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Ubiquitination-mediated upregulation
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Abstract

One of the histopathological hallmarks of neuroinflammatory diseases such as multiple sclerosis (MS) is the
emergence of astrocyte reactivity. Accumulating evidence suggests that excessive glycolysis may lead to astrocyte
reactivity and contribute to neuroinflammatory responses. However, the intricate mechanisms underlying astrocyte
metabolic reprogramming towards glycolysis remain largely unknown. Here, we conducted in vitro experiments
using primary astrocytes and in vivo studies in an experimental autoimmune encephalomyelitis (EAE) mouse
model of multiple sclerosis (MS). We observed increased astrocytic expression of MCT4, a key glycolytic regulator,
in EAE mice. MCT4 enhanced astrocyte reactivity through promoting glycolysis and proliferation, mediated
primarily by activation of the NF-kB and c-Myc signaling pathways. Notably, we report a novel regulatory
mechanism in which the E3 ubiquitin ligase TRIM7 regulates MCT4 levels via ubiquitination. In mice, blockade

of astrocyte MCT4 expression by intracerebroventricular injection of lentivirus alleviated disease severity of EAE
mice. The results suggest that targeting glycolysis, specifically through the inhibition of MCT4 expression, might
be effective in reducing astrocyte reactivity, neuroinflammation and demyelination occurring in MS and relating
neuroinflammatory diseases.
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Introduction
The importance of astrocytes in the central nervous sys-
tem (CNS) is evidenced by their critical roles ranging

fLuting Yang, Chungjing Hu, Xiaowen Chen and Mengru Sun
contributed equally to this work.

*Correspondence:

Luting Yang

yangluting@snnu.edu.cn

Yaping Yan

yaping.yan@snnu.edu.cn

'Key Laboratory of the Ministry of Education for Medicinal Resources
and Natural Pharmaceutical Chemistry, National Engineering Laboratory
for Resource Development of Endangered Crude Drugs in Northwest of
China, College of Life Sciences, Shaanxi Normal University, Xi'an

710119, China

’Department of Experimental Surgery, Tangdu Hospital, Air Force Medical
University, Xi'an 710038, China

M BMC

from providing structural and metabolic support to syn-
apse regulation. Astrocyte reactivity, including diverse
forms of changes that differ from their homeostatic state,
can exert either neurotoxic or protective roles in a con-
text-dependent manner in demyelinating disorders such
as multiple sclerosis (MS), neuromyelitis optica spectrum
disorders (NMOSD), as well as in neurodegenerative
conditions such as Alzheimer’s disease and Parkinson’s
disease [1, 2]. In preclinical studies, targeting astrocytes
has emerged as a promising strategy for treating neuro-
logical disorders [3].
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Astrocytes are the most abundant glial cells that are
primarily dedicated to maintaining homeostasis in
the CNS. Through in-depth investigations and high-
throughput sequencing techniques, astrocytes have been
revealed to display heterogeneity in a context- and dis-
ease-dependent manner [4]. Astrocytes are highly plastic
in response to CNS injury, disease and infection during
which they undergo a process termed “reactive astro-
gliosis”, “astrocyte activation” or “astrocyte reactivity”
[2]. While astrocyte reactivity initially serves to preserve
CNS homeostasis during pathology, various mechanisms
result in loss of homeostatic astrocytic functions and
reprogram astrocytes as instigators of neuropathology
[1]. MS, the most common demyelinating autoimmune
disease, is characterized by inflammatory demyelinating
lesions and axonal damage. Accumulating evidence has
corroborated that astrocyte reactivity plays a central role
in MS progression by aggravating CNS inflammation,
blood-brain barrier (BBB) disruption, and demyelination
[5]. Numerous studies have identified signaling pathways
including NF-«B, STAT3 and Notch that are involved in
astrocyte reactivity in MS [6, 7]. Nevertheless, the iden-
tification of novel targets and mechanisms that selec-
tively drive astrocyte reactivity remains critical for both
elucidating disease pathogenesis and developing targeted
therapeutic strategies.

Astrocytes metabolize glucose to provide energy for
neurons to function properly. The energy demand is pre-
dominantly met by aerobic glycolysis, also known as War-
burg effect, which is accompanied by increased release
of lactate [8]. Enhanced glycolytic activity observed in
astrocytes of MS patients and EAE has been implicated in
driving astrocyte reactivity, the release of proinflamma-
tory cytokines and neurotrophic factors, and subsequent
demyelination and neuronal loss in CNS [9, 10]. These
findings suggest that enhanced aerobic glycolysis serves
as a pathogenic mechanism driving astrocyte reactivity
in EAE and MS. Building upon our previous demonstra-
tion that nuclear translocation of the glycolytic rate-lim-
iting enzyme PKM2 led to enhanced aerobic glycolysis
and astrocyte reactivity in EAE [11], we hereby focused
on other pivotal glycolysis-related enzymes. Lactate, the
end-product of aerobic glycolysis, leads to intracellular
acidosis and cell damage [12]. Astrocytes export lactate
to survive the accumulation of lactate via its transport-
ers, namely monocarboxylate transporters (MCTs) [13].
Among the four isoforms of MCTs, MCT1 and MCT4
are expressed in astrocytes [14]. Given the substantial
lactate production via aerobic glycolysis in astrocytes
during MS and EAE, along with the absence of acidosis
in MS patients, we further postulated an upregulation of
MCTs expression in astrocytes during EAE.

Post-translational modifications (PTMs), includ-
ing ubiquitination, SUMOylation and acetylation, play
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a pivotal role in regulating protein stability, subcellular
localization and protein-protein interaction. Tradition-
ally recognized as the primary PTM that targets proteins
for degradation, ubiquitination has emerged as a key
regulator of a myriad of biological processes. Ubiquiti-
nation is catalyzed by a cascade of enzymes in which E3
ubiquitin ligases confer substrate specificity. TRIM7 is an
E3 ubiquitin ligase that has not been extensively studied.
Most studies have pinpointed its role in mediating anti-
viral responses and in tumorigenesis [15, 16]. However,
it remains unclear whether TRIM7 regulates metabolic
processes or targets metabolic enzymes such as MCTs,
PKM2, PFKP, and GLUT1.

Our study identified a pathological upregulation of
MCT4 in astrocytes during EAE. Beyond its established
role in lactate export, we uncovered the non-metabolic
function of MCT4 in promoting astrocyte reactivity.
Notably, we demonstrated that MCT4 protein stability
is controlled by TRIM7-mediated ubiquitination. Fur-
thermore, we observed a reduction in TRIM7 expression
in astrocytes of EAE mice. To validate the pathophysi-
ological significance of MCT4, our findings revealed that
astrocyte-specific knockdown of MCT4 significantly
attenuated EAE severity in vivo. By shedding light on the
involvement of MCT4 in astrocyte reactivity in EAE, our
study offers new insights for potential therapeutic targets
in the clinical treatment of multiple sclerosis.

Results

MCT4 level is increased in astrocytes of EAE

Previous findings have shown an upregulation of both
MCT1 and MCT4 in active MS lesions [17], we next
sought to determine their relative expressions in astro-
cytes of EAE mice. Immunofluorescence staining
revealed MCT1 expression in both astrocytes and neu-
rons (Fig. S1A, S1E and F). However, quantitative anal-
ysis showed no significant increase in MCT1 levels in
astrocytes of EAE mice compared with naive controls
(Fig. S1B). Moreover, in primary astrocytes stimulated
with supernatants from MOGs;_gs-stimulated spleno-
cytes of EAE (MOGq,;,), which was previously shown to
elicit a T-cell response in the acute stage of EAE [11, 18],
mRNA and protein levels of MCT1 were not increased
(Fig. S1C and D). We next focused on the expression of
MCT4. When compared to naive mice, we observed an
increased fluorescence intensity of MCT4 in astrocytes
during different phases of EAE (onset, peak, and chronic)
mice (Fig. 1A and B). Furthermore, the proportion of
MCT4-positive astrocytes and MCT4 area coverage were
elevated in EAE mice (Fig. 1C and D). To corroborate
these findings, primary astrocytes were cultured with
either MOGg,, or the inflammatory stimuli TNF-a and
IL-1p, which are linked to MS and EAE pathology [19].
Expectedly, mRNA levels of MCT4 were upregulated in
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Fig. 1 (See legend on next page.)

astrocytes stimulated with MOGg,, or TNF-a and IL-1B  active MS lesions (GSE108000, Fig. 1G) [21]. Altogether,
(Fig. 1E). To analyze the expression of MCT4 in patients  these data demonstrate that MCT4 expression is elevated
from multiple sclerosis, we screened GEO datasets. Data  in astrocytes of EAE mice.

from two independent GEO datasets revealed upregu-

lated expression of MCT4 in normal-appearing white

matter (GSE214334, Fig. 1F) [20] and rim of chronic
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Fig. 1 MCT4 expression is upregulated in astrocytes of EAE mice. (A) Representative images (low and high magnification) showing immunofluorescence
staining of MCT4 in the astrocytes (GFAP) in the spinal cords from naive, EAE onset (score 1; Day 7-17 p.i.), peak (score > 3; Day 14-24 p.i.), and chronic
(score>2; Day 21-26 p.i.) mice. (B) Quantification of mean fluorescence intensity of MCT4 in the spinal cord of EAE onset (n=3), peak (n=6), chronic
(n=3) and naive (n=>5) mice. (C) Quantification of MCT4 positive area coverage in spinal cord in different groups of mice. EAE onset (n=3), peak (n=6),
chronic (n=3) and naive (n=5). (D) Quantification of MCT4*GFAP™ cells in the total number of GFAP* cells in EAE onset (n=3), peak (n=3), chronic (n=3)
and naive (n=3) mice. (E) gRT-PCR analysis of MCT4 in primary astrocytes treated alone or with TNF-a and IL-13 (left), or treated with splenocytes superna-
tants of control mice (Ctly,,) or with splenocytes supernatants of MOGss_ss-induced EAE mice (MOGg,,) for 24 h. (F) Analysis of MCT4 mRNA expression in
normal-appearing white matter from relapse-remitting multiple sclerosis (RRMS), primary progressive MS (PPMS), secondary progressive MS (SPMS) and
non-MS control tissue from GEO dataset GSE214334. (G) Analysis of MCT4 mRNA expression in control tissue and rim of chronic active MS lesions from
GSE108000. Scale bar: 50 um. Data are represented as mean + SEM. *P < 0.05, ***P < 0.001, using one-way ANOVA with Dunnett’s multiple comparison test

(B, C, D and F), using unpaired t test (E and G)

MCT4 promotes proliferation and glycolysis in astrocytes
Astrocytes are increasingly recognized as pivotal cells
that contribute to the development of MS lesions [22].
In light of metabolic and functional changes observed in
astrocytes during MS, characterized by heightened gly-
colysis and astrocyte proliferation, we sought to investi-
gate whether MCT4 plays a role in these aforementioned
pathological processes. The knockdown of MCT4
resulted in decreased lactate production and glucose
consumption in astrocytes (Fig. 2A, Fig. S2A and B). To
further validate the inhibitory effects of MCT4 blockade,
we employed a-cyano-4-hydroxy-cinnamic acid (CHCA),
a broad-spectrum monocarboxylate transporter (MCT)
blocker that has been widely utilized as an inhibitor of
MCT4 in previous studies [23, 24]. Consistently, applica-
tion of MCT4 inhibitor CHCA significantly reduced lac-
tate production and glucose consumption in TNF-a and
IL-1B-stimulated astrocytes (Fig. 2B). qRT-PCR analysis
further revealed that glycolysis-related enzymes, such
as GLUT1 and HK2, were markedly downregulated fol-
lowing knockdown or treatment with MCT4 inhibitor
in astrocytes (Fig. 2D and E). Additionally, lactate pro-
duction was increased upon overexpression of MCT4
(Fig. 2C, Fig. S2C and D). These results suggested that
MCT4 promoted glycolysis in astrocytes.

We then evaluated whether MCT4 could regulate
astrocyte proliferation. As illustrated in Fig. 2F, MCT4
inhibitor dramatically reduced the proportion of EdU
positive cells in TNF-a and IL-1p stimulated astro-
cytes. Consistently, knockdown with either shMCT4-1
or shMCT4-2 significantly decreased the proportion
of EdU-positive cells (Fig. 2G). Moreover, EAU assays
revealed that MCT4 overexpression promoted astrocyte
proliferation (Fig. 2H). Collectively, these findings indi-
cate that MCT4 has the potential to stimulate both pro-
liferation and glycolysis in astrocytes.

MCT4 induces activation of NF-kB and c-Myc signaling in
astrocytes

To delineate the mechanisms underlying MCT4-medi-
ated proliferation and glycolysis, we screened for signal-
ing pathways associated with these biological processes.
A key signaling pathway that governs MS transcriptional

signatures is c-Myc [25]. Moreover, NF-kB orchestrates
astrocyte transcriptional networks associated with CNS
inflammation [26]. Therefore, we focused on these two
signaling pathways.

In TNF-« and IL-1p stimulated astrocytes, both MCT4
knockdown and treatment with the MCT4 inhibitor
CHCA markedly reduced the phosphorylation of p65
(Fig. 3A-B, Fig. S4A and B). These results indicated that
MCT4 could potentially promote the activation of NF-xB
signaling pathway. In addition to NF-«kB, results from
western blotting showed that MCT4 knockdown also
inhibited activation of c-Myc signaling pathway, which
is crucial in regulating cell proliferation, cell cycle and
metabolic reprogramming (Fig. 3C) [27]. Moreover, in
TNF-a and IL-1p stimulated astrocytes, CHCA treat-
ment led to reduced level of phospho-c-Myc (Fig. 3D). To
explore whether MCT4 interacts directly with NF-«xB and
c-Myc to promote their activation, we performed immu-
noprecipitation. Our results revealed that MCT4 directly
interacts with c-Myc, p50 and p65 subunits of NF-kB. In
contrast, no detectable interaction was observed between
MCT4 and other tested proteins, including STAT3 and
IxBa (Fig. S3).

We next sought to assess whether MCT4-mediated
activation of NF-kB and c-Myc was linked to increased
proliferation and glycolysis of astrocytes. For this pur-
pose, MCT4-overexpressing astrocytes were treated with
c-Myc inhibitor 10,058-F4 or NF-«B inhibitor JSH-23. As
shown in Fig. 3E and F, increase in astrocyte prolifera-
tion induced by MCT4 overexpression was significantly
rescued by treatment with c-Myc or NF-kB inhibitor.
Consistently, the increased level of lactate production
induced by MCT4 overexpression was partially restored
by c-Myc or NF-«B inhibitor (Fig. 3G). Thus, our data
show that MCT4 activates c-Myc and NF-kB signaling
pathways to promote the proliferation and glycolysis of
astrocytes.

E3 ligase TRIM7 interacts with MCT4 and its expression is
decreased in astrocytes of EAE

To dissect the molecular mechanisms by which MCT4
promotes the activation of NF-kB and C-myc, we used
immunoprecipitation to analyze MCT4 interacting
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Fig. 2 MCT4 promotes astrocyte glycolysis and proliferation. (A) Analysis of glucose consumption and lactate production levels in MCT4-knockdown
astrocytes (shMCT4) and control astrocytes (shCtl). (B) Primary astrocytes were treated with MCT4 inhibitor CHCA for 24 h, followed by stimulation with
50 ng/mLTNF-a and IL-18 for 24 h. Glucose consumption and lactate production levels were measured. (C) Analysis of lactate production levels in MCT4-
overexpressed astrocytes (LV-MCT4), control astrocytes (LV-NC), and non-treated astrocytes (mock). (D) gRT-PCR analysis of MCT4, GLUT1, HK2, Cyclin D1
and Cyclin E in MCT4-knockdown astrocytes and control astrocytes. (E) Effect of MCT4 inhibitor CHCA (1 mM) on the mRNA expression of MCT4, GLUTT,
HK2, PKM2 and Cyclin D1 in TNF-a and IL-1(3-stimulated astrocytes. (F) Effect of MCT4 inhibitor CHCA on the proliferation of TNF-a and IL-18 stimulated
astrocytes was measured by EdU assay. For quantification of EdU, 6 fields were included for each group. (G) Cell proliferation was measured in MCT4
knockdown and control astrocytes. EJU* cells were quantified. (H) Cell proliferation was measured in mock, control-lentivirus and MCT4-overexpressed
astrocytes by EdU incorporation assay. EdU* cells were quantified by Image-Pro Plus. Scale bar: 100 um. Data are represented as mean +SEM. *P<0.05,
**P<0.01,***P<0.001, ****P <0.0001 using one-way ANOVA with Dunnett’s multiple comparison test
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Fig. 3 MCT4 promotes cell proliferation and glycolysis via activation of NF-kB and c-Myc pathway. (A) Western blotting analysis of NF-kB pathway
activation in MCT4-knockdown and control astrocytes, cultured alone, or with 50 ng/mL TNF-a and IL-1(3 for 24 h. The protein level of phospho-p65 is
normalized to -actin. (B) Effect of MCT4 inhibitor CHCA on the expression of phosphorylated p65 in NF-kB pathway was measured by western blotting.
Primary astrocytes were pretreated with 1 mM CHCA for 24 h, followed by stimulation with TNF-a and IL-13 for 24 h. The protein level of phospho-p65 is
normalized to B-actin. (C) Western blotting analysis of phosphorylated c-Myc and total c-Myc in MCT4-knockdown and control astrocytes. The protein
level of phospho-c-Myc is normalized to B-actin. (D) Effect of MCT4 inhibitor CHCA on activation of c-Myc signaling was measured by western blotting.
The protein level of phospho-c-Myc is normalized to B-actin. (E) Effect of c-Myc inhibitor and NF-kB inhibitor on the proliferation of astrocytes was mea-
sured by EdU assays. Cells were treated with NF-kB inhibitor JSH-23 for 2 h, or with c-Myc inhibitor 10,058-F4 for 24 h at indicated concentration. (F) EdU*
cells were quantified in each group indicated. (G) Effect of c-Myc inhibitor and NF-kB inhibitor on lactate production of astrocytes were measured. Scale
bar: 100 um. Data are from at least 3 independent experiments (A-D). Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
using one-way ANOVA with Dunnett’s multiple comparison test
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proteins. Following immunoprecipitation and mass spec-
trometry analysis in primary astrocytes, a series of pro-
teins were shown to be potentially interact with MCT4.
Notably, TRIM7—a member of the E3 ubiquitin ligase
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(Fig. 4A). Given that ubiquitination, one of the funda-
mental post-translational modifications that regulates
protein stability, localization, interaction and activation
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Fig. 4 E3 ubiquitin ligase TRIM7 interacts with MCT4 and its expression is downregulated in astrocytes of EAE mice. (A) List of MCT4 binding proteins
identified by mass spectrometry. Primary astrocytes overexpressed with MCT4-GFP were immunoprecipitated with GFP. (B) Molecular docking of TRIM7
and MCT4 performed by ZDOCK. Different domains of TRIM7, including RING (red), Coiled coil (blue) and PRY-SPRY (green) were predicted to interact with
MCT4. Pymol software was used to display the docking results. (C) Immunoprecipitation with anti-MCT4 showed endogenous binding between TRIM7
and MCT4 in primary astrocytes. (D) Astrocytes were transfected with Myc-tagged TRIM7 and Flag-tagged MCT4, or with Myc-tagged empty vector and
Flag-tagged MCT4. Immunoprecipitation with anti-Flag showed exogenous binding between TRIM7 and MCT4. (E-H) Single-cell RNA-seq profiles from
control and EAE mice (peak and chronic phase) CNS tissues. (E) UMAP of CNS cells colored by cell types from mice with EAE. (F) Expression of TRIM7 in dif-
ferent cell types from naive and EAE mice. (G) Violin plots displaying the expression of TRIM7 across the cell types identified. (H) Violin plots displaying the
expression of TRIM7 at peak, chronic phases from naive and EAE mice in astrocytes. (I) Representative images of immunofluorescence staining of TRIM7
(green) and GFAP (red) in spinal cords of naive and EAE mice. Quantification of mean fluorescence intensity of TRIM7 in the spinal cords of naive (n=5) and
EAE (n=5) mice. (J) gRT-PCR analysis of TRIM7 mRNA expression in primary astrocytes treated with MOG, (Ieft) or 50 ng/mL TNF-a and IL-18 for 24 h. (K)
RNA-seq analysis of TRIM7 expression in the white matter of MS patient (AL: active lesion, CA: chronic active, NAWM: normal-appearing white matter) and
controls from GEO dataset GSE231585 and GSE138614. Scale bar: 50 um. Data are represented as mean + SEM. *P<0.05, **P<0.01 using unpaired t-test

[28], we therefore investigated whether TRIM7 interacted
with MCT4. Molecular docking analysis confirmed the
conformational interaction between TRIM7 and MCT4
(Fig. 4B). Subsequent immunoprecipitation experiments
demonstrated robust endogenous binding between
TRIM7 and MCT4 in primary astrocytes (Fig. 4C). We
next constructed a Flag-tagged MCT4 lentivirus and
Myc-tagged TRIM7 lentivirus, co-immunoprecipitation
revealed the exogeneous interactions between TRIM7
and MCT4 (Fig. 4D).

To highlight the pathological significance of this inter-
action, we analyzed TRIM7 expression in EAE mice.
Single-cell RNA sequencing revealed widespread TRIM7
expression across various cell types (Fig. 4E-G). Further
analysis in astrocytes showed that TRIM7 expression
was downregulated in astrocytes during the peak phase
of EAE compared to naive mice (Fig. 4H). Immunofluo-
rescence confirmed the reduced TRIM7 expression in
astrocytes of EAE mice (Fig. 4I). Specificity of immu-
nofluorescence staining was verified by isotype controls
(Fig. S5). Moreover, treatment with either MOGy,, or
TNF-a and IL-1p significantly decreased TRIM7 mRNA
expression in primary astrocytes (Fig. 4J). To evaluate
whether TRIM7 exhibits similarly reduced expression
in MS patients, we analyzed GEO datasets. Data from
GSE231585 and GSE138614 showed that compared with
controls [29, 30], TRIM7 mRNA levels were downregu-
lated in active lesions of MS patients (Fig. 4K). Taken
together, our data newly uncover the decreased expres-
sion of TRIM7 in astrocytes during EAE, and demon-
strate an interaction between TRIM7 and MCT4.

TRIM7 promotes the degradation of MCT4 via
ubiquitination

Based on the aforementioned data concerning the inverse
expression pattern observed between MCT4 and TRIM7
in astrocytes during EAE, we reasoned that TRIM7
potentially modulated the stability of MCT4. For this,
we constructed TRIM7-overexpressing and knockdown
lentiviruses. Knockdown of TRIM7 increased the pro-
tein level of MCT4, whereas overexpression of TRIM7
led to a reduction in MCT4 protein level (Fig. 5A and B).

As ubiquitination mediated by TRIM?7 is involved in pro-
tein degradation, we assessed whether TRIM7 affected
the protein stability of MCT4. Cycloheximide-based
assays demonstrated sustained MCT4 expression over
a 48-hour period in control cells, whereas in astrocytes
overexpressing TRIM7, the half-life of MCT4 was short-
ened to approximately 48 h (Fig. 5C). Furthermore, cells
incubated with proteasome inhibitor MG132 could block
the degradation of MCT4 induced by TRIM7 overexpres-
sion, suggesting that degradation of MCT4 could be reg-
ulated by the ubiquitin proteasome pathway (Fig. 5D). To
determine the specific types of ubiquitination involved,
primary astrocytes were co-transfected with Flag-MCT4
and Myc-TRIM7 or Myc-empty vector, followed by co-
immunoprecipitation assays. Our findings indicated
that TRIM7 overexpression significantly increased K48-
linked polyubiquitination of MCT4, which typically leads
to protein degradation (Fig. 5E).

TRIM?7 restricts MCT4-mediated proliferation and glycolysis
of astrocytes

To delve deeper into the biological significance of
TRIM7-MCT4 axis, we reconstituted a regulatory sys-
tem by knocking down both TRIM7 and MCT4 with
shTRIM7 and shMCT4. Knockdown of TRIM7 increased
the proportion of EAU positive astrocytes, whilst this
effect was markedly restored by knockdown of MCT4
together with TRIM?7, indicating that TRIM?7 restricts
MCT4-mediated proliferation of astrocytes (Fig. 5F and
Q). Furthermore, TRIM7 knockdown increased the level
of glucose consumption and lactate production, whereas
knockdown of MCT4 together with TRIM7 partially
abolished the increase in glycolysis caused by TRIM7
knockdown (Fig. 5H). These results indicated that TRIM7
repressed the MCT4-mediated proliferation and glycoly-
sis of astrocytes.

MCT4 knockdown in astrocytes alleviates EAE

Given the verified pivotal role of MCT4 in promoting
pathological changes of astrocytes, we next evaluated in
vivo whether interfering with MCT4 in astrocytes affects
EAE induction. Mice were administered with lentivirus
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targeting MCT4 in astrocytes (shMCT4) or control len-
tivirus (shCtl) via intracerebroventricular injection 3 days
before immunization. Knockdown of MCT4 in astrocytes
during prevention stage (administration before disease
onset) alleviated disease severity and delayed disease
onset (Fig. 6A). To assess the pathological changes, spi-
nal cords of shCtl and shMCT4-treated mice with EAE
were harvested. As revealed by H&E and LFB staining,
inflammation and demyelination were less pronounced
in shMCT4-treated EAE mice (Fig. 6B and C). The in
vivo efficiency of shMCT4 was verified by immuno-
fluorescence, which showed a significant reduction in
MCT4 expression following lentivirus injection (Fig. 6D).
Demyelination lesions were measured by MBP staining.
Compared with shCtl-treated EAE group, proportion
of intact myelin was increased in shMCT4-treated EAE
mice (Fig. 6E and F). Activation of glial cells, including
microglia and astrocytes, are involved the progression of
EAE. Therefore, the effect of MCT4 knockdown on glial
cell activation was investigated. Immunostaining of the
astrocyte marker GFAP and the microglia marker IBA1
was reduced in both the white matter and gray matter of
shMCT4-treated EAE mice (Fig. 6E and F).

Furthermore, to verify the biological effect of MCT4
knockdown on the proliferation of astrocytes, Ki67
immunostaining in astrocytes were performed. Con-
sistent with in vitro results, the knockdown of MCT4
reduced the proliferation of astrocytes in EAE mice
(Fig. S6A). Further analysis with phosphorylated p65
and c-Myc showed a slight decrease in the activation of
NF-«B in astrocytes of EAE mice (Fig. S6B and C). Alto-
gether, these results indicate that knocking down MCT4
in astrocytes holds potential as a therapeutic approach in
MS.

Discussion
Despite the growing body of evidence supporting the role
of aerobic glycolysis in various neuroinflammatory dis-
eases, the cellular mechanisms underlying this metabolic
rewiring and their pathophysiological roles in these dis-
orders remain to be fully elucidated. Here, we uncovered
an upregulated expression of MCT4, but not MCT1, in
astrocytes during EAE. We further demonstrated that
MCT4 played a key role in promoting astrocytic gly-
colysis and proliferation via NF-kB and c-Myc signal-
ing pathways, contributing to astrocyte reactivity. Most
importantly, we identified an E3 ubiquitin ligase TRIM7,
that was downregulated in astrocytes during EAE.
TRIM7 potentially interacted with MCT4 and induced
its degradation. Finally, we showed that astrocyte-specific
knockdown of MCT4 mitigated the EAE severity in vivo
(Fig. 7).

Metabolic rewiring towards glycolysis was the promi-
nent metabolic change identified in astrocytes of MS and
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EAE [31]. Our previous work demonstrated the critical
role of PKM2, a rate-limiting glycolytic enzyme, in pro-
moting aerobic glycolysis in astrocytes during EAE [11].
We built upon this evidence to investigate other glycoly-
sis-related enzymes to gain a comprehensive understand-
ing of the mechanisms underlying this metabolic change
in MS and EAE. Increased glycolysis is characterized by
elevated level of lactate that released into the extracellu-
lar space. Given that MCT1 and MCT4 represent the pri-
mary MCT family members mediating lactate transport
in astrocytes, we initially assessed their expression pro-
files in EAE [32]. The observed upregulation of MCT4 in
astrocytes of EAE mice, but not MCT1, underscores our
rationale for focusing our attention on MCT4. Indeed,
knockdown or inhibition of MCT4 reduced lactate
release by astrocyte. Collectively, these findings extend
our previous work demonstrating altered subcellular
localization and dysregulated expression of glycolysis-
related enzymes represent key mechanisms driving aero-
bic glycolysis in EAE astrocytes.

Previously, pathological role of MCT4 in macrophages
has been identified in MS. The prominent expression of
MCT4 enhanced glycolysis and transmigration of mac-
rophages in EAE [23]. Given that MCT4 expression is
elevated in glycolytic cells and enhanced glycolytic activ-
ity has been documented in various immune cells of MS,
including monocytes, macrophages, T cells and astro-
cytes, it is plausible that MCT4 contributes to the meta-
bolic reprogramming and activation of these immune
cells [9]. Therefore, further investigations to elucidate the
role of MCT4 in various immune cells would shed light
on the importance of metabolic alterations in the global
pathophysiology of MS.

Although MCT4 has been extensively studied in the
context of metabolic processes, its non-metabolic func-
tions remain poorly understood. MCT4 overexpres-
sion is associated with tumor growth and can serve as
an indicator of poor prognosis for patients with cervical
cancer, colorectal carcinoma, gastric cancer and lung
adenocarcinoma [33, 34]. In this study, we uncovered the
non-metabolic function of MCT4 in promoting astro-
cyte proliferation. Specifically, we corroborated that
MCT4 promoted proliferation and glycolysis of astro-
cytes through mechanisms centered on the activation of
NF-xB and c-Myc signaling. These two signaling path-
ways orchestrate a myriad of biological processes includ-
ing cell proliferation. The major mechanism of NF-kB in
cell proliferation involves transcriptionally inducing the
expression of cyclins. For instance, NF-kB-dependent
upregulation of cyclin D1 is crucial for the prolifera-
tion of smooth muscle cell [35]. Another widely investi-
gated mechanism involves the interplay between NF-«xB
and other signaling pathways, notably AKT and STAT3
[36]. In prostate cancer, IL-6, the product of NF-«kB, was
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(See figure on previous page.)

Fig. 5 TRIM7 restricts MCT4-mediated proliferation and glycolysis of astrocyte via ubiquitination. (A) Western blotting analysis and quantification of
MCT4 protein level in TRIM7-overexpressed astrocytes and control astrocytes. (B) Western blotting analysis and quantification of MCT4 and TRIM7 protein
level in TRIM7-knockdown and control astrocytes. (C) MCT4 protein stability was measured in control (Myc-EV) and TRIM7-overexpressed (Myc-TRIM7) as-
trocytes by cycloheximide (CHX) assays. Cells were treated with 20 uM CHX for the time indicated. (D) Astrocytes overexpressed with TRIM7 were treated
with MG132 for 12 h. Protein level of MCT4, TRIM7 were analyzed by western blotting. (E) Immunoprecipitation assay showed that TRIM7 promoted the
K48-linked ubiquitination of MCT4. Cells were transfected with Myc-EV and Flag-MCT4, or Myc-TRIM7 and Flag-MCT4, immunoblot analysis of total ubig-
uitination, K48-linked ubiquitination of Flag-tagged MCT4. (F) EdU assay evaluate the proliferation in control astrocytes, astrocytes knocked down with
TRIM7, or astrocytes knocked down with TRIM7 and MCT4. (G) EdU positive cells were counted in each group in (F). (H) Lactate production and glucose
consumption were detected in control astrocytes, astrocytes knocked down with TRIM7, or astrocytes knocked down with TRIM7 and MCT4. Scale bar:
100 um. Data are from at least 3 independent experiments (A-D). Data are represented as mean +SEM. *P<0.05, **P<0.01, ***P <0.001, using one-way

ANOVA with Dunnett’s multiple comparison test (B, D, G and H) or paired t test (A)

able to activate STAT3, and this NF-kB/IL-6/STAT3
axis further facilitated prostate cancer proliferation [37].
Additionally, c-Myc was a transcription factor and a
key regulator of cell cycle and cellular proliferation [27].
Many CDK genes and cyclins are upregulated by c-Myc,
whereas the negative regulator of cell cycle including p15,
p21 and p27 are downregulated by c-Myc [38]. Previous
studies have shown that MCT4 overexpression phos-
phorylates p65 and promotes its nuclear translocation,
leading to activation of NF-«B in intestinal epithelial cell
[39]. In line with these findings, we observed MCT4-
mediated activation of both NF-kB and c-Myc signaling
in astrocytes. Furthermore, MCT4 was found to inter-
act directly with p50/p65 subunits of NF-xB and c-Myc.
However, detailed mechanism underlying the impact
of this interaction on the activation of these pathways
remains to be determined. A potential explanation could
be that MCT4 induces conformational changes in NF-xB
and c-Myc proteins, thereby enhancing their interactions
with kinases and subsequently promoting downstream
signaling pathways.

Another intriguing finding is the identification of
ubiquitination-dependent regulatory mechanism that
controls MCT4 expression in astrocytes. While numer-
ous studies have evolved around the regulation of MCT4
at the transcriptional level, the knowledge regarding
how MCT4 is controlled at the post-translational level
remains limited. SUMOylation by FBW7 and B-TRCP
led to increased protein stability of MCT4 [40]. E3 ubiq-
uitin ligase SYVNI-mediated ubiquitination regulated
MCT4 subcellular distribution, thereby enhancing its
membrane localization for glycolysis-related functions
[34]. Here, we identified TRIM7 as a potential E3 ubig-
uitin ligase of MCT4, as evidenced by mass spectrom-
etry analysis in astrocytes. Primarily, endogenous and
exogenous binding between TRIM7 and MCT4 was
confirmed by immunoprecipitation in astrocytes. Fur-
ther, overexpression of TRIM7 was found to promote
the K48-linked ubiquitination of MCT4, the most well-
established canonical signal for proteasomal degrada-
tion [41]. These results suggested TRIM7 as a bona fide
E3 ubiquitin ligase for MCT4. TRIM7 is a member of the
E3 ubiquitin ligase family, primarily recognized for its

involvement in mediating antiviral immune responses.
To date, its substrates encompass viral proteins such as
enteroviruses [15, 42], Zika virus [43], and SARS-CoV-2
[15]. Additionally, proteins involved in tumor growth
and ferroptosis, including NF-xB p65, SLC7A11, BRMSI,
SRC and RACO-1, were identified as bona fide substrates
of TRIM7 [16, 44—47]. Apart from a study reporting that
TRIM7 enhanced RACO-1 protein stability via K63-
linked polyubiquitination [47], in most cases, TRIM7
attached a K48-linked polyubiquitin chain to its substrate
and induced proteasome-directed protein degradation.
Extending previous findings, our study characterized
MCT4 as a novel substrate of TRIM7. However, whether
TRIM7 could mediate the ubiquitination of other meta-
bolic-related enzymes, such as GLUT1, LDHA, PKM and
HK2, remains to be elucidated. Our observations suggest
that ubiquitination is a crucial mechanism that modu-
lates the aberrant expression of MCT4 in astrocytes in
neurological diseases.

To delve deeper into the cell-specific role of MCT4 and
to explore therapeutic potential of MCT4 interference in
EAE, we performed intracerebroventricular (i.c.v.) injec-
tions of lentivirus vectors harboring an astrocyte-specific
GFAP promoter. Consistent with our previous research,
which successfully knocked down TRIM21, Actl, and
IFN-y in astrocytes [11, 48, 49], injection of shMCT4
effectively suppressed MCT4 expression in astrocytes
in the spinal cord of EAE mice. Notably, knockdown of
MCT4 in astrocytes prior to immunization delayed the
onset of EAE and reduced disease severity. This effect,
together with reduced neuroinflammation and enhanced
remyelination, paved the way for translational research
aimed at modulating MCTs for the treatment of neuro-
logical diseases.

In conclusion, our findings underscore the significance
of MCT4 upregulation in stimulating astrocytic glycoly-
sis and proliferation, ultimately resulting in astrocyte
reactivity. MCT4 was found to undergo a ubiquitination-
dominated mechanism for orchestrating its protein sta-
bility and function. Collectively, this study identified a
novel TRIM7-mediated regulatory mechanism of MCT4
and proposed glycolysis-related enzymes as potential
therapeutic targets for neuroinflammatory diseases.



Yang et al. Journal of Neuroinflammation (2025) 22:126 Page 12 of 18

>
w
3

1 ~shctl &
3 shMCT4 jI“‘ shCtl !

Mean clinical
score

shMCT4

shCtl

Inflammation
score

shCtl shMCT4

%’é . shMCT4

shCtl shMCT4

*

score

Demyelination

shMCT4

GFAP/DAPI

IBA1/DAPI

MBP/DAPI

White matter Gray matter White matter Gray matter

g oy TR 2 < %

- 3 ) 1000 _ 29"

+8 NEman é +° +3 NE ? . +3 NEmnn ? g %3\) =
o E s e 5 E“" 3 b2 E”“ 2 Som

< = % = < - < : a s,

L - [C) o o o

0] : " — =

shCtl shMCT4 shCtl shMCT4 shCtl shMCT4 shCtl shMCT4 shCtl shMCT4

Fig. 6 Intracerebroventricular injection of shMCT4 decreases disease severity during EAE. C57BL/6 mice were injected i.cv with 1x10” IU shMCT4 or
control lentivirus (shCtl) 3 days before immunization. Mice were sacrificed at day 19 p.i. and spinal cords were harvested. (A) Disease was scored daily
ona0to 5 scale. n=5 for each group. (B) Representative images (low and high magnification) of hematoxylin and eosin (H&E) and Luxol fast blue (LFB)
staining, respectively. (C) Scoring of inflammation (H&E) and demyelination (LFB) on a 0-3 scale. (D) Verification of in vivo MCT4 knockdown efficiency
by immunofluorescence in shCtl and shMCT4-treated EAE mice. (E) Immunostaining of GFAP, IBA1 and MBP in spinal cord sections of shCtl and shMCT4-
treated EAE mice. (F) Quantification of GFAP positive cells/mm? IBA1 positive cells/mm? in both the white matter and gray matter. MBP positive area was
measured in the white matter of the spinal cord using Image-Pro Plus. The measured areas included 3 to 5 fields per group. i.c.v, intracerebroventricular;
p.i., postimmunization. Scale bar: 50 um. Data are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001, as determined by two-way ANOVA analysis
(A) or unpaired Student’s t test (C and F)



Yang et al. Journal of Neuroinflammation (2025) 22:126

- Astrocyte

/ @
[ TRIM7 - %

snsnnnnsp MCT4 sannnnnsp

MCT4

MCT4

7\,

I
I

I

|

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

| P
| ’
: " NF-xB
I

I

I

I

I

|

I

I

|

I

I

I

I

I

I

I

|

[

¢-Myc

e e e e e e e e e e e e

Page 13 of 18

\ EAE

development
MCT4 degradation

CYTOPLASM

Glycolysis

Proliferation

e e e e e e e e e e

Fig. 7 Schematic representation of the proposed TRIM7-MCT4 axis in astrocyte reactivity during EAE. During MS and EAE, downregulated expression
of E3 ubiquitin ligase TRIM7 reduced the ubiquitin-proteasome pathway dependent degradation of MCT4. Increased MCT4 interacted with NF-kB and
c-Myc, promoting the phosphorylation and nuclear translocation of NF-kB and c-Myc. The activation of the aforementioned pathways further facilitated
the activation of astrocytes via promoting astrocytic glycolysis and proliferation during EAE

Materials and methods

EAE induction

Six to eight week-old female C57BL6/] mice were pur-
chased from Xian Ke aoke Biotechnology Co., Ltd.
All animal experiments complied with Committee for
Research and Animal Ethics of Shaanxi Normal univer-
sity, and in accordance with the approved institutional
regulations and guidelines (No. 2024 -179). Mice were
randomized and EAE induction was performed as previ-
ously described [11]. Briefly, mice were immunized with
200 pg myelin oligodendrocyte glycoprotein peptide
35-55 (MOGg5_s5, GenScript, Nanjing, China) emulsi-
fied in CFA (Sigma, US) supplemented with 10 mg/mL
heat-killed Mycobacterium tuberculosis H37Ra (Becton
Dickinson, MD, USA). A total of 200 puL emulsion was
subcutaneously injected at 2 sites into neck and back.
200 ng pertussis toxin (List Biological Laboratories, CA,
USA) was intraperitoneally (i.p.) injected on day 0 and
2 post-immunization (p.i.). Clinical signs of EAE were

monitored daily on a scale of 0-5. 0, no clinical symp-
toms; 1, paralyzed tail; 2, paralysis of one hind limb; 3,
paralysis of two hind limbs; 4, paralysis of trunk; 5,
death. Mice that did not develop symptoms of EAE were
excluded from the analysis.

In vivo injection of lentivirus

For in vivo injection of control lentivirus and lentivi-
rus that expressed MCT4-specific short hairpin RNA
(shMCT4) in astrocytes, mice were anaesthetized and
placed on a stereotaxic frame. A microsyringe was placed
and 1x 107 IU/mouse lentivirus was injected intracere-
broventricularly (i.c.v.): 2.0 mm lateral, 1.0 mm caudal to
bregma, and 2.5 mm below the skull surface. 20 pL lenti-
virus was administrated at a rate of 1 uL/min. The syringe
was left in place for 10 min before slowly withdrawn from
the brain.
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Histological analysis

Spinal cord sections were placed in 4% paraformalde-
hyde and then paraffin embedded. 6-pum thick sections
were cut and placed on slides. Paraffin-embedded sec-
tions were dewaxed with xylene, and placed in decreasing
graded concentrations of alcohol for 5 min each. Sections
were then dyed with hematoxylin for 5 min, washed and
exposed to eosin for 5 min. Finally, sections were dehy-
drated in increasing grades of alcohol, cleared in xylene
and then mounted. For LFB staining, sections were depa-
raffinized as described above and soaked in LFB stain-
ing solution (Servicebio, Wuhan, China) at 56 °C for 2 h.
Excess staining was rinsed off with 95% alcohol. Slides
were differentiated in 0.05% lithium carbonate for 20 s
and then placed in 75% ethyl alcohol. Sections were then
dehydrated and mounted with neutral resin.

Isolation of primary astrocytes and astrocytes treatment in
vitro

Primary astrocytes were isolated from neonatal mice by
using Neural Tissue Dissociation Kit (Miltenyi Biotech,
Auburn, CA) as previously described [11].

Primary astrocytes were seeded on 6-well plate at a
density of 2x10°/well and cultured in DMEM supple-
mented with 10% FBS. Cells were treated with 50 ng/mL
TNF-a (Novoprotein Scientific Inc., Shanghai, China)
and IL-1B (Sino Biological Inc., Beijing, China). For
the treatment with supernatant of MOG;_55-stimu-
lated splenocytes, spleen cells isolated from onset phase
of EAE mice were seeded in 12-well plates at a den-
sity of 1x10° cells/well and stimulated with 50 pg/mL
MOGg;_55 for 3 days. Supernatant was collected and
primary astrocytes were cultured with 30% supernatant
supplemented with 70% DMEM.

Where indicated, cells were pretreated with MCT
inhibitor CHCA (Topscience, Shanghai, China) for 24 h,
followed by stimulation with TNFa and IL-1p for 24 h.
Cells were treated with 10 or 20 pM NF-kB inhibitor
JSH-23 (Topscience, Shanghai, China) for 2 h, or treated
with 10 or 20 pM c-Myc inhibitor 10,058-F4 (Topscience,
Shanghai, China) for 24 h. Cells were treated with 20 uM
cycloheximide for the time indicated (CHX, Admole,
Shanghai, China), or treated with 10 or 20 pM MG132
(Topscience, Shanghai, China) for 12 h.

Glucose consumption and lactate production assays

Cells were counted and seeded in 96-well plate at a den-
sity of 1x 10%*/well. Cells were then starved for 12 h in
serum-free DMEM containing low-glucose, and then
replaced with DMEM containing 10% FBS. After indi-
cated treatments, supernatant was collected. Glucose
consumption was measured with the glucose oxidase
method (Applygen Company, Beijing, China). Lactate
production was measured using lactate assay kit (Nanjing
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Jiancheng, Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions.

EdU and CCK8 assay

Cell proliferation was detected using EAU cell prolifera-
tion kit (Beyotime, CS0071S and CS0078S). Astrocytes
were counted and seeded in 96-well plate at a density of
7 x 10? cells per well. After indicated treatment, EdU-488
or EAU-594 (10 pM) reagent was added to each well and
incubated at 37 °C for 2 h. Cells were then fixed with 4%
paraformaldehyde for 15 min, permeabilized with 0.3%
Triton X-100 for 10 min, incubated with click-reaction
reagent for another 30 min at room temperature in
the dark, and then incubated with Hoechst 33,352 for
another 10 min for nuclear staining. Images of EdU stain-
ing were observed with fluorescence microscope (Invit-
rogen, US).

For CCK-8 assay, cells were seeded in 96-well plate and
cultured for 24 h, 48 h and 72 h separately. Then, 10 pL
CCK-8 solution (DONGXI Biotechnology, Xi'an, China)
was added to 96-well plates and incubated at 37 °C for
1 h. The absorbance was measured at 450 nm by micro-
plate reader (Infinite F50, Tecan).

Lentiviral ShRNA vector construction
Lentiviral shRNA vectors were constructed as previ-
ously described [48]. Lentiviral vector backbone plas-
mid pLenti-GFAP-EGFP-shActl vector contains a
682 bp long GFAP promoter, followed by the enhanced
green fluorescent protein (EGFP) which was used as the
reporter gene. miR-30 based shAct1 cassette was inserted
downstream of EGFP stop codon and transcribed simul-
taneously with EGFP. pLenti-GFAP-EGFP-shActl vector
was digested with EcoRI and Xhol to remove the shAct
cassette. Fragments containing miR-30 based shMCT4 or
shTRIM?7 cassette (Tsingke Technology, Beijing, China)
were digested with EcoRI and Xhol. The digested frag-
ments were ligated with the digested lentiviral backbone.
Constructed vectors were verified by sequencing. Briefly,
DNA fragments containing TAGTGAAGCCACAGAT
GTA as the loop for shRNA targeting MCT4, TRIM7 or
control sequences were cloned into GFAP-promoter con-
taining mir-30 based vector.

Target sequences for mouse shMCT4 were as fol-

lows: shMCT4-1:5- GCAGAAGCATTATCCAGATC
T-3', shMCT4-2:5'- GGTCTTTGTGGTGAGCTATG
C-3, shMCT4-3:5'-GCTCCCTCATTTACACCTTC

T-3'. Target sequences for mouse shTRIM7 were as fol-
lows: shTRIM7-1:5-TGCTCCATCTGCCTAGAGTT
T-3’, shTRIM7-2:5'- GAAGGTACTGGAAGACTATG
A-3’, sShTRIM7-3:5'- GGGCAATGCAACTCAACAA-3'.
Sequences for negative control ShRNA was 5'- GCTGCT
GGATGCAACCAAAGT-3".
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Construction of lentiviral vectors overexpression MCT4 or
TRIM7

For overexpression of mouse TRIM7, primers were
designed and mouse TRIM7 ¢DNA was ampli-
fied by polymerase chain reaction (PCR). PCR prod-
ucts were digested with Xbal and Agel and cloned
into multiple cloning sites of lentiviral vector
pCDH-GFAP-MCS-Myc-EGFP.

For overexpression of mouse MCT4, primers were
designed and MCT4 cDNA was amplified by PCR.
PCR products were digested with Xbal and BamHI and
cloned into multiple cloning sites of lentiviral vector
pCDH-GFAP-MCS-3xFlag-EGEP.

Lentivirus transduction

Lentiviral packaging and titering were carried out as pre-
viously described [48]. For in vitro lentiviral transduction,
purified astrocytes were seeded in 6-well plates at a con-
centration of 2 x 10°/well. After culturing for 24 h to 48 h,
primary astrocytes at 40-60% confluence were infected
with lentiviral vectors (MOI=10). 16 h after infection,
the medium was replaced with fresh complete medium
containing DMEM supplemented with 10% FBS. Infec-
tion efficiency was confirmed 72 h post-transduction by
western blotting and qRT-PCR.

Real-time PCR

Total RNA was extracted by TRIzol, RNA purity and
concentration were measured. cDNA was synthetized
by using reverse transcription Master Premix reagent
Kit (DEEYEE, Shanghai, China). The quantification of
mRNA levels was determined by quantitative real-time
polymerase chain reaction (qQRT-PCR). qRT-PCR was
carried out using SYBR Green SmArt Mix (DEEYEE,
Shanghai, China) and StepOnePlus Real-time PCR sys-
tem (Thermo Fisher). Primers used in this study are
listed in Table S1. Relative expression levels were calcu-
lated from the threshold cycle (CT) values by using the
2-AACT method.

Immunofluorescence

Spinal cord sections were fixed with 4% paraformal-
dehyde for 1 day and cryo-protected with 30% sucrose
solution for 72 h. Frozen transverse section of the spi-
nal cord (7 pum thick) were cut. Slices were thawed at
room temperature for 20 min, blocked with a PBS solu-
tion containing 1% BSA and 0.1% Triton X-100 for 1 h
at room temperature. Tissues were then incubated over-
night at 4 °C with appropriate primary antibodies (out-
lined in Table S2). After washing three times with PBS,
slides were incubated with Alexa fluor-488 or 594-conju-
gated secondary antibodies (Zhuangzhibio, Xi’an, China)
at dark for 1 h at room temperature. Cell nuclei were
labeled with DAPI.
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For immunocytochemical staining, astrocytes were
plated on round cover glass and cultured in 24-well
plates. After washing once with PBS, cells were fixed
for 15 min in 4% paraformaldehyde, permeabilized with
0.3% Triton X-100 for 10 min and blocked with 1% BSA
for 1 h at room temperature. Then, cells were incubated
with appropriate primary antibodies (outlined in Table
S2) overnight at 4 °C, followed by incubation with flu-
orescein-labeled secondary antibodies for 1 h at room
temperature. After three times washes with PBS, cells
were mounted using a mounting medium with DAPI
(ab104139, Abcam). Images were captured by an EVOS
FL Auto 2 Cell image system (Invitrogen). Mean fluores-
cence intensity was calculated by Image J version 1.53t.

Immunoprecipitation

Protein A/G magnetic beads (Cat#: HY-K0202, MedChe-
mExpress, China) were washed and incubated with spec-
ified antibodies at 4 °C overnight under gentle rotation
to obtain the antibody-coupled beads. Primary astro-
cytes cultured on 60-mm dishes were washed with ice-
cold PBS and lysed with IP lysis buffer (Cat#: PR20037,
Proteintech, China) containing 1% protease inhibitor
cocktail (Cat#: C0001, TargetMol, China) and then cen-
trifuged. Then, cell lysates were mixed thoroughly with
antibody-coated magnetic beads and incubated at 4 °C
for 2 h. Immunomagnetic beads were removed from
sample and immunoprecipitates were collected by adding
1xSDS loading buffer and boiled. Immunoprecipitates
were then analyzed by western blotting.

Immunoprecipitation and mass spectrometry

Primary astrocytes were infected with lentiviral vec-
tor backbone plasmid pLenti-GFAP-MCT4-EGFP. Cell
lysates were immunoprecipitated with antibody against
GFP. IP samples were then prepared, digested, separated
and analyzed by Shanghai Bioprofile Biotechnology Co.,
Ltd. Briefly, after digestion, the peptide was separated
by high performance liquid chromatograph (EASY-nLC
1200, Thermo Fisher Scientific, US). The chromato-
graphic separation lasted for 60 min with specific gradi-
ent conditions. Mass spectrometric data was collected
using Q-Extractive Orbitrap mass spectrometer (Thermo
Fisher Scientific, US). The LC-MS raw data was analyzed
by MaxQuant software.

Molecular docking

3D modeling of full-length human TRIM7 and MCT4
was conducted by I-TASSER server (https://zhanglab.c
cmb.med.umich.edu/I-TASSER/). Next, the SAVES 6.1
server (https://saves.mbi.ucla.edu/), which comprises
five evaluation algorithms, was then employed to validate
the 3D model, and top-scoring structure was selected for
molecular docking analysis. TRIM7 model served as a
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ligand and MCT4 was used as the receptor during pro-
tein-protein docking via ZDOCK server (https://zdock.w
englab.org/). The binding pattern was visualized and ana-
lyzed using PyMOL software.

Single-cell RNA (scRNA-seq) sequencing

Brain tissues were harvested from three experimental
groups: naive mice (n=2), EAE mice in the peak phase
(n=3), and EAE mice in the chronic phase (n=2). Single-
nucleus library preparation was performed according to
our previous report. Once the extracted nuclei passed the
quality test, scRNA-seq libraries were prepared using ver-
sion 3 Chromium Single Cell 3’ Library (10x Genomics).
Sequencing was performed on Illumina NovaSeq 6000
instrument (Genergy Inc.). CellRanger (version 4.0.0)
was used to process raw sequencing data. Cells with
more than 10% mitochondrial unique molecular identi-
fier (UMI) or less than 200 genes/cell were excluded from
the downstream analysis. Normalization, dimensionality
reduction, and clustering of single cells were processed
via the Seurat package in R (V4.3.0). Sequencing data
have been deposited into the Gene Expression Omnibus
(GEO) under the accession number GSE263883.

Western blotting

Cells were lysed in RIPA lysis buffer supplemented with
protease and phosphorylase inhibitor (TargetMol, Shang-
hai, China). Supernatant was collected by centrifug-
ing under 12,000 rpm for 15 min. Whole cell lysates or
immunoprecipitates obtained from IP were then sepa-
rated by electrophoresis on a 10-15% SDS-PAGE gel,
and then transferred to a PVDF membranes. Non-spe-
cific binding was then blocked in 5% skimmed milk for
1 h at room temperature before incubation with primary
antibodies (outlined in Table S3) at 4 °C overnight and
incubation with HRP-conjugated secondary antibod-
ies for 1 h. Signals were detected with enhanced chemi-
luminescence (ECL) kit (Mishu Bio, Xian, China) and
membranes were visualized with ECL detection system
(Tanon4600, Shanghai, China). Quantification of protein
band was assessed using Image J software (version 1.53t).

Statistical analysis

GraphPad Prism 8.0 was used for statistical analysis.
Data are represented as the mean + SEM of at least three
independent biological replicates in all figures. Data are
represented as the mean+ SEM. Data were analyzed for
significance using Student’s t-test (two groups) or one-
way ANOVA with Dunnett’s post hoc test (multiple
groups). A P value<0.05 was considered a statistically
significant difference.
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