyzed by anti-Maf1 antibody. Cell and neurite morphology were visualized by beta-tub
panel indicates quantification of IF results showing Maf1 subcellular localization. Value
**p < 0.05, Mann-Whitney test.
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#019-19741,1:200), rabbit monoclonal anti-PSD-95 (CST# 3450,
1:200), rabbit monoclonal anti-Synaptophysin (CST #36406,
1:200), rabbit monoclonal anti-GAP43 (Signalway, #49013,
1:200), mouse monoclonal anti-NF160 (ThermoFisher, #13-0700,
1:200), chicken anti-beta-tubulin 3 (TUJ, AvesLabs, #TUJ-
7947980, 1:200). Corresponding fluorescent-coupled secondary
antibodies were then added to the samples and incubated for
one hour at room temperature. Images were acquired in the peri-
infarct area using fluorescence microscopy, and ImageJ was used
for image processing and quantification. All experimental proce-
dures and quantitative analyses were carried out by different
investigators in blinded manner.
AAV-mediated Maf1 knockdown

AAV particles were established with a U6 promoter-driven
shRNA expression system in AAV-PHP.eB vector (PackGene
Biotech). Transduction efficiency was determined by an EGFP
expression which was separately controlled by a CAG promoter.
Maf1 shRNA was designed based on the target sequence of Maf1
specific 29mer shRNA which had been verified for efficient knock-
down of Maf1 expression (OriGene TG516313). The plasmid was
sequence-verified and transfected into HEK293 cells for viral parti-
cle packaging. All vectors were titered and analyzed by quantita-
tive PCR. For the in vivo Maf1 knockdown experiments, AAV
particles containing scramble or Maf1 shRNA were stereotaxically
injected into the ipsilateral cortex at the coordination of M/L,
1.0 mm, 2.2 mm A/P, and 1.0 mm D/V for 21 days.
Behavioral assessment

Recovery of mice (n = 9–15 per group) after stroke was assessed
by the grid-walk test, cylinder test, and adhesive removal test as
described previously [37–39]. Baseline performance was measured
a week before stroke surgery. These behavioral assessments were
conducted once a week for 8 weeks. For grid-walk test, functional
deficit was determined by the percentage of number of impaired
(right limb) foot faults over the total step numbers on the grid.
For performing the cylinder test, mice were placed in a one-liter
volume glass beaker in a quiet room, and the contact times of
the paw with the glass wall using the unimpaired paw, impaired
paw and both paws were determined using a video-recorder with
slow motion if necessary. The bias of paw use was determined by
the difference between the fraction of the paw contact time spent
on unimpaired limb and the impaired limb over the total time
spent on unimpaired, impaired and simultaneous bilateral paws.
The adhesive removal test was basically performed by measuring
the time taken for the mice to remove the adhesive tapes from
orylation and nuclear accumulation in mouse primary neurons. (A) Protein extracts
(Rap) for 4 h and analyzed by Western blot (WB) analysis. (B) RT-PCR analysis of 5S
No DNA) and without reverse transcriptase (No RT) were served as controls. Right
es of the data are expressed as mean and error bars represent ± SEM values, n = 6,
imary cortical neurons treated with DMSO, 20 nM rapamycin or 1 lM PP242 for 4 h.
of the data are expressed as mean and error bars represent ± SEM values, n = 6,
ons was analyzed by WB using an antibody against Raptor. (E) RT-PCR analysis of 5S
aptor. Right panel indicates quantification of relative 5S pre-rRNA levels. Values of
ann-Whitney test. (F) Inhibition of mTORC1 leads to mobility shift of Maf1. Neuro2A
sed to analyze the Myc-Maf1 electrophoretic mobility shift with an antibody against
ition of mTORC1 leads to dephosphorylation of Maf1. Primary cortical neurons were
WB was used to determine the mobility shift of Maf1 with anti-Maf1 antibody. (H)
d in the absence or presence of 20 nM rapamycin for 4 h. Localization of Maf1 was
ulin III staining. DAPI was used to counterstain the nucleus. Scale bar = 25 lm. Right
s of the data are expressed as mean and error bars represent ± SEM values, n = 6,



Fig. 2. Maf1 is phosphorylated and excluded from the nucleus which are accompanied by increased Pol III transcription after mTORC1 activation by Reelin in primary
neurons. (A) WB analysis of mTOR signaling activity in primary cortical neurons incubated in Reelin- or the corresponding Mock-conditioned medium for 4 h. (B) Reelin
stimulates Maf1 phosphorylation. Primary cortical neurons were incubated in Reelin- or the corresponding Mock-conditioned medium for 30 min. Electrophoretic analysis of
Maf1 was performed byWB using an antibody against Maf1. (C) Maf1 localization in primary neurons incubated in Mock or Reelin-conditioned medium for 30 min. Maf1 was
analyzed by immunofluorescence staining with a specific Maf1 antibody. Scale bar = 25 lm. (D) RT-PCR analysis of 5S pre-rRNA transcription in primary cortical neurons
incubated in Mock or Reelin-conditioned medium for 4 h. (E) RT-qPCR analysis of tRNATYR and tRNALEU in primary cortical neurons incubated in Mock or Reelin-conditioned
medium for 4 h. Values of the data are expressed as mean and error bars represent ± SEM values, n = 6, **p < 0.05, Mann-Whitney test. (F) Reelin stimulation of mTOR
signaling in primary cortical neurons is sensitive to rapamycin and Ly294002. Primary cortical neurons were pretreated 30 min with the indicated inhibitors, and then
incubated in Reelin-conditioned medium containing the same drug for 20 min. mTOR signaling was analyzed by WB using p-S6K (T389) and p-AKT (T308) specific antibodies
for mTORC1 and PI3K activity, respectively. (G) RT-PCR analysis of 5S pre-rRNA transcription. Right panel indicates quantification result. (H) RT-qPCR analysis of tRNALEU

transcription. Values of the data are expressed as mean and error bars represent ± SEM values, n = 6, **p < 0.05, Mann-Whitney test.

C.K. Tsang, Q. Mi, G. Su et al. Journal of Advanced Research 51 (2023) 73–90

78



C.K. Tsang, Q. Mi, G. Su et al. Journal of Advanced Research 51 (2023) 73–90
their bilateral paws. Researchers were blinded to the animal iden-
tity during the analysis.

Golgi-Cox staining

After mice were anesthetized with isoflurane, brain tissues
were quickly removed and washed with pre-chilled PBS, fixed with
4 % PFA, and cut into 2–3 mm sections based on the mouse brain
atlas. Brain sections were first impregnated with mercuric chloride
and potassium dichromate for seven days at room temperature,
and subsequently in cryoprotective solution for four days before
sectioning into 100 lm slices with a vibrating knife. The cut brain
sections were placed on 0.3 % gelatin-pre-coated glass slides for
dehydration in gradients by increasing concentrations of alcohol,
followed by xylene. Brain slides were then sealed and developed.
A Nikon microscope was used to acquire the images in the peri-
infarct regions. ImageJ with the Simple Neurite Tracer plugin was
used for Scholl analysis for the dendritic structures in the peri-
infarct regions as described [40]. Dendritic spine density was
determined by quantifying the number of protrusions per 10 lm
dendritic branch.

BDA staining

Seven days before sample collection, 500 nl of 10 % biotinylated
dextran amine (BDA) (wt/vol, Sigma) was stereotaxically injected
to the same position of AAV injection site (1.0 mm A/P,
2.2 mm M/L, 1.0 mm D/V). After one week, mice were undergone
the procedure of transcardial perfusion-fixation with 4 % PFA.
BDA staining was determined by immuno-fluorescence micro-
Fig. 3. Knockdown of Maf1 promotes Pol III-dependent transcription and neurite outgro
Maf1 in primary cortical neurons transfected with a scramble or Maf1 shRNA. (B) RT-PC
described in (A). Right panel indicates quantification result. Values of the data are expres
test. (C) RT-qPCR analysis of tRNALEU and tRNATYR in primary neurons after Maf1 knock
represent ± SEM values, n = 6, **p < 0.01, Mann-Whitney test. (D) IF analysis of neurite
presence of 20 nM rapamycin for 8 days. Transfected neurons were labeled by GFP. Neurit
to counterstain the nucleus. Right panel indicates quantification of total neurite lengt
condition from 6 independent cultures. * p < 0.05 (Student’s t-test). No significant differ
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scopy with Streptavidin Alexa-flour 594. Image in the peri-infarct
area was acquired by confocal microscopy. Three fields of view
per mouse were obtained for quantification using ImageJ.

Cresyl violet staining

Brain tissues were removed after 4 % PFA perfusion-fixation as
described above. The brain tissue blocks were dipped in wax,
embedded and sectioned in 4 lm thickness. Xylene was then used
to ‘‘de-wax” the brain sections, which was followed by re-
hydration by decreasing concentrations of alcohol and Cresyl violet
staining for 30 min at normal room temperature. After washing
and dehydration, samples were transparentized and sealed with
neutral gum. For measurement of the number of neuronal nucleo-
lus in the peri-infarct region, three fields of view were randomly
selected per section for quantification. Nissl body quantification
was performed by the average optical density method
(AOD = IOD/Area) and quantified by ImageJ. Cresyl violet staining
was also used for quantification of infarct size after the PT stroke
as reported previously [81].

Isolation of neurons from peri-infarct cortex

After PT stroke surgery, peri-infarct and the corresponding con-
trol tissues were collected by tissue punch and pooled from 6 mice
per each experimental group. Adult Brain Dissociation Kit (BioWor-
thington) was used for dissociation and isolation of single cells
from the bulk tissues based on the user menu. To remove the red
blood cells from the samples, cell suspension was gone through
the red blood cell removal step using the Red Blood Cell Lysis Solu-
wth. (A) Maf1 knockdown by shRNA was analyzed by WB using an antibody against
R analysis of 5S pre-rRNA expression in primary neurons after Maf1 knockdown as
sed as mean and error bars represent ± SEM values, n = 6, **p < 0.01, Mann-Whitney
down as described in (A). Values of the data are expressed as mean and error bars
s in primary neurons transfected with Maf1 shRNA and treated in the absence or
e morphology was visualized by antibody against beta-tubulin III and DAPI was used
h. Data are mean ± SEM of at least 50 randomly selected individual neurons per
ence (No s.d.). Scale bar = 50 lm.
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tion (#130-094-183), and then Myelin Removal Beads II (Miltenyi
Biotec catalog #130-096-731) was used for clearance of myelin
fragments in samples. Neuronal cells were purified by the anti-
biotin magnetic beads and LS columns provided in the Miltenyi
MACS Neuron Isolation Kit (catalog #130-115-389).

CUT&Tag

We performed the Cleavage under targets and tagmentation
(CUT&Tag) procedure according to the method described in the
CUT&Tag Kit (Novoprotein Scientific, China, catalog #N259-YH01)
with minor modifications as described previously [41,42]. Briefly,
neurons were subjected to dead cell removal procedure following
Fig. 4. Over-expression of Maf1 inhibits Pol III-dependent transcription, neurite outgrow
pre-rRNA expression in primary cortical neurons transfected with pCMV-Myc-Maf1 or a c
are expressed as mean and error bars represent ± SEM values, n = 6, *p < 0.05, Mann-Whit
Maf1 plasmid or control vector for 8 days. Red, beta-tubulin III; Green, Myc-Maf1; Blue,
neurite length in neurons. Data are mean ± SD of at least 50 randomly selected individual
Maf1 inhibits Reelin-induced neurite outgrowth. Primary cortical neurons were transfect
or Reelin-conditioned medium for 8 days, and relative total neurite length was measured
individual neurons per condition from 6 independent cultures. * p < 0.05 (Student’s t-te
morphology in primary neurons transfected with scramble or Maf1 shRNA, incubated in
tubulin III. Scale bar = 5 lm. Right panel indicates quantification result. Data are mean ±
p < 0.05 (Student’s t-test). (E) Representative images of primary neurons transfected
conditioned medium for 8 days. Spine morphology was analyzed by IF using beta-tubuli
number of spine per dendrite length. Data are mean ± SD of at least 50 prominent dendri
interpretation of the references to color in this figure legend, the reader is referred to th
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the instruction provided by the Dead Cell Removal Kit (MACS Mil-
tenyi Biotec, catalog # 130-090-101), followed by a 5-min fixation
with freshly prepared 1 % paraformaldehyde solution at room tem-
perature, and then incubation for 5 min in 4 �C 125 mM glycine
solution. Cells were subjected to gentle wash with Wash Buffer
(20 mM HEPES at pH 7.5, NaCl at 250 mM, Spermidine at
0.5 mM, supplemented with protease inhibitor cocktails), and
incubated with ConA beads in Antibody Buffer (NaCl at 150 mM,
20 mM HEPES at pH 7.5, Spermidine at 0.5 mM, 0.1 % BSA, 0.05 %
Digitonin, 2 mM EDTA, protease inhibitor cocktail) together with
the addition of corresponding antibodies as described in the user
instruction. Primary antibodies used in this study included anti-
Maf1 antibody (1:50 dilution, Novus #13617), normal rabbit IgG
th and dendritic spine growth in mouse primary neurons. (A) RT-PCR analysis of 5S
ontrol vector. Quantification results are shown in the right panel. Values of the data
ney test. (B) IF analysis of neurites in primary neurons transfected with pCMV-Myc-
nucleus. Scale bar = 50 lm. Right panel indicates quantification of the relative total
neurons per condition from 6 independent cultures. * p < 0.05 (Student’s t-test). (C)
ed with control vector or pCMV-Myc-Maf1 plasmid, followed by incubation in mock
compared with mock control. Data are mean ± SD of at least 50 randomly selected

st). No significant difference (No s.d.). (D) Representative images of dendritic spine
Mock or Reelin conditioned medium for 8 days and then analyzed by IF using beta-
SD of at least 50 prominent dendrites per condition from 6 independent cultures. *
with control vector or pCMV-Myc-Maf1 plasmid and then incubated in Reelin-
n III antibody. Scale bar = 5 lm. Lower panel indicates quantification of the relative
tes per condition from 6 independent experiments. * p < 0.05 (Student’s t-test). (For
e web version of this article.)
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(1:50 dilution, CST #2729), Rpb1 (1:100 dilution, CST#14958), and
H3K27ac (1:200, CST#8173). After overnight incubation at 4 �C
cold-room with gentle vertical rotation, the anti-rabbit IgG from
goat (1:200 dilution, Ab6702, Abcam) diluted in Dig-wash buffer
(20 mM HEPES at pH 7.5, Digitonin (0.05 %), NaCl (150 mM), Sper-
midine (0.5 mM), protease inhibitor cocktails) was added as the
secondary antibody to enhance the signal and the cells were incu-
bated at room temperature for one hour. Then, transposome treat-
ment and tagmentation procedure were performed based on the
user instruction. Treatment with proteinase K was performed at
50 �C for one hour. De-crossed linking of DNA was performed in
1 % SDS in the same buffer at 65 �C overnight. MinElute columns
(Qiagen 28006) was used to purify DNA which was then subjected
to PCR with the specific combination of indexed i5 and i7 primers
in the master mix solution containing NEB Next HiFi 2x PCR
reagents. The resulting DNA libraries were constructed using the
following conditions. Step one: 72 �C for 5 min; step 2: 98 �C for
30 s; step 3: 12–25 cycles of 98 �C for 10 s; step 4: 63 �C for
30 s; step 5: 72 �C for 1 min for final extension. MinElute columns
(Qiagen 28006) was used for purification of the library DNA. Quan-
tification was measured by Qubit and the corresponding super-
sensitive detection reagents. Agilent Bioanalyzer was used for
determining DNA fragment size. NovaSeq 6000 system (Illumina)
was used for performing the pair-end DNA sequencing with a
depth of 16 million reads by Novogene (Beijing, China). Standard
Illumina software was used for data quality analysis in FASTQ files.

DATA processing and bioinformatics analysis

Trimming of the sequence reads was performed by PICARD. The
resulting reads were then aligned to the mm10 mouse reference
genome with Bowtie2 software package as described [43]. Peak
calling was performed by MACS2 [44]. Differential binding peaks
between peri-infarct neurons and control neurons were identified
using MACS2 program. For visualization of the protein binding
peaks, we used IGV genome browser [45]. HOMER package was
used for peak annotation and motif analysis. For a comprehensive
cluster analysis of genes and individual gene functions and path-
way analysis, we used Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis for cluster and pathway
analysis using DAVID bioinformatics resource [46,47]. Significant
enrichments in GO terms and pathways were identified with p-
value <0.05.

Statistical analysis

GraphPad Prism 8.01 software (GraphPad Software, Inc., CA)
and Statistical Package For The Social Sciences (SPSS, version
27.0; SPSS Inc., Chicago) were used for statistical analyses in this
study. For experiments with small sample size (n < 6), the corre-
sponding p-values were determined by Mann-Whitney U test.
Otherwise, Shapiro-Wilk test was used for normality analysis with
a threshold of 0.05. and p-values were determined by Student’s t-
Fig. 5. Characterization of Maf1 in the in vivo photothrombosis (PT) stroke model. (A-C
Animals were induced with PT stroke or sham controls and neurological function was dete
A-C are shown as mean ± SEM, n = 9 per group, ** p < 0.01 compared to the correspondin
Keuls multiple pairwise comparisons. (D) Mobility shift analysis of Maf1 in the peri-infa
stroke. Maf1 was detected by WB with an antibody against Maf1. Band 1 & 2 denote the
cortex of PT mice after 7 days of stroke induction with calf intestine alkaline phosphatase
(F) Subcellular localization of Maf1 in the peri-infarct neurons at 7 and 14 days after PT st
in red and green by co-immunofluorescence microscopy with Maf1 and NeuN antibodies,
images are magnified from the boxed neurons. Right panel indicates quantification resu
n = 6, *p < 0.05, **p < 0.01, ANOVA with Newman-Keuls multiple pairwise comparisons
sham, at the indicated time points after PT stroke mice. Maf1 expression was detected wi
as the ischemic biomarker detected by Western blot. (For interpretation of the references

82
tests (two-tailed) or one-way ANOVA. P-values < 0.05 were
regarded as statistical significance.

Results

Maf1 is regulated by mTORC1 in neurons

Maf1 is a conserved downstream effector of mTORC1 and is
known as a repressor of Pol III transcription [12,48,49] in yeast
and mammalian cells [9,10]. To ask whether mTORC1 controlled
Pol III transcription in neuronal cells, we treated mouse primary
cortical neurons with rapamycin, a selective inhibitor of mTORC1.
Nascent transcripts of precursor 5S rRNA (5S pre-rRNA) and pre-
cursor tRNALEU (pre-tRNALEU) were used to measure Pol III tran-
scription rates [34,35]. We found that rapamycin inhibited
mTORC1 activity as indicated by dephosphorylation of mTOR and
its downstream substrates S6K1 and 4EBP1 (Fig. 1A), which were
accompanied by marked repression of 5S rRNA and tRNALEU genes
(Fig. 1B) in neurons. Similar effect was observed in primary hip-
pocampal neurons and Neuro2A cell line (Fig. S1). PP242, an ATP-
competitive kinase inhibitor, exhibited similar activity to rapamy-
cin toward inhibition of Pol III-dependent transcription (Fig. 1C).
Moreover, knockdown of Raptor, an essential mTORC1 subunit,
resulted in inhibition of 5S rRNA transcription (Fig. 1D-E). These
results demonstrate that mTORC1 is a critical modulator of Pol
III-dependent transcription in neuronal cells.

To determine whether Maf1 is regulated bymTORC1 in neurons,
we expressedMyc-taggedMaf1 proteins in Neuro2A cells andmea-
sured the level ofMaf1 phosphorylation by electrophoreticmobility
shift analysis using anti-Myc antibody. It has been reported that
Maf1 migrates in slow and fast electrophoretic forms which repre-
sent the phosphorylated/inactive form and dephosphorylated/ac-
tive form of Maf1, respectively [9,50]. After rapamycin treatment,
the slow electrophoretic form (band#2) disappeared and the fast
form (band#1) became predominant (Fig. 1F). Similar Maf1 alter-
ation was observed in primary cortical neurons (Fig. 1G). Moreover,
we confirmed that the slow form disappeared after calf intestine
phosphatase (CIP) treatment (Fig. 1G). Hence, these results indicate
that inhibition of mTORC1 by rapamycin leads to Maf1 dephospho-
rylation and activation in cortical neurons.

It has been reported that mTORC1 suppresses Maf1 nuclear
localization in yeast and MG63 cells [9,51]. To ask if Maf1 was reg-
ulated by mTOR similarly in neurons, we determined Maf1 subcel-
lular localization by immunofluorescence (IF) staining. Under
normal growth conditions, Maf1 is predominantly localized in
the cytoplasm of primary hippocampal and cortical neurons. Upon
rapamycin treatment, however, Maf1 became prominently accu-
mulated in the nucleus (Fig. 1H & Fig. S2).

To further verify Maf1 regulation by mTOR in neuronal cells, we
activated mTOR by Reelin as described previously [31,52] in cul-
tured primary neurons. Consistently, we showed that Reelin treat-
ment increased phosphorylation of mTOR, S6K1 and 4EBP1
(Fig. 2A). Importantly, Reelin treatment indeed promoted Maf1
) Spontaneous neurological recovery of the PT stroke model in a period of 8 weeks.
rmined by adhesive removal test (A), cylinder test (B) and grid-walk test (C). Data in
g baseline time point (Pre-stroke) using repeated-measures ANOVA with Newman-
rct cortex of PT mice or corresponding neurons in the sham control at day 7 post-
fast and slow electrophoretic forms, respectively. (E) Treatment of the peri-infarct
(CIP) for 30 min. Maf1 isoforms were detected by Western blot as described in (D).
roke or the corresponding neurons in sham control. Maf1 and neurons were stained
respectively. DAPI was used to counterstain the nucleus. Scale bar = 50 lm. Inserted
lt. Values of the data are expressed as mean and error bars represent ± SEM values,
. (G) Alteration of Maf1 protein expression in the peri-infarct cortex collected from
th Maf1 antibody by Western blot. Phosphor-AMPK (p-AMPK) and HIF-1awere used
to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 6. Knockdown of Maf1 improves functional recovery in PT stroke model. (A) Timeline illustrates AAV-mediated knockdown of Maf1, PT stroke induction and behavior
tests. (B) Verification of Maf1 knockdown by AAV expressing shRNA against Maf1. Mice were injected with shMaf1 or scramble AAV for 3 weeks, and the peri-infarct cortex
were collected, and mRNA expression level of Maf1 was determined by RT-qPCR. Values of the data are expressed as mean and error bars represent ± SEM values, n = 3,
**p < 0.01, Mann-Whitney test. (C) Downregulation of Maf1 protein expression. peri-infarct cortex was collected as described in (B). WB was performed from the sample
lysates for measurement of detection of Maf1 protein expression level with an antibody against Maf1. Beta-actin was used as loading control. (D) Quantification of Maf1
protein expression. Values of the data are expressed as mean and error bars represent ± SEM values, n = 6, **p < 0.01, Mann-Whitney test. (E-G) Animals with Maf1
knockdown (shMaf1 AAV + PT) show improved motor functions during the indicated recovery period after PT stroke as determined by adhesive removal test (E), grid-walk
test (F) and cylinder test (G). Right panels show the quantification of corresponding data at week 3 (boxed data) after stroke. Data in E-G are shown as mean ± SEM, n = 15 per
group, *p < 0.05, **p < 0.01 using repeated-measures ANOVA with Newman-Keuls multiple pairwise comparisons.
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phosphorylation (Fig. 2B) and exclusion from the nucleus (Fig. 2C),
and enhanced 5S rRNA, tRNATYR and tRNALEU transcription (Fig. 2D-
E). Pretreatment of primary cortical neurons with rapamycin
blocked Reelin-induced mTORC1 activation (Fig. 2F) and transcrip-
tion of 5S rRNA and tRNA (Fig. 2G-H). A similar effect was seen
with the PI3K inhibitor Ly294002 in primary cortical neurons
(Fig. 2F-H) and primary hippocampal neurons (Fig. S3). These
results demonstrate that PI3K-mTORC1 signaling regulates phos-
phorylation, localization and transcription-repressing activity of
Maf1 in neurons.

Maf1 is an intrinsic negative regulator of Pol III transcription and
neurite outgrowth

To ask if Maf1 is a key regulator of Pol III transcription in neu-
rons, we knocked down Maf1 and analyzed Pol III transcription
in cultured mouse primary neurons. Maf1 knockdown led to signif-
icant increase in Pol III-transcribed 5S pre-rRNA and tRNAs (Fig. 3-
A-C). Because Pol III transcription is key to the protein biosynthetic
capacity of cells, we asked whether Maf1 regulates neurite growth,
a process highly dependent on protein synthesis. In primary neu-
rons after Maf1 knockdown, there was a robust increase in neurite
outgrowth as revealed by IF staining with b-tubulin III, compared
with control neurons (Fig. 3D). In addition, Maf1 knockdown-
induced neurite outgrowth was blocked by rapamycin, indicating
that Maf1 is the primary mediator of mTORC1-dependent neurite
outgrowth (Fig. 3D).

To verify the suppressive role of Maf1 in neurite growth, we
overexpressed Maf1 in primary neurons. As shown in Fig. 4A and
4B, Maf1 overexpression significantly repressed 5S rRNA transcrip-
tion and neurite outgrowth. Maf1 overexpression also robustly
attenuated Reelin-induced neurite outgrowth (Fig. 4C). Consistent
with previous report [53], we showed that Reelin promoted den-
dritic spine formation (Fig. 4D, Fig. S3D). Remarkably, the effect
on promoting spine formation by Maf1 knockdown was more
robust than that by Reelin (Fig. 4D, Fig. S3D). Conversely, Maf1
overexpression blocked Reelin-induced spine density in primary
neurons (Fig. 4E, Fig. S3E). Altogether, these observations suggest
that Maf1 is an intrinsic suppressor of neurite outgrowth.

Characterization of Maf1 in peri-infarct neurons during spontaneous
recovery after ischemic stroke in vivo

The observed suppressive effect of Maf1 on neurite outgrowth
in vitro prompted us to examine its pathophysiological role
in vivo. The mouse photothrombotic (PT) stroke model is widely
used to investigate molecular and cellular events in spontaneous
neurological recovery because limited neurite regeneration can
be achieved in the peri-infarct cortex [5]. We used this model to
induce focal sensorimotor cortical stroke (Fig. S4A). Blood perfu-
sion imaging confirmed occluded cerebral blood flow (Fig. S4B)
and the presence of infarct tissue (Fig. S4C–D). We used grid-
walk, cylinder and adhesive removal tests to evaluate neurological
deficits and the subsequent spontaneous recovery over 56 days
after PT-induced stroke (Fig. 5A–C).

To characterize Maf1 during the spontaneous recovery period,
we performed electrophoretic mobility analysis of Maf1 in the
peri-infarct cortex collected at day 7 after PT-induced stroke. In
sham control, Maf1 was mostly in phosphorylated form (Fig. 5D,
band #2). In contrast, substantial fraction of Maf1 became dephos-
phorylated form after PT stroke (Fig. 5D, band #1) or CIP treatment
(Fig. 5E, band #1). Immunofluorescence staining showed that Maf1
was predominantly in the cytoplasm of sham control neurons,
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whereas more neurons showed prominent Maf1 nuclear accumu-
lation at day 7 and 14 after stroke (Figs. 5F, S5D–E). Overall Maf1
protein expression was prominently upregulated during the first
2 weeks after stroke in the peri-infarct cortex compared with sham
control, but returned to basal level at day 56 (Fig. 5G). At day 7 and
day 14, the peri-infarct cortex was ischemic as indicated by
increased expression of p-AMPK and HIF-1a markers for glucose-
deprivation and hypoxia, respectively (Fig. 5G). These observations
suggest that Maf1 is an intrinsic neurite outgrowth suppressor by
repressing the growth-associated Pol III transcription in the
ischemic peri-infarct neurons during spontaneous recovery after
stroke.
Knockdown of Maf1 promotes spontaneous recovery and neural repair

To determine the role of Maf1 in post-stroke spontaneous
repair and recovery, we knocked down Maf1 by an AAV vec-
tor co-expressing GFP and Maf1 specific shRNA in the senso-
rimotor cortex of mouse brains (Fig. 6A). Majority of
GFP+ cells were overlapped with NeuN+ cells (56.5 %),
whereas only minor GFP+ cell populations were GFAP+

(9.2 %) and IBA1+ (12.7 %) (Fig. S5), indicating that this AAV
serotype prefers neurons as reported previously [54,55]. We
further confirmed that AAV-mediated knockdown in cortical
tissue led to significant reduction of Maf1 expression at both
mRNA and protein levels (Fig. 6B–D).

We next evaluated the effect of Maf1 knockdown on sponta-
neous neurological recovery during a period of 8 weeks. Intrigu-
ingly, results from adhesive removal, cylinder and grid-walk
assays all indicated that Maf1 knockdown significantly improved
the neurological performance compared with the AAV scramble
shRNA control (Fig. 6E–G). At the end of the study period, the
mice were sacrificed and their brain sections and peri-infarct
cortical tissues were collected for evaluation of structural neural
repair. The expression of the presynaptic neurofilament marker
NF-160 and the postsynaptic marker PSD95 were significantly
enhanced in Maf1 knockdown mice compared with controls as
evidenced by RT-qPCR (Fig. 7A, 7D), Western Blot analysis
(Fig. 7B, 7E), and IF staining (Fig. 7C, 7F). To corroborate these
observations, we analyzed the dendritic spine morphology and
dendritic branching by Golgi-Cox staining. Maf1 knockdown sig-
nificantly increased the density of dendritic spines in the peri-
infarct neurons (Fig. 7G and Fig. S6G). The dendritic branch
was more complex in the Maf1-knocked down peri-infarct neu-
rons compared with that in control (Fig. 7H–I). BDA-
immunostaining showed that Maf1 knockdown significantly
enhanced axon regeneration (Fig. 7J). Maf1 knockdown did not
significantly change the cerebral infarct size (Fig. S6A–B), density
of neurons (Fig. S6C–D, S6F) and apoptotic cells (Fig. S6E) in the
peri-infarct cortex.

We further examined whether Maf1 knockdown influenced the
nucleolus, a nuclear organelle for ribosome biogenesis [56]. The
percentage of neurons showing more nucleoli (�3 per nucleus)
in the peri-infarct cortex in the Maf1 knockdown group was signif-
icantly higher than that in the scramble control group (Fig. 7K).
Nissl body abundance in neurons reflects the cellular protein syn-
thetic capacity, and has been associated with regenerative ability
in CNS neurons after injury (58). Maf1 knockdown significantly
enhanced the mean density of Nissl body in the peri-infarct neu-
rons compared with control (Fig. 7L). Hence, knockdown of Maf1
de-represses Pol III transcribed 5S rRNA and tRNAs, enhancing
ribosome biogenesis, protein synthesis and neurite regrowth
capacity of neurons. Taken together, these findings demonstrate
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that Maf1 knockdown significantly promotes neural repair and
neurological recovery after stroke.
Maf1 suppresses spontaneous recovery through repression of Pol III
and CREB-associated genes in peri-infarct neurons in vivo

Apart from Pol III, recent evidence has shown that Maf1 also
regulates Pol II-dependent transcription [19–21]. Given that tran-
scriptional reprogramming is involved and plays a crucial role in
neural repair after CNS injury [58], we sought to carry out a com-
prehensive analysis of Maf1 target genes by mapping the whole-
genome chromatin-binding sites of Maf1 in the peri-infarct neu-
rons in the PT stroke model. To this end, we isolated neuronal cells
from the peri-infarct cortex at day 7 post-stroke, and mapped the
genome-wide Maf1 chromatin binding sites using modified CUT&-
Tag approach according to our previous study [42]. To validate the
results, we profiled Rpb1 (RNA polymerase II core subunit) binding
and H3K27ac (active transcription marker) in isolated peri-infarct
neurons and control neurons. As shown in Fig. 8A, Rpb1 and
H3K27ac peaks were enriched at the promoter of the transcription-
ally active house-keeping genes GAPDH and ACTB, demonstrating
the quality of our CUT&Tag results. Bioinformatics analysis
identified the genes with differential Maf1 binding at the promoter
regions, 52.68 % of which were upregulated in the peri-infarct neu-
rons compared with control neurons, whereas 41.62 % was
downregulated (Fig. 8B, Table S1). In agreement with our earlier
results, Maf1-binding was upregulated in Pol III-transcribed 5S
rRNA and tRNA genes in peri-infarct neurons (Fig. 8D, Table S2),
supporting the idea that the elevated Maf1 represses Pol III-
transcribed genes, restraining ribosome biogenesis, protein biosyn-
thetic capacity and neurite regeneration necessary for neural
repair.

In addition to Pol III genes, we identified many Maf1 binding
peaks at promoters of Pol II-transcribed genes. As shown in
Fig. 8C, HOMER analysis of Maf1 binding motifs specific to the
peri-infarct neurons showed that the most matched motif was cyc-
lic AMP response element binding protein (CREB). We further per-
formed MACS2 differential binding analysis. The results showed
that CREB-related genes with upregulated Maf1 binding included
CREB1, CREB5, CREBL2, CRTC3, ATF4 and the epigenetic modifier
SRCAP (Fig. 8E, Table S1). Interestingly, Gene Ontology-Cellular
Component Analysis further showed that many genes with upreg-
ulated Maf1 binding encode cytoskeleton and microtubule pro-
Fig. 7. Knockdown of Maf1 enhances synaptic plasticity after PT stroke. (A) At day 56 afte
with scramble or Maf1 shRNA AAV injection were collected for RT-qPCR detection of NF1
represent ± SEM values, n = 6, **p < 0.01, Mann-Whitney test. (B) Brain samples were coll
expression. Values of the data are expressed as mean and error bars represent ± SEM val
experimental mice described in (A). NF160 expression in the peri-infarct region was det
line denotes that boundary of infarct region. Scale bar = 50 lm. Values of the data are e
Whitney test. (D) Brain samples were collected for detection of PSD95 mRNA expression b
values, n = 6, **p < 0.01, Mann-Whitney test. (E) Brain samples were collected and WB
expressed as mean and error bars represent ± SEM values, n = 6, **p < 0.01, Mann-Whitne
PSD95 expression in the peri-infarct region was determined by immunofluorescence stai
region. Scale bar = 50 lm. Values of the data are expressed as mean and error bars repr
increases dendritic spine density in the peri-infarct neurons. Golgi-Cox staining shows
(lower panel). Scale bar = 50 lm. Values of the data are expressed as mean and error ba
Maf1 increases dendritic complexity in the peri-infarct neurons. Golgi-Cox staining sho
knockdown brains (lower panel). Scale bar = 50 lm. (I) Sholl analysis showing the numbe
of the data are expressed as mean and error bars represent ± SEM values, n = 6, **p < 0.01
peri-infarct neurons. Axons in the peri-infarct region of scramble and Maf1 knock
immunofluorescence imaging. Scale bar = 20 lm. Lower panel shows the quantification
values, n = 3, *p < 0.05, Mann-Whitney test. (K) The nucleolar numbers in the peri-infarct
data are expressed as mean and error bars represent ± SEM values, n = 6, **p < 0.01, M
detected by Nissl staining. Arrows indicate nucleoli. Scale bar = 50 lm. (L) Quantificatio
neurons in sham and Maf1 knockdown mice. Values of the data are expressed as mean
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teins, which are closely associated with neurite regeneration and
synaptic plasticity.

To verify whether Maf1 binding is required for transcriptional
repression of these genes, we knocked down Maf1 in the peri-
infarct cortex and determined the change of expression of these
genes at day 7 after stroke. We found that Maf1 knockdown signif-
icantly enhanced the expression of CREB1 and CREB5 in both
mRNA level and protein level (Fig. 8F-I). Moreover, Maf1 knock-
down resulted in significant increase in the level of p-CREB
(S133) (Fig. 8J), the transcriptionally active CREB1 form [59]. Sim-
ilar results were observed in peri-infarct cortex collected at day 14
after stroke (Fig. S7A–E). Consistently, Maf1 knockdown also ele-
vated the expression of brain derived neurotrophic factor (BDNF),
which is a known target gene of CREB1, in the peri-infarct cortex
at the corresponding time points after stroke (Fig. 8K & Fig. S8).
In addition, knockdown of Maf1 resulted in upregulation of Pol
III-transcribed 5S rRNA and tRNA genes (Figs. 8L–M, S7F–H). Over-
all, these results demonstrate that Maf1 binds to and represses Pol
III- and CREB-associated genes that are important for neural repair
during spontaneous recovery after stroke.
Discussion

In this report, we demonstrate that Maf1 is a novel intrinsic
suppressor of spontaneous recovery by regulating transcriptional
reprogramming in the peri-infarct neurons of the experimental
stroke model. Mechanistically, Maf1 not only represses its canoni-
cal targets of Pol III-transcribed genes (e.g. tRNA and 5S rRNA
genes), but also represses Pol II-transcribed CREB and CREB-
target genes in the peri-infarct neurons during the post-stroke
spontaneous recovery time frame. Collectively, these Pol II and
Pol III transcribed genes become derepressed after Maf1 knock-
down, promoting regrowth of axons/dendrites and synaptic plas-
ticity. Importantly, the structural improvement due to neural
repair leads to enhanced functional neurological recovery. Thus,
these results suggest that Maf1 is a potential drug target for poten-
tiating neural repair and recovery after ischemic stroke.

RNA Polymerase III activity is a critical determining factor for
cell growth [60,61]. In this study, we demonstrated that Maf1 plays
a critical role in Pol III repression by targeting the promoters of 5S
rRNA and tRNA genes in the nervous system. Maf1 expression,
dephosphorylation, nuclear localization and binding to Pol III tar-
get promoters are all up-regulated in the peri-infarct neurons.
Maf1 knockdown leads to elevated transcription of these genes,
r PT stroke as described in Fig. 6, peri-infarct cortical tissues from the brains of mice
60 mRNA expression level. Values of the data are expressed as mean and error bars
ected as described in (A) and WB was performed for determination of NF160 protein
ues, n = 6, **p < 0.01, Mann-Whitney test. (C) Brain sections were collected from the
ermined by immunofluorescence staining using anti-NF160 antibody. White dotted
xpressed as mean and error bars represent ± SEM values, n = 6, **p < 0.01, Mann-
y RT-qPCR. Values of the data are expressed as mean and error bars represent ± SEM
was performed to determine the PSD95 protein expression. Values of the data are
y test. (C) Brain sections were collected from the experimental mice described in (A).
ning using anti-PSD95 antibody. White dotted line denotes that boundary of infarct
esent ± SEM values, n = 6, **p < 0.01, Mann-Whitney test. (G) Knockdown of Maf1
the dendritic spine density in scramble (upper panel) and Maf1 knockdown brains
rs represent ± SEM values, n = 6, **p < 0.01, Mann-Whitney test. (H) Knockdown of
ws the representative dendritic morphology in scramble (upper panel) and Maf1
r of dendritic intersections in the Golgi-Cox staining in (H). Scale bar = 50 lm. Values
, Mann-Whitney test. (J) Knockdown of Maf1 increases promotes axon growth in the
down (shMaf1) AAV injected brains were labelled with BDA and detected by
result. Values of the data are expressed as mean and error bars represent ± SEM

neurons in scramble and Maf1 knockdown mice at day 56 after stroke. Values of the
ann-Whitney test. Images show the nucleolar numbers in the peri-infarct neurons
n of the relative density of Nissl body detected by Nissl staining in the peri-infarct
and error bars represent ± SEM values, n = 6, **p < 0.01, Mann-Whitney test.
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which is accompanied by higher capacity of ribosome biogenesis
and protein synthesis as indicated by nucleolar number and Nissl
body staining, respectively, in the peri-infarct cortex. Because pro-
tein biosynthetic components (e.g. tRNAs and ribosomes) play
important role in CNS axon regeneration [57], it is reasonable to
propose that Maf1 suppresses neural repair and functional recov-
ery through inhibition of RNA polymerase III-dependent transcrip-
tion. In addition to dephosphorylation and nuclear accumulation,
Maf1 expression is upregulated during the critical recovery period
after focal ischemic stroke in the peri-infarct cortex, which could
provide a sustaining inhibitory effect on functional recovery.
Future work will be required to elucidate if Maf1 expression is reg-
ulated by mTORC1 or another mechanism.

Maf1 is commonly known as a Pol III repressor. Recent evidence
suggests that Maf1 also acts on Pol II-transcribed gene [19–21]. The
current study reveals that CREB-associated genes are Maf1 targets
during spontaneous recovery after stroke. The bZIP transcription
factor CREB is known to promote consolidation of memory through
enhancing neuronal excitability and nerve plasticity in the brain
[62]. It has also been reported that CREB modulates neurite regen-
eration in CNS and PNS neurons [63,64]. After dorsal column lesion,
viral transduction of active CREB leads to robust regeneration of
axons in the dorsal root ganglions [65]. Virus-mediated CREB over-
expression in the motor cortex also enhances recovery of motor
deficit after stroke [66]. However, CREB activation is absent from
the brain during spontaneous recovery after stroke [67], which
may be due to Maf1 repression based on the findings in this study
as Maf1 knockdown elevates CREB expression and activity.
CREB-target genes are involved in axon guidance, growth cone
extension, neural plasticity, cytoskeleton rearrangement and neu-
ral network reconnection [65,66]. Therefore, the coordinated
expression of these genes is likely to mediate Maf1 knockdown-
induced neural repair and recovery of neurological functions after
stroke and other CNS injury.

In line with our findings, a recent report in cultured hippocam-
pal neurons has indicated that Maf1 negatively regulates dendritic
morphogenesis, and knockdown of Maf1 in normal adult mice
increases synaptogenesis in the hippocampus in vivo which is
accompanied by enhanced performance of learning and memory
[68]. The same group further used an optic nerve injury model in
adult mice to demonstrate that knockdown of Maf1 promotes axon
regeneration of retinal ganglion cells [69]. However, the down-
stream effector regulated by Maf1 for the observed cellular
responses in these contexts remains unclear. It would be interest-
ing to examine whether Maf1-mediated transcriptional regulation
also plays an important role in these scenarios.
Fig. 8. Elevated Maf1 binding to Pol-III and neuroplasticity-related genes in peri-infarct
stroke at day 7 or from control mice were subjected to CUT&Tag-Seq analysis. IGV genom
(RNA polymerase II subunit), and acetylated H3K27 (ac-H3K27) at the genomic region
neurons. (B) Pie chart showing the numbers of upregulated Maf1-binding peaks (943 pea
and peaks without significant change (102 peaks, indicated in gray color) in peri-infar
against Maf1-binding sequences in the peri-infarct neurons indicate CREB binding motif i
and tRNAs (blue) in the peri-infarct neurons compared with control neurons. Differe
upregulated Maf1 binding to the promoter of CREB-related genes in the peri-infarct neuro
identified by MACS2. (F) Knockdown of Maf1 enhances CREB expression and activity in
3 weeks, and subjected to PT stroke for 7 days. The peri-infarct cortex was then collected
of the data are expressed as mean and error bars represent ± SEM values, n = 6, * p < 0.0
lysates were prepared for analysis of protein expression of CREB1 and CREB5 by Wester
mean and error bars represent ± SEM values, n = 6, ** p < 0.01, Mann-Whitney test. (J) Kn
were collected as described in (B) and CREB1 activity was determined by phosphorylatio
blot. Values of the data are expressed as mean and error bars represent ± SEM values, n = 6
expression. RNA samples were collected as described in (A) at day 7 and day 14 after stro
expressed as mean and error bars represent ± SEM values, n = 6, *p < 0.05, **p < 0.01, Mann
of pre-tRNALEU (L), pre-tRNATYR (M) and 5S pre-rRNA (N) was determined by RT-qPCR. Va
**p < 0.01, Mann-Whitney test. (For interpretation of the references to color in this figu
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mTOR signaling has recently emerged as a key regenerative
pathway after CNS injury. Several studies demonstrated that loss
of PTEN, a major upstream negative regulator in mTOR pathway,
stimulates repair and axonal regeneration of both injured CNS
and peripheral nerves [70–72]. However, it should be noted that
PTEN is a key tumor suppressor and somatic mutation of PTEN is
frequently observed in various types of cancers. PTEN ablation
results in tumor development in multiple tissues in animal models,
including brain cancers [73,74]. In contrast, Maf1 is a downstream
effector of mTORC1 and ablation of Maf1 can also potentiate neural
repair processes as demonstrated in this study. Unlike PTEN knock-
out, Maf1 knockout is not tumorigenic but even provides resis-
tance to diet-induced fatty liver and obesity [75]. Since the PT
stroke model is specifically used for axon regeneration and neural
repair research owing to the lack of penumbra, we cannot rule out
the possibility that Maf1 may also have neuroprotective effect after
stroke. We are currently using MCAO stroke model to address this
question.

With respect to the potential clinical translation of targeting
Maf1, recent new technologies such as DNA framework drug deliv-
ery systems [76–79] and RNA-based therapeutic strategies [80]
have shown promising potential to silence specific gene targets
for injury treatment and promoting neural repair in PNS and
CNS. These drug delivery systems can be delicately designed into
specific spatial structures for targeting diverse drugs such as small
molecule inhibitors, RNAi or peptides to facilitate the target-
specific delivery of cargo for downregulation of gene expression.
Moreover, some of them such as the tetrahedral framework nucleic
acids even possess excellent biocompatibility feature and various
neuroprotective and angiogenesis-promoting effects per se
[76,78]. It would be interesting to examine their translational
application in neural repair after stroke in future studies.
Conclusion

The present study demonstrates that Maf1 is an intrinsic neural
repair suppressor against regenerative capability of mature CNS
neurons, suggesting that Maf1 is a novel therapeutic target for
potentiating neural plasticity and functional recovery after stroke
and other CNS injuries.
Compliance with ethics requirements

All Institutional and National Guidelines for the care and use of
animals (fisheries) were followed.
neurons. (A) Magnetic column-isolated adult neurons from per-infarct tissues of PT
e browser showing that CUT&Tag-binding profiles of IgG (background control), Rpb1
s of the representative GAPDH (left) and ACTB (right) in control and peri-infarct
ks, indicated in blue color), down-regulated peaks (745 peaks, indicated in red color)
ct neurons compared with control neurons. (C) Homer motif enrichment analysis
s the best match. (D) Differentially upregulated gene expression of 5S rRNA (orange)
ntial binding peaks and annotations were identified by MACS2. (E) Differentially
ns compared with control neurons. Differential binding peaks and annotations were
the peri-infarct cortex. (F, H) Mice were injected with shMaf1 or scramble AAV for
and CREB1 and CREB5 mRNA expression levels was determined by RT-qPCR. Values
5, Mann-Whitney test. (G, I) Samples were collected as described in (A) and protein
n blot. Right panels show quantification results. Values of the data are expressed as
ockdown of Maf1 promotes CREB activity in the peri-infarct cortex. Protein samples
n at serine residue S133 using the specific anti-p-CREB (S133) antibody by Western
, * p < 0.05, Mann-Whitney test. (K) Knockdown of Maf1 promotes CREB-target gene
ke, and BDNF mRNA expression was determined by RT-qPCR. Values of the data are
-Whitney test. (L-N) RNA samples were collected as described in (A) and expression
lues of the data are expressed as mean and error bars represent ± SEM values, n = 6,
re legend, the reader is referred to the web version of this article.)
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