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Abstract

We previously reported that permanent ischemia induces marked dysfunction of the autophagy-lysosomal pathway (ALP) in
rats, which is possibly mediated by the transcription factor EB (TFEB). However, it is still unclear whether signal transducer
and activator of transcription 3 (STAT?3) is responsible for the TFEB-mediated dysfunction of ALP in ischemic stroke. In
the present study, we used AAV-mediated genetic knockdown and pharmacological blockade of p-STAT3 to investigate the
role of p-STAT3 in regulating TFEB-mediated ALP dysfunction in rats subjected to permanent middle cerebral occlusion
(pPMCAO). The results showed that the level of p-STAT3 (Tyr705) in the rat cortex increased at 24 h after pMCAO and
subsequently led to lysosomal membrane permeabilization (LMP) and ALP dysfunction. These effects can be alleviated
by inhibitors of p-STAT3 (Tyr705) or by STAT3 knockdown. Additionally, STAT3 knockdown significantly increased the
nuclear translocation of TFEB and the transcription of TFEB-targeted genes. Notably, TFEB knockdown markedly reversed
STAT?3 knockdown-mediated improvement in ALP function after pMCAQ. This is the first study to show that the contribu-
tion of p-STAT3 (Tyr705) to ALP dysfunction may be partly associated with its inhibitory effect on TFEB transcriptional
activity, which further leads to ischemic injury in rats.
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Introduction

It has been shown that cerebral ischemia is usually asso-
ciated with autophagy-lysosomal pathway (ALP) dysfunc-
tion [1, 2]. Recently, we reported that ALP dysfunction that
occurs in rats following permanent middle cerebral artery
occlusion (pMCAO) may be due to the loss of lysosome
function, mediated by transcription factor EB (TFEB) [3].
However, the mechanisms underlying TFEB-mediated ALP
dysfunction after ischemic stroke are not fully understood.
Signal transducer and activator of transcription 3
(STAT?3) is a transcription factor that plays a vital role in the
regulation of cell growth, cell differentiation, and immune
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responses [4]. It is well-known that STAT3 transcriptional
activity is primarily dependent on the phosphorylation
of a single tyrosine (Tyr) residue, Tyr705 [5]. p-STAT3
(Tyr705) can further translocate to the nucleus, and initiate
the transcription of its target genes, including a series of
autophagy-related genes [6]. However, whether p-STAT3
(Tyr705) exerts an anti- or pro-autophagic effect remains
unknown. Over the past few decades, mounting evidence
has shown that increased p-STAT3 (Tyr705) level can be
observed after ischemic stroke [7] and that its inhibition is
beneficial for ischemic outcome [8—10]. Recently, p-STAT3
(Tyr705) has been reported to play an important role in the
lysosomal membrane permeabilization (LMP)-mediated cell
death during mammary gland involution and breast cancer
[11, 12]. Further investigation showed that nuclear STAT3
directly interacts with TFEB, leading to the partial loss of
TFEB function, which is essential for lysosomal turnover
[13]. However, whether STAT?3 is involved in TFEB-medi-
ated ALP dysfunction after ischemic stroke is unknown.
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In the present study, we investigated the role of p-STAT3
(Tyr705) in regulating the TFEB-mediated dysfunction of
ALP and its contribution to ischemic damage in a rat model
of pMCAO. We found that increased p-STAT3 (Tyr705) may
contribute to ALP dysfunction in part by inhibiting TFEB
transcriptional activity, which further leads to ischemic
injury in rats. These results provide insights into the man-
agement of ischemic stroke through the development of
novel agents targeting STAT3.

Materials and methods
Animals

Male Sprague—Dawley rats weighing 280-320 g (8-week-
old) and 150-180 g (4-week-old, for AAV knockdown
experiments) were purchased from Changsheng Biotechnol-
ogy Inco (China), and housed five per cage under standard
housing conditions. All animals were adapted to the new
environment for 1 week before the experiments were per-
formed. The experiments were conducted and analyzed with
a blinded method. All animal experiments complied with
the international standards stated in the Guide for the Care
and Use of Laboratory Animals, and were approved by the
Experimental Animals Ethics Committee of China.

pMCAO model and drug administration

The pMCAO model was conducted as we previously
described [14]. Isoflurane was used to anesthetize the ani-
mals during the pMCAO procedure. After pMCAO, the
rats were warmed on a heating blanket and transferred into
their pre-warmed home cage. The animals were sacrificed
at the indicated time points by injection of pentobarbital
(100 mg/kg) and the brain tissues were harvested. Three
criteria were used to ensure successful establishment of
the pMCAO model: (1) the ipsilateral cerebral blood flow
(CBF) was reduced by more than 70% at 30 min after the
arterial occlusion; and (2) the ipsilateral CBF was reduced
by more than 50% at 24 h after the arterial occlusion; (3)
the modified Neurological Severity Scores (mNSS)> 7 at
24 h (due to subarachnoid hemorrhage) [14]. Total of 350
SD rats were used. Among them, 17 rats died from pMCAO
surgery, 35 rats who were not satisfied with above 3 criteria
were excluded from the present study. The remaining 298
rats were randomly used for the designed experiments. The
STAT3 inhibitors AG490 (S1134), S31-201 (S1155), and
BP-1-102 (S7769) were purchased from Selleck Biotechnol-
ogy. The three inhibitors were first dissolved in PEG300 and
Tween80, and further diluted in normal saline to prepare the
working solution before use. AG490 (5 mg/kg) [15, 16] and
S31-201 (5 mg/kg) [17] were administered by intraperitoneal
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(i.p.) injection at the onset of pMCAO. BP-1-102 (3 mg/kg)
[18] was administered by intravenous (i.v.) injection at the
onset of pMCAO. Chloroquine (CQ, 60 mg/kg, i.p.; Sigma-
Aldrich, C6628) [3] was dissolved in saline and adminis-
tered at the onset of pMCAOQO. The Sham or pMCAO rats
were injected with an equal volume of solvent.

Measurement of cerebral blood flow

Cerebral blood flow (CBF) was assessed before, at 30 min,
and 24 h after pMCAO using the RFLSI Pro laser speckle
imaging system (RWD Life Science Co., Ltd). The rats
were anesthetized with isoflurane-O,, and placed in a stere-
otaxic apparatus in the prone position. The skin was opened
to expose the skull. Afterward, the skull was thinned by a
high-speed dental drill (STRONG-WT-204) until the blood
vessels were clearly visible. The skull was alternately bathed
in cold saline to ensure that the brain did not experience
damage due to excessive heat during drilling. Laser speckle
blood flow images were recorded and CBF was quantified
in the same region of interest (ROI) in the right hemisphere.

Measurement of cerebral infarct volume, brain
water content, and neurological scores

The rats were sacrificed by decapitation, and their brains
were quickly removed, then sliced into five coronal sections
at 2-mm intervals. The sections were first incubated with a
solution containing 1% 2,3,5-triphenyltetrazolium chloride
(TTC; Sigma-Aldrich, T8877) at 37 °C for 20 min, then
photographic infarcted areas were taken and further meas-
ured using Pro Plus 6.0. The volumes of the infarctions were
calculated using the following formula: corrected infarct
volume (%) = [contralateral hemisphere volume — (ipsi-
lateral hemisphere volume-infarct volume)]/contralateral
hemisphere volume X 100%. The brain water content was
determined as an indicator of cerebral edema using a wet/
dry method as we previously described. Neurological func-
tion was evaluated with the modified Neurological Severity
Score (mNSS) test. Each function is graded on a scale of
0-18 (normal score, 0; maximal deficit score, 18). Higher
scores indicate more severe behavioral deficits [3].

Immunoblotting

Brain tissues or cells were homogenized in RIPA buffer
(Biyotime, POO13B, Nantong, China) containing protease
inhibitor cocktail. For solubility fractionation, the tissues
were lysed in a lysis buffer containing 1% Triton X-100
(Solarbio, T8200). The lysates were centrifuged to sepa-
rate the pellets from the supernatants. The pellets were re-
suspended in a lysis buffer containing 1% SDS (Solarbio,
S8010) and then centrifuged at 12,000xg for 15 min. The
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supernatants (Triton X-100-soluble fraction) or the re-sus-
pended pellets (Triton X-100-insoluble fraction) were boiled
in SDS sample buffer (Solarbio, P1040). An aliquot of 25 pg
of total protein from each sample was separated by SDS-
PAGE gel electrophoresis, and transferred to a PVDF (Mil-
lipore, IPVH00010, Massachusetts, USA) or NC (Pall Life
Sciences, 66485, New York, USA) membrane. After block-
ing with 5% skimmed milk (Becton Dickinson, 232100, New
Jersey, USA) at room temperature for 1 h, the membranes
were incubated with primary antibodies at 4 °C overnight.
The primary antibodies were as follows: anti-ACTB/p-actin
(1:1000; Santa Cruz Biotechnology, sc-47778, California,
USA), LC3 (1:1000; Medical Biological Laboratories,
PMO036, Japan), SQSTM1 (1:1000; Abcam, ab56416, Mas-
sachusetts, USA), lysosome-associated membrane proteinl/
LAMP1 (1:1000; Abcam, ab24170), ubiquitin (1:500; Santa
Cruz Biotechnology, sc-8017), cathepsin D/CTSD (1:500;
Santa Cruz Biotechnology, sc-6487), CTSL (1:1000; R&D
Systems, JAI0318071), p-STAT3 (Tyr705) (1:1000; Cell
Signaling Technology, 9145), STAT3 (1:1000, Cell Sign-
aling Technology, 9139). After washing three times with
TBST, the membranes were then incubated with the sec-
ondary antibody (1:5000; ZSGB-BIO, ZB-2301; ZB-2305,
Beijing, China) at room temperature for 1 h. The blot was
exposed to an ECL blotting system (Thermo Fisher Scien-
tific, 34580, Massachusetts, USA) in accordance with the
manufacturer’s instructions. The protein levels were quanti-
fied by densitometric analysis with ImageJ software (version
2.0, Maryland, USA).

Immunostaining

The animals were perfused with PBS (137 mM NaCl,
2.7 mM KCl, 8§ mM Na,HPO,, 2 mM KH,PO,, pH 7.4,
ZSGB-BIO, ZLI-9061) followed by fixed in 4% para-
formaldehyde (PFA, Beyotime, P0099, Shanghai, China).
Serial coronal brain sections were cut on vibratome (Leica,
VT1000S, Wetzlar, Germany) with 40 pm thickness. Anti-
gen was retrieved by incubating with the retrieval solution

(ZSGB-BIO, ZLI-9065, Beijing, China) at 85 °C for 30 min.
The sections were incubated with 5% PBS-goat serum
(ZSGB-BIO, ZLI-9056) containing 0.3% Triton X-100 for
1 h and incubated overnight at 4 °C with primary antibod-
ies against LC3 (1:200; Medical Biological Laboratories,
PMO036), NeuN (1:500; Millipore, MAB377), LAMP1
(1:200; Abcam, 24170), GFAP (1:400; Abcam, ab4674),
Ibal (1:400; Merck, MABN92), p-STAT3 (Tyr705) (1:100;
Cell Signaling Technology, 9145), STAT3 (1:100, Cell
Signaling Technology, 9139), and CTSD (1:50; Santa
Cruz Biotechnology, sc-6486) overnight at 4 °C. The sam-
ples were washed three times in PBS and then incubated
for 1 h at room temperature with fluorochrome-coupled
secondary antibody (1:200; Alexa Fluor 488, Alexa Fluor
555; Beyotime, A0428; A0516). The nuclei were counter-
stained with DAPI. Confocal images were acquired using a
Nikon Ni-E confocal microscope (Nikon Instruments Inc.,
Japan) equipped with an A1R scanner (Nikon), 60 X objec-
tive (Nikon), 130 W metal halide lamp (Nikon), and laser
device (Coherent, Coherent Inc., CA, USA). The excitation
wavelengths of fluorophores used in this study were 405 nm
(50 mW), 488 nm (50 mW), and 561 nm (50 mW). All con-
focal images were blindly acquired among all groups under
the same laser power, pinhole and gain, and were analyzed
with Image J (NIH) without adjusting image brightness or
contrast.

RNA extraction, reverse transcription, and RT-qPCR

Total RNA was extracted from ipsilateral cortex tissues
with TRIzol reagent (Invitrogen) and cDNA was synthe-
tized using FastQuant RT Kit (Tiangen, KR106, Beijing,
China). Reverse transcription was performed using oligo
(dT) primers. Messenger RNA (mRNA) was quantified
using the SYBR green-based RT-qPCR kit (Takara) with
the Real Time PCR Detection System (Bio-rad). The primer
sequences are shown in Table 1. The PCR conditions were as
follows: denaturation at 95 °C for 30 s, followed by 40 cycles

Table 1 Primer sequences ID Sense primer (5'-3") Antisense primer (5'-3")
Stat3 CCGGCCCTTAGTCATCAAGAC CAGGAAATTTGACCAGCAACCT
Tfeb ACAAGGCACCATCCTCA CCAGCTCGGCCATATTCA
Mapllc3b GGAAGATGTCCGGCTCATC CTTCTCACCCTTGTATCGCTCTA
Sgstml CATCTTCCGCATCTACATTAA TAGCGAGTTCCCACCACA
Lampl CCACGTTCAGCACCTCCA GACCCAAACCTGTCACTTTCTAC
Lamp?2 CAGATTCAAAGGGTACTTG CATTCTTATCATCGCCAC
Ctsb AGGCTGGACGCAACTTCTAC ACTGTTCCCGTGCATCAAA
Ctsd CCTGGGCGATGTCTTTATTG GGCAAAGCCGACCCTATT
Ctsl GGCTATGGTTATGAAGGAACA TTCGGATGTAGTGTCCGTCA
p-actin GAAGTACCCCATTGAACACGG TGGGTCATCTTTTCACGCTTG
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of 95 °C for 15 s, 60 °C for 45 s. Data were quantified using
the 2722 method and normalized to p-actin expression.

Lysosome isolation

The lysosomal fractions from ipsilateral cortex tissues were
isolated using a Lysosome Isolation Kit according to the
manufacturer’s protocol (Sigma-Aldrich, LYSISO1). Briefly,
the tissue sample was washed three times with cold PBS,
and homogenized at 8000xrpm for 5 s followed by two
additional homogenizations at 9500xrpm for 5 s each. The
homogenate was centrifuged at 1000xg for 10 min at 4 °C,
and the pellet was re-suspended with the extraction buffer
and re-homogenized at 9500xrpm for 5 s, then centrifuged
at 20,000xg for 20 min at 4 °C. After the floating fat layer
was removed, the pellet was re-suspended with extraction
buffer to yield the crude lysosomal fraction (CLF). To fur-
ther enrich the lysosomes in the CLF, the CLF was diluted
by 19% OptiPrep Density Gradient Medium solution with a
protein concentration of 10 mg/mL. This solution is called
the diluted OptiPrep fraction (DOF). The DOF was sepa-
rated by density gradient centrifugation (150,000xg for 4 h)
on a multi-step OptiPrep gradient.

AAV packaging and stereotactic injection

A selected shRNA sequence for rat Stat3 or a scramble con-
trol were inserted into the AAV vector. The final recombi-
nant AAV?2/9 expression cassette was ITR-CMV bGlobin-
eGFP-WPRE-hGH polyA-U6-shSTAT3-ITR. The Stat3
shRNA sequence was 5'-GCTGAACAACATGTCATTT-3".
The resultant AAVs were packaged at Obio Technology
Company (Shanghai, China) and concentrated in phosphate-
buffered saline (PBS; HyClone, sh30256.01). The stereotac-
tic delivery of AAV into the cerebral cortex was performed
after the rats (150-180 g) were anesthetized with isoflurane.
AAV particles (1 pL) were injected into the cortex at three
sites (AP + 1.2 [site 1], 0.3 [site 2], — 0.6 [site 3]; ML +4;
DV —2 mm from the skull) using a 33G Hamilton syringe
with an automatic injector at the rate of 0.25 pL/min [14].
To prevent backflow, the needle was kept in the place for
5 min after the completion of the injection, then withdrawn
for a short distance and held in the new position for another
2 min before removal. The rats were allowed to recover for
4 weeks before pMCAO.

Statistical analysis

Graphpad Prism 7.0 software was used to perform the sta-
tistical analyses. The data are expressed as mean + SEM.
Differences between two groups were compared with the
unpaired ¢ test. Differences between three or more groups
were compared with one-way or two-way ANOVA followed
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by the LSD test. Data from the mNSS test were compared
using the non-parametric Kruskal-Wallis test. The level of
significance was set at P <0.05.

Results

p-STAT3 (Tyr705) is involved in the ischemic injury
in rats following pMCAO

We measured CBF in the ipsilateral brain of the rats before,
at 30 min, and 24 h after pMCAO using a laser speckle
imaging system. As shown in Fig. S1, the CBF in the ipsilat-
eral hemisphere of rats at 30 min and 24 h after pMCAO was
reduced by 70-80% and 50-60%, respectively, confirming
that all animals in the pMCAO group satisfied the criteria
of the pMCAO model. Ischemic stroke can lead to the phos-
phorylation of STAT3 at Tyr residue 705 [5]. Therefore, we
first investigated the expression and localization of p-STAT3
(Tyr705) in the rat cortex following pMCAOQO. Western blot
analysis showed that the level of p-STAT3 (Tyr705) gradu-
ally increased and the level of STAT3 gradually decreased
from 3 to 24 h after pMCAO compared to that in the sham
group (P <0.01, Fig. 1A-C). To identify the subcellular
location of p-STAT3 (Tyr705), co-staining of p-STAT3
(Tyr705) with NeuN (neuronal-specific marker), GFAP (an
astrocyte-specific marker), and IBA1 (a micro-glial-spe-
cific marker) was performed using immunofluorescence.
The results showed that within the penumbra regions of the
cortex following pMCAO, p-STAT3 (Tyr705) was translo-
cated into the nucleus and co-localized with NeuN, GFAP,
and IBA1 (P <0.01, Fig. S2A, B). It has been shown that
inhibition of p-STAT3 can exert neuroprotective effects in
ischemic stroke [8—10]. Consistent with this, we also found
that AG490 (1.25, 2.5, and 5 mg/kg, i.p.), a tyrosine kinase
inhibitor that inhibits STAT3 phosphorylation, significantly
decreased the brain infarct volume, brain water content, and
neurological scores at 24 h after pMCAO in a dose-depend-
ent manner (P <0.05, Fig. 1D-G). These results indicate that
pMCAO-induced phosphorylation of STAT3 at Tyr705 may
be involved in ischemic injury.

p-STAT3 (Tyr705) contributes to pMCAO-induced
LMP in rats

To investigate the role of p-STAT3 (Tyr705) in regulating
lysosomal function, we used AG490 and two other p-STAT3
inhibitors, S31-201 and BP-1-102, which prevented the for-
mation of p-STAT3 (Tyr705) dimers and suppressed the
level of p-STAT3 (Tyr705). As shown in Fig. S3A, B, the
increased level of p-STAT3 (Tyr705) in the cortex of rats at
24 h after pMCAO was markedly reduced by S31-201 (5 mg/
kg, i.p. P<0.05), BP-1-102 (3 mg/kg, i.v., P <0.001), and
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Fig.1 p-STAT3 (Tyr705) is involved in the ischemic injury in rats
following pMCAO. a Time-dependent changes of p-STAT3 (Tyr705)
and STAT3 levels at 3-24 h in the ischemic cortex of sham- and
pMCAO-operated rats. b, ¢ Quantitative analysis showing the ratios
of p-STAT3 (Tyr 705)/ACTB and STAT3/ACTB, measured using
Image J software. Statistical comparisons were performed using
one-way ANOVA followed by the LSD test. Data are expressed as
mean +SEM from four rats in each group. *P <0.05 vs. sham group.
d Representative images showing the brain infarct volume of brain
slices stained with 2,3,5-triphenyltetrazolium chloride (TTC) in

AG490 (5 mg/kg, i.p., P<0.001) treatment. This confirmed
that all three inhibitors significantly decreased the level of
p-STAT3 (Tyr705) after pMCAO.

To investigate the role of p-STAT3 (Tyr705) in the regu-
lation of ischemia-induced LMP, the lysosomal and cyto-
solic fractions were isolated from the cortex of sham- or
pMCAO-operated rats. The results showed that the levels of
cathepsin D (CTSD) and cathepsin L (CTSL) were reduced
in the lysosomal compartment and increased in the cyto-
solic compartment at 24 h after pMCAO, and these changes
were reversed by S31-201, BP-1-102, and AG490 (P <0.05,
Fig. 2A-E). Compared to the vehicle-treated pMCAO
group, both BP-1-102 and AG490 reversed the pMCAO-
induced decrease in lysosomal membrane-associated protein
1 (LAMP1) (P<0.05, Fig. S4A, B). AG490 reversed the
pMCAO-induced decrease in CTSD, and both S31-201 and
AG490 reversed the pMCAO-induced decrease in CTSL
(P<0.05, Fig. S4A, C and D).

To further confirm the role of STAT3 in LMP regu-
lation, we generated an AAV delivery system encoding
GFP and STAT3 shRNA (shStat3) to knockdown STAT?3

pMCAO rats treated with saline or AG490 (1.25 mg/kg, 2.5 mg/kg,
5 mg/kg, i.p.). Quantification of infarction volume (e), brain water
content (f), and mNSS neurological scores (g). Statistical compari-
sons were performed using one-way ANOVA followed by the LSD
test, except for the mNSS neurological scores, which were analyzed
using the non-parametric Kruskal-Wallis test followed by Dunn’s
test. Data are expressed as mean+S.E.M. from nine to ten rats in
each group. P <0.001 vs. sham group; *P<0.05, **P<0.01 vs.
pMCAO group

expression (Fig. S3D). After treatment with shStat3, the
levels of STAT3 and p-STAT3 (Tyr705) were significantly
reduced in the cortex of sham- and pMCAO-operated rats
(P <0.05, Fig. S3E-G), which confirmed that shStaz3 spe-
cifically targeted and inhibited the expression of endoge-
nous STAT3 and p-STAT3 (Tyr705). Immunofluorescence
staining revealed that CTSD mainly co-localized with
LAMP1 in GFP-positive cells from sham/shScr rats, and
this co-localization was markedly reduced in the cortex
of pMCAO-operated rats, as shown by a lower Mander’s
coefficient (P <0.001, Fig. 3A, B). STAT3 knockdown
significantly restored the co-localization of CTSD with
LAMPI in GFP-positive cells in the cortex of pMCAO/
shStat3 rats (P < 0.001, Fig. 3A, B). Furthermore, STAT3
knockdown significantly reversed the pMCAO-induced
reduction in the level of LAMPI1 (P <0.05, Fig. 3C, D)
and increased the expression levels of CTSD and CTSL
(P <0.05, Fig. 3C, E, F). Overall, these data suggest that
the pMCAO-mediated increase of p-STAT3 (Tyr705) con-
tributes to LMP.
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Fig.3 p-STAT3 (Tyr705) causes lysosomal dysfunction in rats fol-
lowing pMCAO. AAVs encoding GFP and shStat3 or shScramble
(shScr) were stereotactically injected into the cortex of rats 4 weeks
before pMCAO. a Rats expressing shStar3 or shScr were subjected to
sham or pMCAO operation. 24 h after surgery, immunofluorescence
imaging was performed to detect the co-localization of LAMPI-
positive lysosomes (gray) with the lysosomal enzyme CTSD (red)
in cells expressing shRNA (indicated by GFP fluorescence, green).
Nuclei were stained with DAPI (blue). High-magnification images
of the boxed areas are shown at the right. Scale bar=50 pm. b Col-
umns represent Mander’s overlap coefficient for CTSD (red) and
LAMPI1-positive lysosomes (gray). Statistical comparisons were
performed using two-way ANOVA followed by the LSD test. Data

p-STAT3 (Tyr705) causes ALP dysfunction,
which further leads to ischemic injury in rats
following pMCAO

Next, we determined whether the cerebral ischemia-
induced increase of p-STAT3 (Tyr705) influenced ALP
function. We investigated the number of autophagosomes
and the accumulation of autophagic substrates in pMCAO
rats treated with three inhibitors of p-STAT3 (Tyr705).
The results showed that the inhibition of p-STAT3
(Tyr705) decreased LC3-II/LC3-I ratio in pMCAO-treated
rats (P <0.05, Fig. S5A, B). We examined the levels of
two autophagic substrates, SQSTM1 (soluble and insolu-
ble forms) and ubiquitinated proteins. The data showed
that the reduced level of soluble SQSTMI1 and increased
levels of ubiquitinated proteins and insoluble SQSTM1
induced by pMCAO were significantly reversed by STAT3
inhibitors (P <0.05, Fig. S5A, C-E). Fluorescence stain-
ing also revealed that LC3 signals were low and diffuse
in the cytoplasm of GFP-positive cells in the cortex of
sham/shScr rats, but became punctate and enhanced
in the cortex of pMCAO/shScr rats. Moreover, STAT3

l,»\l\\‘F’!I

Mature-CTSD - 25

Pro-CTSL 40

Mature-CTSL - —— e |25
ACTS | su— — o
E = Sham F = Sham
= pMCAO = pMCAO
. _ 200 -
T £
g 2150 e
g3
=0
E 81(;0
£S5
s
S N S
3 5“5’0 {,}e 5 \53@
R P
L & & &

are expressed as mean=+SEM from four rats in each group. Scale
bar=50 pm. **¥P<0.001 vs. sham+shScr group. #*P <0.001 vs.
pMCAO +shScr group. ¢ Western blot analysis showing the expres-
sion levels of LAMP1, CTSL, and CTSD in the AAV/shRNA-
treated rats at 24 h after sham or pMCAO operation. Quantitative
analysis showing the ratios of LAMPI/ACTB (d), Mature-CTSD/
Pro-CTSD (e), and Mature-CTSL/Pro-CTSL (f), measured using
Image J software. Statistical comparisons were performed using
two-way ANOVA followed by the LSD test. Data are expressed
as mean=+SEM from four rats in each group. *P <0.05, **P<0.01
vs. sham+shScr group. *P<0.05, ¥ P <0.001 vs. pMCAO +shScr

group

knockdown decreased punctate LC3 fluorescence signals
in the GFP-positive cells from both sham- and pMCAO-
operated rats (P <0.05, Fig. 4A, B). Western blot analysis
also showed that genetic knockdown of shStat3 markedly
decreased the accumulation of LC3-II-marked autophago-
somes, soluble and insoluble SQSTM1, and ubiquitinated
proteins (P < 0.05, Fig. 4C—G). Therefore, these results
suggest that p-STAT3 (Tyr705) leads to the accumulation
of autophagosomes and substrates, contributing to the
pMCAO-mediated impairment of ALP function.

To further explore the role of p-STAT3 (Tyr705)-medi-
ated ALP dysfunction in ischemic injury, we investigated
the effects of the p-STAT3 inhibitor AG490, combined
with the lysosomal inhibitor, chloroquine (CQ, 60 mg/kg,
i.p.), on ischemic insult in pMCAO rats. In our previous
study, we showed that CQ inhibits autophagic flux [3].
AG490 significantly decreased the infarct volume and
brain water content at 24 h after pMCAQO, and the effects
of AG490 were abolished by CQ (P <0.05, Fig. S6A-C).
These results further indicate that p-STAT3 (Tyr705)-
mediated impairment of autophagic flux may be responsi-
ble for ischemic injury.
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Fig.4 p-STAT3 (Tyr705)
causes dysfunction of ALP in
rats following pMCAO. a Rats
expressing shStat3 or shScr
were subjected to sham or
pMCAO operation. 24 h after
surgery, immunofluorescence
images were captured to detect
the expression of LC3 (red)

in cells expressing shRNA
(indicated by GFP fluorescence,
green). Nuclei were stained
with DAPI (blue). High-mag-
nification images of the boxed
areas are shown at the right.
Scale bar=50 pm. b Quan-
titative analysis showing the
fluorescence intensity of GFP*
LC3, measured using Image J
software. Statistical compari-
sons were performed using two-
way ANOVA followed by the
LSD test. Data are expressed
as mean + SEM from four rats
in each group. **P <0.01 vs.
sham + shScr group. #P <0.05
vs. pMCAO + shScr group.

¢ Rats expressing shStat3 or
shScr were subjected to sham or
pMCAO operation. 24 h after
surgery, western blot analysis
was performed to analyze the
expression levels of LC3-I,
LC3-II, soluble SQSTM1,
insoluble SQSTM1, and
ubiquitin. Quantitative analysis
showing the ratios of LC3-11/
LC3-I(d), soluble SQSTM1/
ACTB (e), Ubiquitin/ACTB (f),
and insoluble SQSTM1/ACTB
(g), measured using Image J
software. Statistical compari-
sons were performed using two-
way ANOVA followed by the
LSD test. Data are expressed
as mean + SEM from four

rats in each group. *P <0.05,
**P<0.01, ***P <0.05 vs.
sham +shScr group. *P <0.05,
#p<0.01, ¥ P <0.001 vs.
pMCAO + shScr group
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TFEB may be responsible for p-STAT3
(Tyr705)-mediated ALP dysfunction in rats
following pMCAO

As TFEB is vital for maintaining ALP function [19],
we investigated whether TFEB is involved in p-STAT3
(Tyr705)-mediated dysfunction of ALP after ischemic
stroke. Western blot analysis showed that p-STAT3 (Tyr705)
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inhibitors significantly increased the expression of TFEB in
the total and nuclear extracts of the cortex from pMCAO
rats (P <0.05, Fig. 5A-C). Immunofluorescence revealed
that STAT3 knockdown enhanced TFEB translocation into
the nucleus after pMCAO in rats (Fig. 5D). Furthermore,
real-time PCR analysis showed that STAT3 knockdown
increased the mRNA levels of the direct target genes of
TFEB, including Ctsd, Maplc3b, Lampl, Sqstmi, and Tfeb,

s

mmm pMCAO+shStat3

il

Stat3 Ctsb

Fig.5 The pMCAO-mediated increase of p-STAT3 (Tyr705) leads to
the inhibition of TFEB transcriptional activity. a Western blot analy-
sis showing the expression level of TFEB in total and nuclear protein
extracts in sham- or pMCAO-operated rats treated with inhibitors of
p-STAT3 (Tyr705). Lamin B (LMNB) was used as a nuclear loading
control. Quantitative analysis showing the ratios of TFEB/ACTB (b)
and TFEB/LMNB (c), measured using Image J software. Statistical
comparisons were performed using two-way ANOVA followed by the
LSD test. Data are expressed as mean+SEM from four rats in each
group. #P<0.05, #P <0.01, ¥ P <0.001 vs. pMCAO group. d Rats
expressing shStat3 or shScr were subjected to sham or pMCAO oper-
ation. 24 h after surgery, immunofluorescence images were collected

Maplc3b

Lamp1 Lamp2 Sgstm1 Tfeb

to detect the co-localization of TFEB (red) with nuclei (blue) in cells
expressing shRNA (indicated by GFP fluorescence, green). High-
magnification images of the boxed areas are shown at the right. Scale
bar=50 pm. e RT-qPCR analysis showing mRNA expression of Star3
and ALP-related marker genes including Ctsb, Ctsl, Ctsd, Map1lc3b,
Lampl, Lamp2, Sqstml, and Tfeb at 24 h in the cortex of sham- or
pMCAO-operated rats injected with shScr or shSrat3 vectors. Statis-
tical comparisons were performed using two-way ANOVA followed
by the LSD test. Data are expressed as mean+SEM from four rats
in each group. ***P <0.001, **P <0.01, *P<0.05 vs. sham+ shScr
group. ¥ P <0.001, #P <0.01, *P < 0.05 vs. pMCAO + shScr group
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but decreased the levels of Ctsb and Cts! without influencing
the level of Lamp?2 in the cortex of pMCAO rats (P <0.05,
Fig. SE). These data demonstrate that the pMCAO-medi-
ated increase of p-STAT3 (Tyr705) leads to the inhibition
of TFEB activity.

Next, we further clarified whether TFEB knockdown
could reverse the p-STAT3 (Tyr705)-mediated impair-
ment of ALP function. AAVs encoding sh7feb and shStat3
were injected into the cortex of rats. Western blot analysis
showed that the shStar3-mediated downregulation of LC3-
II and Ubiquitin in the cortex of rats at 24 h after pMCAO
was significantly reversed by TFEB knockdown (P < 0.05,
Fig. 6A-D). These results further indicate that TFEB may be
responsible for the p-STAT3 (Tyr705)-mediated dysfunction
of ALP after pMCAO.
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Fig.6 TFEB may be responsible for p-STAT3 (Tyr705)-mediated
dysfunction of ALP after pMCAQO. AAVs encoding GFP and shStat3
or shTfeb were stereotactically injected into the cortex of rats 4 weeks
before pMCAO. a Western blot analysis showing the levels of TFEB,
autophagosomes (LC3-1I/LC3-I), and autophagic substrates (Ubiqui-
tin) in the cortex of rats at 24 h after pMCAO. Quantitative analysis
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Discussion

ALP has recently emerged as an attractive target for the treat-
ment of ischemic stroke [2, 14]. Previous studies by us and
other researchers have demonstrated that cerebral ischemia
can lead to LMP [14, 20, 21], resulting in reduced lyso-
somal function and subsequent impairment of autophagic
flux [14]. Therefore, enhanced lysosomal function may pro-
tect against ischemic stroke. In the present study, we found
that the increased p-STAT3 (Tyr705) level may contribute
to ALP dysfunction, at least in part, through its inhibitory
effect on TFEB transcriptional activity, which further leads
to ischemic injury in rats (Fig. 7).

It has been shown that ischemic stroke can lead to the
increase in the level of p-STAT3 (Tyr705) [8] and p-STAT3
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showing the ratios of TFEB/ACTB (b), LC3-II/LC3-I (¢), and Ubiq-
uitin/ACTB (d), measured using Image J software. Statistical com-
parisons were performed using one-way ANOVA followed by the
LSD test. Data are expressed as mean+SEM from four rats in each
group. *P<0.05, **P<0.01, ***P <(0.001 vs. the indicated group
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Fig.7 Schematic representa-
tion of the effect of p-STAT3
(Tyr705) on ALP function after
ischemic stroke. Permanent
ischemic stroke leads to the
increase of p-STAT3 (Tyr705),
and then translocates into
nuclei. The pMCAO-induced
nuclear translocation of
p-STAT3 (Tyr705) can interact
with TFEB and inhibit its tran-
scriptional activity, thus leading
to the impairment of ALP func-
tion. Moreover, genetic knock-
down of STAT3 (using AAV-
shSat3) or pharmacological
blockade of p-STAT3 (Tyr705)
(using the specific inhibitors
AG490, S31-201 and BP-1-
102) significantly decreases

the stroke-induced LMP and
enhances lysosomal function.
This ameliorates the impaired
ALP function and accelerates
the digestion of autophagic
substrates after pMCAO

Cerebral
ischemia

7

TFEB

(Tyr705) inhibitors, especially AG490, have been found to
possess anti-ischemic injury effects [8, 22]. Accordingly,
in the present study, we found that the level of p-STAT3
(Tyr705) gradually increased after pMCAO, accompanied
by increased nuclear translocation of p-STAT3 (Tyr705),
and that AG490 was able to alleviate ischemic injury in
pMCADO rats. In addition, we also found that the expres-
sion of total STAT3 was gradually decreased from 3 to
24 h after pMCAO. However, RT-RCR analysis showed
that the mRNA level of Stat3 was significantly increased
after pMCAOQO. Therefore, we hypothesized that cerebral
ischemia may lead to increased degradation of unphospho-
rylated STAT3. Here, we summarize some possible expla-
nations for these hypotheses. (1) It has been reported that
calcineurin promotes the degradation of STAT3 through the
ubiquitin—proteasome pathway in hippocampus neurons [23,
24]. Interestingly, both our previous study and studies of
other researchers have demonstrated that cerebral ischemia
can result in the abnormal activation of calcineurin [3, 25],
which may be responsible for the increased degradation of
STAT3. (2) It has been shown that hyper-osmolarity can
accelerate STAT3 degradation in a proteasome-dependent
manner [26]. Cerebral ischemia can lead to hyperosmolar-
induced brain edema due to hypoperfusion [27], which
maybe another reason for the accelerated degradation of
STAT3. In our future research, we will conduct further in-
depth studies to test the above hypotheses.
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Recently, a transcription-dependent mechanism by which
TFEB regulates lysosomal biogenesis and autophagy has
been identified [19]. Our previous study demonstrated for
the first time that at the later stages of ischemia, a gradual
decrease in the level of nuclear TFEB is coupled with a
progressive decline in lysosomal activity, accumulation of
autophagosomes and autophagy substrates, and ischemic
injury [3]. In the present study, we revealed that the inhibi-
tion of p-STAT3 (Tyr705) further increased both the total
and nuclear expression of TFEB and the expression of
TFEB-targeted ALP-related genes. These results indicated
that p-STAT3 (Tyr705) interacts with TFEB in the nucleus
and inhibits its function, resulting in the impaired autophagic
flux at 24 h after pMCAO. To test this hypothesis, we per-
formed simultaneous AAV-mediated knockdown of STAT3
and TFEB and found that knockdown of TFEB partly abol-
ished the effects of shStat3 on ALP function. Similarly,
other study has shown that RDD648 facilitates p-STAT3
(Tyr705) translocation into the nucleus and leads to partial
loss of TFEB function, resulting in lysosome-mediated cell
death and exhibiting potent anticancer activity [13]. Another
study showed that the expression and activation of TFEB
were enhanced in the early stage of S. aureus infection, and
then diminished due to the delayed activation of STAT3
[28]. Moreover, it has been shown that trigonochinene E
(TE), a natural aromatic tetranorditerpene, can activate pro-
tein expression of TFEB and TFEB-mediated lysosomal
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biogenesis through downregulation of p-STAT3 (Tyr705)
[29]. All these studies demonstrate that nuclear p-STAT?3
(Tyr705) can inhibit TFEB function, which is consistent
with the results of the present study. However, the exact
regulatory mechanism through which p-STAT3 (Tyr705)
inhibits TFEB activity remains unknown. Based on current
evidence, we hypothesize that two possible mechanisms may
be involved in this process, namely (1) As a central tran-
scriptional regulator of autophagy, TFEB can bind to the
CLEAR element through the basic helix—loop-helix (P HLH)
domain and promote lysosomal biogenesis and function.
Interestingly, Chen et al. reported that the elimination of
STAT3 expression by STAT3 siRNA significantly upregu-
lated the expression of some bHLH transcription factors
[30]. Another study also revealed that the downregulation
of p-STAT?3 (Tyr705) is accompanied by the upregulation of
bHLH transcription factors [31]. These studies indicate that
p-STAT3 (Tyr705) may directly bind to the bHLH domain
of TFEB and further block the TFEB-CLEAR interaction.
Thus, it is reasonable to assume that p-STAT3 (Tyr705)
may bind to the bHLH domain of TFEB to clash with DNA
recognition and disrupt the TFEB—-CLEAR interaction after
ischemia, which further inactivate TFEB-targeted genes and
its own transcription. (2) It has been shown that another
member of the TFEB family, MITF, can be negatively con-
trolled by p-STAT3 (Tyr705). The authors observed that
activated p-STAT3 (Tyr705) can downregulate the mRNA
and protein expression of MITF by activating the CAAT
enhancer binding protein (CEBP), a well-established down-
stream target of STAT3. Activated CEBP further binds to the
MITF enhancer region and silences MITF expression [32].
Because TFEB and MITF share sequence homology, this
mechanism may also be involved in the biological processes
of p-STAT?3 (Tyr705)-mediated TFEB expression. However,
these hypotheses require further investigations.

It has been shown that p-STAT3 (Tyr705) can transcrip-
tionally regulate a series of autophagy-related genes [6].
However, whether p-STAT3 (Tyr705) exerts an anti- or
pro-autophagic effect remains unknown. STAT3 transcrip-
tionally activates BCL2 and MCL1 expression [33, 34]
and directly binds to the promoter region of BECN1 and
represses its transcription [35], which leads to autophagy
inhibition. In contrast, STAT3 phosphorylation upregu-
lates BNIP3 expression, leading to autophagy induction
[36]. In addition to its direct effect on the regulation of
autophagy-related proteins, cytoplasmic STAT3 inter-
acts with other transcription factors, such as FOXO1 and
FOXO3, thus indirectly regulating autophagy [37]. To
comprehensively evaluate the role of p-STAT3 (Tyr705)
in the ischemia-induced dysfunction of ALP, we used
two other inhibitors of p-STAT3 (Tyr705), S31-201 and
BP-1-102, in addition to AG490. Furthermore, we used an
AAV encoding shStat3 to specifically knockdown STAT3
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expression. We found that both pharmacological inhibi-
tion and gene knockdown of p-STAT3 (Tyr705) allevi-
ated LMP by preventing pMCAO-induced downregulation
of LAMPI1 and the release of cathepsin proteases from
lysosomes into the cytosol. Western blot analysis also
showed that protein expressions of CTSL and CTSD were
downregulated after ischemic stroke, which were partly
reversed through STAT?3 inhibition. Notably, Ctsd has
been identified as a direct target of TFEB [38]; therefore,
the STAT3-mediated upregulation of CTSD after ischemic
stroke may be attributed to the post-transcriptional regula-
tion of TFEB. Moreover, Ctsl has been demonstrated to
be a direct target gene of STAT3 [6]; however, the protein
level of CTSL was also upregulated after STAT3 inhibition
following pMCAO. Although CTSL has not been iden-
tified as a direct target of TFEB, the activity of which
has been reported to be associated with TFEB function
[39, 40]. Accordingly, we conclude that the inhibition of
p-STAT3 (Tyr705) expression may post-transcriptionally
enhance the protein levels of CTSD and CTSL, which may
depend on the regulatory effects of TFEB.

To further confirm the role of p-STAT3 (Tyr705) in
the regulation of ALP function, we evaluated the for-
mation of autophagosomes and the degradation of sub-
strates after the inhibition of p-STAT3 (Tyr705) following
ischemic stroke. Our results showed that ALP degradation
was impaired at 24 h after pMCAO, as indicated by the
accumulation of LC3-II/LC3-I and insoluble SQSTMI1,
which is consistent with our previous studies [3]. Although
soluble SQSTM1 was downregulated after pMCAO, this
phenomenon may be attributed to the downregulation of
the TFEB-induced decrease in the post-transcriptional
regulation of SQSTM1, as SQSTM1 is also a well-known
TFEB-targeted gene [38]. Moreover, we observed that the
inhibition of p-STAT3 (Tyr705) through treatment with its
inhibitors significantly downregulated the levels of LC3-1I/
LC3-I and insoluble SQSTMI, suggesting that impaired
ALP function was alleviated by the inhibition of p-STAT3
(Tyr705). However, we found that soluble SQSTM1 was
also decreased by the inhibition of p-STAT3 (Tyr705) after
pMCAO. Therefore, it is hypothesized that the degradation
of SQSTM1 by lysosome induced by the activation of ALP
may be the main cause of the decreased level of soluble
SQSTMI, but not the upregulation of SQSTM1 induced
by TFEB-mediated transcriptional regulation.

The present study demonstrates for the first time that
p-STAT3 (Tyr705)-mediated impairment of ALP function
significantly aggravates ischemic injury after pMCAO,
and that these effects may depend on the regulation of
TFEB activity by p-STAT3 (Tyr705). Our study further
elucidates the protective effects of STAT3 inhibition
against ischemic stroke injury from an autophagy-related
perspective.
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