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27  Abstract

28  Reactive astrocytes play critical roles in the occurrence of various neurological
29  diseases such as multiple sclerosis. Activation of astrocytes is often accompanied by a
30 glycolysis-dominant metabolic switch. However, the role and molecular mechanism
31  of metabolic reprogramming in activation of astrocytes have not been clarified. Here,
32 we found that PKMZ2, a notoriously known rate-limiting enzyme of glycolysis,
33 displayed nuclear translocation in astrocytes of EAE (experimental autoimmune
34  encephalomyelitis) mice, an animal model of multiple sclerosis. Prevention of PKM2
35 nuclear import by DASA-58 significantly reduced the activation of primary astrocytes,
36 which was observed by decreased proliferation, glycolysis and secretion of
37 inflammatory cytokines. Most importantly, we identified the ubiquitination-mediated
38 regulation of PKM2 nuclear import by ubiquitin ligase TRIM21. TRIM21 interacted
39  with PKM2, promoted its nuclear translocation and stimulated its nuclear activity to
40  phosphorylate STAT3, NF-kB and interact with c-myc. Further single-cell RNA
41  sequencing and immunofluorescence staining demonstrated that TRIM21 expression
42 was upregulated in astrocytes of EAE. TRIM21 overexpressing in primary astrocytes
43  enhanced PKM2-dependent glycolysis and proliferation, which could be reversed by
44  DASA-58. Moreover, intracerebroventricular injection of a lentiviral vector to
45  knockdown TRIM21 in astrocytes or intraperitoneal injection of TEPP-46, which
46  inhibit the nuclear translocation of PKM2, effectively decreased disease severity, CNS
47  inflammation and demyelination in EAE. Collectively, our study provides novel
48 insights into the pathological function of nuclear glycolytic enzyme PKM2 and
49  ubiquitination-mediated regulatory mechanism that are involved in astrocyte
50 activation. Targeting this axis may be a potential therapeutic strategy for the treatment
51  of astrocyte-involved neurological disease.
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87  Introduction

88 Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous
89  system (CNS), which accounts for the leading cause of neurological disability in
90 young adults. The hallmarks of this disease is varied and complex, ranging from
91  astrocyte proliferation, microglia activation, neuroinflammation and damage to
92  myelin sheaths (Kuhlmann et al., 2023). Accumulating evidence suggests the critical
93  roles of neurons in MS pathology. However, with the deepening of research, local glia
94  cells have been shown to potentiate inflammation and lead to neurodegeneration,
95 among which astrocytes have attracted much attention with their diverse functions
96  (Leeetal., 2023).

97 Astrocytes are the most abundant type of glia cells and provide physical, structural
98 and metabolic support for neurons. Astrocytes respond to CNS diseases through a
99  process of activation that encompasses cell proliferation, morphological, molecular
100 and functional modifications. This phenomenon, also termed reactive astrocyte or
101 astrogliosis, results in loss of brain homeostatic functions and leads to the occurrence
102  of neurological and neuropsychiatric disorders (Verkhratsky et al., 2023). The
103 presence of activated astrocytes which is evidenced by increased GFAP staining, was
104  found before immune cell infiltration in MS and its animal model, EAE (Correale and
105  Farez, 2015). Several lines of evidence bolster the conception that activated astrocytes
106  are considered to be early events and contributors to lesion development in MS and
107  EAE etiopathology (das Neves et al., 2021). With the accepted notion of astrocyte
108  contributions to MS or EAE, mounting interest has been focused on dissecting how
109  astrocytes are reactive.

110 Activated immune cells, like cancer cells, require higher biosynthetic and energy
111 needs for immune response, proliferation and survival. This involves reprogramming
112 of their metabolic pathways. Proinflammatory immune cells, including reactive
113 astrocytes, usually undergo a metabolic switch from oxidative phosphorylation to
114 Warburg-type glucose metabolism (Vaupel and Multhoff, 2021, Xiong et al., 2022).
115  Moreover, elevated level of aerobic glycolysis have been characterized in astrocyte of

116 MS patients (Afzal et al., 2020, Nijland et al., 2015). Elevated glycolysis is crucial for
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117  sustaining astrocyte proliferation, the secretion of proinflammatory cytokines and
118  neurotrophic factors and subsequent neuronal loss in the CNS. As such, deciphering
119  glycolysis-dominant metabolic switch in astrocytes is the basis for understanding
120  astrogliosis and the development of neurological diseases such as multiple sclerosis.
121 Pyruvate kinase M2 (PKM2), a rate-limiting enzyme of glycolysis, is a key
122 molecule that governs aerobic glycolysis. Low glycolytic enzyme activity of PKM2
123 promotes the conversion of pyruvate to lactate, which leads to aerobic glycolysis (Lee
124 et al., 2022). In the cytoplasm, PKM2 exists in tetrameric form and possesses high
125  pyruvate kinase activity. Specifically, PKM2 can translocate to the nucleus in its
126 dimeric form. With a low-glycolytic function, nuclear PKM2 can act as a protein
127  kinase or transcriptional coactivator to regulate proliferation, inflammation and
128  metabolic reprogramming of cells (Liu et al., 2022). The overexpression and nuclear
129  translocation of PKM2 have been well documented in CNS disease. Moreover,
130  nuclear PKM2 was upregulated in neutrophils and macrophages in patients with
131 ischemic stroke (Dhanesha and Patel, 2022, Li et al., 2022). Nuclear PKM2 in
132 neurons was shown to promote neuronal loss in Alzheimer’s disease (Traxler et al.,
133 2022), suggesting that PKM2 is a key player in the development of neurological
134  disease. Although previous studies have suggested that PKM2 could regulate
135 astrocyte proliferation (Zhang et al., 2015), its potential function in astrocyte
136  metabolic reprogramming and the upstream mechanisms underlying PKM2
137  nucleocytoplasmic shuttling are still elusive.

138 In this report, we identified TRIM21 as the interacting protein of PKM2 and found
139  that TRIM21 promoted the nuclear translocation of PKM2, thus contributing to
140  astrocyte glycolysis and proliferation in EAE. Most importantly, we used the EAE
141  model to demonstrate that targeting TRIM21-PKM2 axis alleviated the disease
142 process.

143  Our finding might help to understand the mechanism underlying astrocyte activation
144 in neurological diseases and provide therapeutic target for the treatment of multiple
145  sclerosis.

146
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147
148

149

150  Results

151 Identification of PKM2 nuclear translocation in astrocytes during EAE

152 To investigate whether PKM2 repositioning or aberrant expression drives astrocyte
153  dysfunction in EAE mice, we obtained tissue samples from the spinal cords of
154  different phases of EAE and control mice. Nuclear translocation of PKM2 was
155 initially observed at the onset phase, which sustained to the peak and chronic phases
156  of the disease. Compared to the cytoplasmic localization of PKM2 in control mice,
157  the expression level of PKM2 was elevated in different phases of EAE (Fig. 1A).
158  MOGsgs.ss-stimulated splenocytes from EAE mice were previously shown to mimic
159  MS pathology and are frequently used as an in vitro autoimmune model to investigate
160  MS and EAE pathophysiology (Chen et al., 2009, Kozela et al., 2015). To validate the
161  expression pattern of PKM2 in astrocytes in vitro, primary astrocytes were isolated
162  and cultured with supernatants from MOGss.ss-stimulated splenocytes (MOGs,,) of
163 EAE. Activated astrocytes were observed following co-culture with the
164  above-mentioned supernatant, showing obviously increased expression of GFAP, a
165  marker of reactive astrocytes (Fig. 1B). Consistently, compared with those in control
166  astrocytes, nuclear ratio and expression of PKM2 were significantly greater in
167  MOGgp-stimulated astrocytes (Fig. 1C and D). Together, these data demonstrated the
168  nuclear translocation of PKM2 in astrocytes from EAE mice.

169  Prevention of PKM2 nuclear transport suppresses aerobic glycolysis and
170  proliferation in astrocytes

171 Metabolic switch of astrocytes to aerobic glycolysis and proliferation of astrocytes
172 are early events in MS and EAE. To explore the contribution of PKM2 nuclear
173  translocation to the alternation of astrocyte metabolism and function, DASA-58, the
174  inhibitor of PKM2 nuclear transport that favors its tetramerization was used.
175  Pretreatment with DASA-58 effectively reduced the nuclear ratio of PKM2 in
176  MOGg,, stimulated astrocytes (Fig. 2A and B). As expected, MOGsg,, stimulation,
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177 which mimics the autoimmune response in MS patients, induced an increase in the
178  glycolytic activity of astrocytes, as evidenced by glucose consumption and lactate
179  production. However, these effects were significantly counteracted by DASA-58
180  treatment (Fig. 2C). To further confirm these result, glycolysis-related enzymes and
181  transcription factors including LDHA, PKM2 and c-myc were examined. Among
182  these proteins, DASA-58 pretreatment severely impaired the upregulation of
183  phosphorylated c-myc induced by MOGg,, stimulation (Fig. 2D).

184 To determine whether DASA-58 could alter astrocyte proliferation, CCK-8 and
185  EdU assays were performed. Figure 2E showed that treatment with 25 uM and 50 uM
186  DASA-58 impaired the proliferation of astrocytes, and 50 uM owned better effect.
187  Additionally, EdU incorporation assays showed that 50 uM DASA-58 mostly
188  abrogated the MOGg,p-induced astrocyte proliferation (Fig. 2F and G). In addition,
189  DASA-58 pretreatment reduced the expression of inflammatory cytokines including
190  IL-6, TNF-a and iNOS in MOGgp-stimulated astrocytes (Fig. S1). From the above
191  results we can conclude that abrogation of PKM2 nuclear transport can markedly
192  decrease the proliferation and glycolysis of astrocytes.

193  Nuclear PKM2 promotes the activation of NF-kB and STAT3 pathways

194 Upon nuclear translocation, PKM2 acquires protein kinase and transcriptional
195  coactivator activities. As nuclear PKM2 has been reported to interact with STAT3 and
196  NF-«kB, which are dominant signaling pathways involved in orchestrating cell
197  proliferation, inflammation and glycolysis, we were curious to investigate whether
198  nuclear PKM2 regulates the activation of these two pathways. The activation of
199  STAT3 and NF-kB requires two critical steps: phosphorylation of key components,
200 nuclear translocation and retention of STAT3 or p65/p50 subunits. As expected,
201  DASA-58 pretreatment partially attenuated the phosphorylation of STAT3 and NF-xB
202  pathways following MOGsg,, stimulation (Fig. 3A-C). Phosphorylation only
203  contributes to the transient activation of STAT3 and NF-kB, and constant activation
204  also requires the nuclear retention of STAT3 and p50/p65. To test our hypothesis that
205 nuclear PKM2 might promote the retention of p50/p65 and STAT3, we purified

206 nuclear and cytoplasmic proteins. Western blotting assays showed that inhibiting
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207 PKM2 nuclear localization with DASA-58 suppressed the nuclear retention of
208  p50/p65 and STAT3 (Fig. 3D).

209 To further clarify the mechanism by which PKM2 regulated the nuclear retention of
210 STAT3 and NF-«B, immunoprecipitation was performed. The results verified that
211 endogenous PKM2 could directly bind to NF-xB subunits p50/p65 and STAT3 in
212 astrocytes (Fig. 3E). Therefore, nuclear PKM2 interacts with p50/p65 and STATS3,
213  favoring their nuclear retention and constant activation of NF-kB and STAT3
214 pathways.

215  E3ligase TRIM21 interacts with PKM2 in astrocytes

216 With deepening of the research, amounting evidences support that
217  post-translational modifications (PTMs), representing by ubiquitination, acetylation,
218  sumoylation and phosphorylation are major mechanisms to regulate the process of
219  PKM2 nuclear translocation. To illustrate underlying mechanism accounting for
220  nuclear translocation of PKM2 in astrocytes, mass spectrometry combined with
221 immunoprecipitation of PKMZ2 were performed. Several enzymes involved in
222 glycolysis and gluconeogenesis including ENO1, ALDOA, MDH2, LDHA and LDHC
223  were identified to be interacted with PKM2 (Fig. 4A). Analysis of biological
224  processes according to Gene Ontology (GO) terms confirmed that the binding
225  proteins of PKM2 are enriched in metabolic processes (Fig. 4B). Moreover, the results
226 of KEGG and Wikipathway enrichment analysis indicate that PKM2-interacting
227  proteins were enriched in glycolysis, glucogeogenesis and NF-kB pathway (Fig. 4C
228 and 4D). Amongst these potential interacting proteins, the most attracting one is
229 TRIM21, an E3 ligase involved in the process of ubiquitination (Fig. 4A).
230  Coincidentally, we previously reported the proinflammatory role of TRIM21 in
231  keratinocytes by ubiquitylating the p50/p65 subunits of NF-kB(Yang et al., 2021). We
232 were curious to verify whether TRIM21 interacted with and regulated the subcellular
233  localization of PKM2 in astrocytes. Molecular docking revealed a strong binding
234 affinity between PKM2 and TRIM21 (Fig. 4E, left). TRIM21 is bound to PKM2 via
235 hydrogen bonds between the amino acids of the two molecules (Fig. 4E, right). By

236  immunoprecipitation assays, we demonstrated the endogenous binding of PKM2 with
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237 TRIM21 in primary astrocytes (Fig. 4F). To further confirm the results of
238 PKM2-TRIM21 interaction, plasmids of Myc-tagged TRIM21 and Flag-tagged
239 PKM2 were constructed. Reciprocal immunoprecipitation with either Myc or Flag
240  antibodies verified exogenous binding between PKM2 and TRIM21 (Fig. 4G and 4H).
241 To map the binding domains between PKM2 and TRIM21, a series of truncation with
242  deletion (A) of various domains of TRIM21 and PKM2 were constructed. The
243  deletion of C-terminal PRY-SPRY domain abolished the binding between TRIM21 to
244  PKM2, which indicated that PRY-SPRY domain of TRIM21 was responsible for the
245 interaction with PKM2 (Fig. 41). However, the deletion of either N- or C-terminal of
246  PKM2 did not affect the binding between TRIM21 to PKM2, indicating that AB
247  domain (44 to 388 amino acids) of PKM2 might interact with TRIM21 (Fig. 4J).

248  Upregulated TRIM21 expression in astrocytes of EAE mice and in activated
249  primary astrocytes

250 Previous studies have documented upregulated expression of TRIM21 in various
251  types of cancers. Moreover, our previous study is the first to uncover the upregulation
252 of TRIM21 in the epidermis of psoriatic patients, an autoimmune skin disease
253  characterized by hyperproliferation of epidermal keratinocytes (Yang et al., 2018,
254  Yang et al., 2021). To determine the relative expression of TRIM21 in astrocytes of
255 EAE mice, we firstly performed single-cell RNA sequencing (ScCRNA-seq) on brain
256  samples from the control, EAE peak and chronic stages. SCRNA-seq analysis revealed
257  differential expression of TRIM21 in multiple cell populations. Compared to that in
258  other cell types, TRIM21 expression in astrocytes was relatively high (Fig. 5A). We
259 identified 12 astrocyte subpopulations, whereas TRIM21 expression was divergent in
260  different astrocyte clusters (Fig. 5B-5C). Most importantly, TRIM21 expression was
261  augmented in astrocytes in both peak and chronic phases of EAE compared to that in
262  control mice (Fig. 5D). Consistently, bioinformatic analysis of the GEO database
263  (GSE136358) revealed significant elevation of TRIM21 expression in astrocytes at
264  the onset, peak and chronic phases of EAE disease (Fig. 5E).

265 To further confirm the results of TRIM21 expression from scRNA-seq and GEO

266  datasets, activated astrocytes were mimicked by stimulating primary astrocytes with
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267  MOGs,,. Compared to those in non-stimulated astrocytes, gPCR and western blotting
268  analysis revealed dramatic increases in TRIM21 mRNA and protein expression in
269  activated astrocytes (Fig. 5F and 5G). Moreover, immunofluorescence staining further
270  demonstrated that TRIM21 expression was greater in astrocytes from EAE mice when
271 compared with control mice (Fig. 5H). Taken together, our results uncover the
272 upregulated expression of TRIM21 in astrocytes of EAE mice, which imply that the
273  ectopic expression of this ubiquitin ligase TRIM21 might be a potent regulator of
274  PKM2 repositioning in the nucleus.

275  TRIM21 ubiquitylates and promotes the nuclear translocation of PKM2

276 Ubiquitination is endowed with multifaceted function to regulate degradation,
277  localization and activation of substrate proteins. As PKM2 has been demonstrated to
278  be the interacting protein and substrate of TRIM21, we next examined the impact of
279  TRIM21 on PKM2 localization. Overexpression of TRIM21 induced a robust increase
280 in the nuclear ratio of PKM2 (Fig. 6A, Fig. S2A). In contrast, knockdown of TRIM21
281 led to a reduction in the nuclear ratio of PKM2 (Fig. 6B, Fig. S2B). To a greater
282  extent, TRIM21 was found to be a potent driver of PKM2 translocation in astrocytes
283 of EAE. To deeply unveil the mechanism of TRIM21-mediated binding with PKM2,
284  the ubiquitination linkage type was investigated. In addition to K48-linked
285 ubiquitination, which directs proteins for degradation, K63-linked ubiquitination is
286 implicated in the regulation of protein localization and activation.
287  Immunoprecipitation implied that K63-linked ubiquitination of PKM2 was enhanced
288 upon overexpression of TRIM21 (Fig. 6C). Collectively, the data showed that
289  TRIM21 promoted K63-linked ubiquitination of PKM2 and facilitated its nuclear
290 translocation in astrocytes.

291  TRIM21 promotes aerobic glycolysis and proliferation by enhancing PKM2
292  nuclear function in astrocytes

293 As TRIM21 promoted the nuclear translocation of PKM2, we explored the impact
294  of TRIM21 on the nuclear function of PKM2. Our results showed that the levels of
295  phosphorylated STAT3 and p65 were significantly increased upon TRIM21

296  overexpression (Fig. 6D). We next examined whether TRIM21 could affect the
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297  binding of PKM2 to c-myc, STAT3 and NF-«kB subunits. As shown in Figure 6E,
298  overexpression of TRIM21 promoted the binding of PKM2 to c-myc, STAT3 and p50
299  subunit of NF-kB. Nuclear PKM2 contributed to nuclear retention of STAT3 and
300 NF-xB, which retained the constant activation of these two signaling pathways. We
301  were curious to investigate whether TRIM21 is involved in this process. Notably,
302 fractionation analysis revealed that overexpression of TRIM21 increased the nuclear
303 accumulation of c-myc, STAT3 and p50/p65 subunits. Conversely, pretreatment with
304 DASA-58, which abrogated the nuclear translocation of PKMZ2, diminished the
305 nuclear retention of the aforementioned transcription factors (Fig. 6F). These findings
306 revealed that the TRIM21-mediated nuclear translocation of PKM2 promoted its
307  nuclear function.

308 To further assess the functional consequences of TRIM21-mediated nuclear
309 translocation of PKMZ2, the glycolytic activity and proliferation of astrocytes were
310  measured. As shown in Figure 6G, TRIM21 overexpression increased the ratio of
311 EdU positive cells. However, the increase in astrocyte proliferation caused by
312 TRIM21 upregulation was significantly antagonized by the DASA-58 treatment (Fig.
313  6G). Similarly, upregulated TRIM21 promoted lactate production and glucose
314  consumption, which were reversed by DASA-58 (Fig. 6H). In summary, our results
315 indicate that nuclear PKM2-mediated metabolic reprogramming is crucial for
316  TRIM21-stimulated proliferation of astrocytes.

317 TRIM21 knockdown in astrocyte or TEPP-46 treatment inhibits the
318  development of EAE

319 To determine the therapeutic effect of TRIM21 knockdown in astrocytes on EAE,
320 shTRIM21 and control lentivirus were given to mice by intracerebroventricular
321  administration at disease onset (15 days post immunization). As expected, sShTRIM21
322 treatment suppressed disease severity of EAE. At the end time point at day 22 p.i.,
323 shTRIM21-treated group showed reduced disease scores, although no statistical
324  difference was observed compared to control group (Fig. 7A). To further measure the
325  effect of TRIM21 knockdown in astrocytes on pathological changes in EAE mice, HE

326 and LFB staining were performed. As expected, inflammation and demyelination
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327  were less pronounced in shTRIM21-treated group (Fig. 7B and 7C). Staining for
328 TRIM21 showed that TRIM21 expression was reduced in astrocytes after
329 intracerebroventricular injection of shTRIM21 lentivirus (Fig. 7D). Demyelination
330 lesions were also evaluated by myelin basic protein (MBP) staining. Knockdown of
331  TRIM2L1 in astrocytes significantly increased MBP positive areas, which indicated the
332 inhibited demyelination in shTRIM21-treated group compared with control group
333  (Fig. 7E). In EAE, microglia and astrocyte activation are linked with demyelination,
334 we next stained GFAP and IBAL to measure the activation of astrocytes and microglia.
335 Knocking down TRIM21 in astrocytes decreased GFAP expression on spinal cord
336  sections. The decrease of GFAP™ cell numbers was observed in both gray and white
337  matter from shTRIM21-treated mice (Fig. 7F). For activated microglia expressing
338 IBAL, similar results were observed. Control group showed a widespread activation,
339  while shTRIM21-treated group showed a significant decrease in IBA1 positive cells
340 in both white matter and gray matter of spinal cord (Fig. 7G).

341 Therapeutic potential of PKM2 nuclear translocation inhibition with TEPP-46 was
342  also tested in the EAE model. TEPP-46 is an allosteric activator that blocks the
343 nuclear translocation of PKM2 by promoting its tetramerization. Intraperitoneal
344  treatment with TEPP-46 during prevention stage resulted in decreased disease severity
345 (Fig. S3A). TEPP-46-treated mice exhibited reduced inflammation and demyelination
346  (Fig. S3B-S3E). The activation of GFAP positive astrocytes and IBA1 positive
347  microglia were correspondingly reduced in TEPP-46-treated mice (Fig. S3D and S3E).
348  Taken together, these results showed that TRIM21 deficiency in astrocytes or
349  prevention of PKM2 nuclear translocation substantially inhibited inflammation and
350 myelin depletion in EAE mice.
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363  Discussion

364 Reactive astrocytes, or astrocyte activation are recognized as common feathers of
365 CNS pathology, including neurodegenerative and demyelinating diseases (Patani et al.,
366  2023). Preferential metabolic switch toward aerobic glycolysis favors astrocyte
367 transfer from “resting” to “reactive” state. Thus, deciphering the mechanism
368  responsible for astrocyte metabolic switch in response to neurological disease will
369 provide new insights and new therapeutic targets for CNS diseases. Previous studies
370 have detected nuclear translocation of PKM2 in astrocytes after spinal cord injury
371 (Zhang et al., 2015) and in a chronic inflammatory pain model (Wei et al., 2020), in
372 which the regulatory effect of PKM2 on aerobic glycolysis and proliferation has been
373 indicated. However, in EAE model of multiple sclerosis, whether PKM2 nuclear
374  translocation can be observed in astrocytes and the causal mechanisms involved are
375  still unclarified. To the best of our knowledge, this study is the first to document the
376  nuclear translocation of PKM2 in astrocytes of EAE. Furthermore, we clarified a
377  ubiquitination-mediated regulation of PKM2 nuclear transport. Our newly identified
378  upregulated expression of E3 ubiquitin ligase TRIM21 in astrocytes from EAE mice
379  promotes the nuclear translocation of PKM2 to further activate astrocytes (Fig. 8).

380 Among the PTMs that regulate expression and localization of PKM2,
381  phosphorylation is the most frequently reported type, it remains less well known
382  whether ubiquitination could be a potential player. Ubiquitin-mediated degradation of
383 PKM2 has been reported. Recently, in ovarian cancer, E3 ligase CHIP was shown to
384  directly interact with PKM2 and mediate its degradation (Shang et al., 2017). TRIM
385 family E3 ligase TRIM35 was previously shown to mediate the degradation of PKM2

386 in cardiomyocytes and breast cancer cells (Lorenzana-Carrillo et al., 2022, Wu et al.,


https://doi.org/10.1101/2024.04.22.590550
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.22.590550; this version posted April 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

387  2022). Although laforin/malin E3 ligase-induced ubiquitination of PKM2 did not lead
388 to its degradation, ubiquitination in this case impaired its nuclear transport (Viana et
389 al., 2015). Different from these findings, it should be emphasized that our study adds
390 to the current knowledge that ubiquitination, in addition to SUMOylation (Zhou et al.,
391 2022) and phosphorylation (Yang et al., 2012), could induce the relocalization of
392  PKM2 in the nucleus.

393 TRIM21 is found in our study to interact with and ubiquitylate PKM2. As a
394  traditional E3 ubiquitin ligase, multiple key molecules involved in metabolism,
395 immunity and inflammation have been recognized as substrates of TRIM21 (Chen et
396 al., 2022). In addition to the well-known function of TRIM21 in inflammation, an
397 increasing number of studies have suggested that TRIM21 plays a regulatory role in
398  glucose metabolism. Glycolytic-related enzymes including PFK1 (Tang et al., 2022),
399 GLUT1 (Gu et al., 2022) and glycolysis-related transcription factor HIF-1a (Chen et
400 al., 2021) were identified to be substrates of TRIM21, and TRIM21 mediated the
401  ubiquitin-dependent degradation of these proteins, thereby inhibiting aerobic
402  glycolysis. Hereby, we recognized PKM2 as a substrate of TRIM21. The fate of the
403  ubiquitinated protein varies greatly, depending on the linkage type present in the
404  ubiquitin chain. Here, we found that TRIM21 promoted K63-linked ubiquitination of
405 PKM2, the second common type of linkage that is typically not associated with
406  protein degradation. These findings imply that enzymes and proteins implicated in
407  glycolysis are potential substrates of TRIM21, further suggesting that TRIM21 as a
408  regulator of glycolysis. The limitation of the current study is the lack of mechanistic
409 insight into the signaling pathways resulting in TRIM21 upregulation in EAE. Future
410  studies are needed to investigate whether TRIM21 is also elevated in other CNS
411 diseases.

412 Although our study shed light on the role of PKMZ2 in astrocytes, whether PKM2
413  functions in a cell-specific manner or acts as a generalist warrants further studies. For
414  example, microglia activation is a key step that contributes to CNS disorders such as
415  multiple sclerosis and Alzheimer’s disease (Long et al., 2024). Activated M1

416  microglial cells exhibit a metabolic switch toward aerobic glycolysis similar to that of
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417  astrocytes. Thus, it is highly possible that PKM2 may also be involved in microglia
418 metabolic change and activation. As such, PKM2 might be a novel therapeutic target
419  for the treatment of CNS disease. However, further studies are needed to decipher the
420  role of nuclear localized PKM2 in different cells under pathological conditions to
421  provide a thorough understanding of the biological functions of PKM2.

422 In addition to identifying the contribution of TRIM21 to PKM2 nuclear
423  translocation and TRIM21-PKM2 axis in promoting astrocyte glycolysis and
424  proliferation, the therapeutic effect of TRIM21 in EAE was also tested. By using
425  lentivirus with astrocyte-specific GFAP promoter, the knockdown of TRIM21 in
426  astrocytes has been successfully achieved. This approach by using lentivirus to deliver
427  shRNA into astrocytes has been previously reported by our group, in which shActl
428 lentivirus showed potency for the treatment of EAE (Yan et al.,, 2012). In the
429  presented study, we showed that blocking TRIM21 pathway effectively ameliorated
430 disease severity of EAE, which is evidenced by the reduced inflammation,
431  demyelination, activation of astrocytes and microglia. Moreover, we have tested the
432  effect of blocking PKM2 nuclear translocation with TEPP-46. Although TEPP-46 has
433  been shown to inhibit T cell activation in EAE development, its effect on CNS
434  inflammation has not been explored (Angiari et al., 2020). We found that TEPP-46
435  treatment also reduced inflammatory infiltration and demyelination of the white
436  matter. Moreover, a reduced activation of microglia and astrocytes was also observed
437 in TEPP-46-treated group. Our in vivo results suggested that targeting
438 TRIM21-PKM2 is a promising approach for clinical treatment of multiple sclerosis.
439 In conclusion, our study revealed that PKM2 nuclear translocation is the key
440  mechanism accounting for glycolysis-dominant metabolic switch and proliferation of
441  astrocytes. We propose a post-translational modification mechanism for the regulation
442  of PKM2 nuclear translocation by the ubiquitin ligase TRIM21. From the perspective
443  of metabolism, our study provides a rationale for targeting glycolysis metabolism to
444  ameliorate astrocyte-mediated CNS diseases.

445

446
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454  Materials and Methods

455  Animal experiments

456 Eight-week-old female C57BL/6 mice were obtained and kept in the animal center
457  of Shaanxi Normal university. All experimental procedures complied with Committee
458  for Research and Animal Ethics of Shaanxi Normal university. The induction of EAE
459  model was conducted as previously described (Yan et al., 2012). For TEPP-46
460  treatment, mice were injected intraperitoneally (i.p) with 200 ul vehicle (5% DMSO,
461  30% PEG300, 5% Tween 80 and 60% ddH,0) or 50 mg/kg TEPP-46 dissolved in
462  vehicle every other day from day 0 to day 8 p.i. (post-immunization). All mice were
463 divided into experimental groups randomly. AIll scoring processes were
464  double-blinded. Mice were scored daily as follows: O, no clinical symptoms; 1,
465 paralyzed tail; 2, paralysis of one hind limb; 3, paralysis of two hind limbs; 4,
466  paralysis of trunk; 5, death. Spinal cord tissue was collected at the onset (score 1; Day
467  7-17 p.i.), peak (score>3; Day 14-24 p.i.) and chronic stages of EAE (score>2; Day
468  21-26 p.i.).

469  Invivo injection of lentivirus

470 For in vivo injection of lentivirus, mice were anaesthetized and placed on a
471  stereotaxic frame. 1 x 10’ 1U/mouse shTRIM21 or control virus was injected with
472  microsyringe at the following coordinates: 2.0-mm lateral, 1.0-mm caudal to bregma,
473  and 2.5 mm below the skull surface. 20 pl lentivirus was delivered at 1 pul/min. After
474  each injection, the syringe was left for 10 min and then withdrawn slowly.

475  Isolation and culture of primary astrocytes

476 Neonatal mice were killed and neuronal tissues were dissociated using Neural
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477  Tissue Dissociation Kit (Miltenyi Biotech, Auburn, CA) according to the
478  manufacturer’s instructions. Cell suspension was centrifuged at 800 g for 10 min.
479  Subsequently, astrocytes were separated using anti-GLAST microbead kit (Miltenyi
480  Biotech, Auburn, CA). Cells were seeded in 60 mm dishes and grown in DMEM
481  supplemented with 10% FBS. Purity of astrocytes was >95% as determined by GFAP
482  immunostaining.

483  Single-cell RNA sequencing

484 We prepared cells from mouse brain tissues by using adult brain dissociation kit
485  (Miltenyi) according to the manufacturer’s instruction. Briefly, cells with more than
486  90% viability were loaded onto the controller to generate single-cell gel bead
487  emulsions. Single-cell RNA-seq libraries were prepared using version 3 Chromium
488  Single Cell 3 Library (10xGenomics,
489  https://www.10xgenomics.com/support/single-cell-gene-expression). Sequencing
490  were performed on Illumina NovaSeq6000. We used Cell Ranger version 4.0.0 to
491  process raw sequencing data, barcode processing and single-cell UMI (unique
492  molecular index) counting. Sequencing data have been deposited into the Gene
493  Expression Omnibus (GEO) under the accession number GSE263883.

494  Immunoprecipitation

495 Indicated antibodies (anti-PKM2, TRIM21, Flag, Myc and IgG) were incubated
496  separately with Dynabeads M-270 Epoxy (Thermo Scientific) on a roller at 37°C
497  overnight to generate antibody-conjugated beads. Cell samples were lysed with
498 ice-cold extraction buffer (Thermo Scientific) containing protease inhibitors.
499  Supernatants were incubated with appropriate antibody-conjugated magnetic beads on
500 aroller at 4°C for 1 h. Precipitates were washed and subjected to subsequent western
501  blotting analysis.

502  Lentivirus-mediated short hairpin RNA interference and overexpression

503 Mir-30 based lentiviral vector with GFAP promoter was constructed as previously
504  described. Xhol and EcoRI sites were used for cloning small hairpin RNAs
505 (shRNAs)(Yan et al., 2012).

506 Target sequences for shPKM2 were as follows: shPKM2-1:5-GGAGCCTATG
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507 AGTATCGAATG-3', shPKM2-2:5-GGAAAGAGTTGGCCGAGAAGA-3’, shPKM
508 2-3:5'-GCTCCCTCATTTACACCTTCT-3', shControl: 5'- CCTAAGGTTAAGTCG
509 CCCTCG-3.

510 Primary astrocytes were cultured in six-well plates and infected with shTRIM21 or
511  shControl. For overexpression of TRIM21, lentiviral vector with GFAP-promoter was
512 used. TRIM21 cDNA was subcloned into lentivirus vector. Primary cultures were
513 infected with LV-NC or LV-TRIM21.

514  Glucose consumption and lactate production assays

515 The indicated cells (1x10* per well) were seeded into 96-well plates and cultured
516  for 24 h. Cells were starved for 12 h in serum-free DMEM medium supplemented
517  with low glucose. With corresponding treatments, the supernatant was collected.
518  Glucose consumption was determined using glucose oxidase method (Applygen
519  Technologies, Beijing, China). The levels of lactate production were determined using
520 lactate assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
521  Glucose consumption and lactate production were normalized to cell numbers.

522  Immunofluorescence

523 For tissue immunofluorescence staining, cryosections were blocked with buffer
524  containing 1% BSA and 0.3% Triton X-100 at room temperature (RT) for 1 h. Then,
525  sections were incubated with primary antibodies anti-PKM2 (bs-0101R, Bioss),
526  anti-GFAP (EM140707, Huabio), or anti-TRIM21 (12108-1-AP, Proteintech)
527  overnight at 4°C. Then the Alexa Fluor 488 or Cy3-conjugated secondary antibodies
528  (Zhuangzhibio, Xi’an, China) were applied at room temperature for 1 h. Cell nuclei
529  were labeled with DAPI.

530 For cell immunochemistry, cells cultured on glass coverslips were fixed with 4%
531  PFA for 10 min at RT, followed by permeabilization with 0.3% Triton X-100.
532  Non-specific binding was blocked with buffer containing 3% BSA for 30 min at RT.
533  Briefly, samples were then incubated with primary antibodies and secondary
534  antibodies. DAPI was used to stain the nuclei. Tissues and cells were observed and
535 images were acquired using an EVOS FL Auto 2 Cell image system (Invitrogen). The

536  fluorescence intensity was measured by ImageJ.
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537  Cell proliferation assays

538 Cells were plated at a density of 5 x 10* per well and cultured overnight. After
539 treatment, the proliferation of astrocytes was assessed by an EdU-488 or EAU-594 cell
540  proliferation detection kit (Beyotime, C0071S and C0078S). For Cell Counting Kit-8
541  analysis, cells were seeded separately in each 96-well plate and cultured for 24 h, 48 h
542  and 72 h respectively. 1 h before the endpoint of incubation, 10 ul CCK-8 reagent was
543  added, ODysonm Value was determined by Infinite F50 (Tecan) microplate reader.

544  Protein extraction and western blotting

545 Cells were lysed in RIPA buffer supplemented with proteinase inhibitor cocktail
546  (Topscience, Shanghai, China). Whole cell lysates were obtained after centrifugation.
547  Nuclear protein was extracted using Nuclear and cytoplasmic Extraction Kit (Solarbio,
548  Beijing, China) according to the manufacturer’s instructions. Protein concentrations
549  were determined by using a BCA Kkit, and then subjected to western blotting. Protein
550  samples were separated by SDS-PAGE and transferred onto PVDF membranes. After
551  being blocked for 2h in 5% skim-milk buffer, membranes were incubated overnight at
552 4 °C with the following primary antibodies: antibodies against PKM2 (1:5000,
553  60268-1-1g, Proteintech), phospho-c-myc (1:500, ET1609-64, Huabio), c-myc
554  (1:1000, CPA1778, Cohesion Biosciences), LDHA (1:1000, ET1608-57, Huabio),
555  STAT3 (1:5000, 60199-1-1g, Proteintech), phospho-STAT3 (1:1000, bs-1658R, Bioss),
556  phospho-p65 (1:1000, GB113882-100, Servicebio), p65 (1:1000, CPA2000, Cohesion
557  Biosciences), phospho-1KK(1:1000, bs-3237R, Bioss), IKK (1:1000, GB11292-1-100,
558  ServiceBio), Lamin (1:1000 CPA1693, Cohesion Biosciences), Tubulin (11224-1-AP,
559  Proteintech), Flag (1:1000, AE004, Abclonal), Myc (1:3000, AE010, Abclonal),
560 TRIM21 (1:1000, 12108-1-AP, Proteintech), and pB-actin (1:2000, GB12001-100,
561  ServiceBio). Membranes were then washed and probed with HRP conjugated
562  secondary antibodies. Membranes were visualized with ECL detection system (Tanon
563 4600, Shanghai, China).

564 RNA extraction and qPCR

565 Total RNA was extracted with TRIzol and cDNA was synthesized by reverse
566 transcription (DEEYEE, Shanghai, China). gPCR was performed by using 2xqPCR
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567  SmArt Mix (DEEYEE, Shanghai, China) with StepOnePlus Real-time PCR system
568  (Thermo Fisher). The fold-change data were obtained using the delta-delta Ct method
569 (Livak and Schmittgen, 2001). Primers used in this study were listed in
570  Supplementary Table S1.

571  Statistics

572 Data were analyzed with GraphPad Prism software (version 8.0). Differences
573  between two groups were analyzed using two-tailed Student’s t-test. Differences
574  between more than two groups were determined by one-way ANOVA with Dunnett’s
575  post-hoc test. Mean clinical scores of animals were determined by two-way ANOVA
576  analysis. AP value of< 0.05 indicated significant differences between groups.

577
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724  Figure 1. Nuclear translocation of PKM2 in astrocytes of EAE mice. (A) Immunofluorescence
725  staining of PKM2 with GFAP (astrocyte marker) in spinal cord of control mice and MOG35-
726  55-induced EAE mice. Disease onset (dpi 7-17), peak (dpi 14-24) and chronic (dpi 21-26) were
727  defined dependent on the EAE course. Scale bar: 20 pm. While arrows indicated nuclear PKM2.
728  (B) Immunofluorescence staining of PKM2 with GFAP in primary astrocytes cultured with
729  splenocytes supernatants of MOG35-55-induced EAE mice (MOGsup) for different time points (6
730  h, 12 h and 24 h). Scale bar: 100 um. (C) Mean fluorescence intensity of PKM2 and nuclear
731 PKM2 ratio (D) in different groups of (B) were calculated. Fight fields of views per group were
732  included in the analysis. Data are represented as mean + SEM. ***P<0.001. SEM, standard error
733 of the mean.
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736  Figure 2. Prevention of PKM2 nuclear transport reduced the glycolysis and proliferation of
737  primary astrocytes. (A) Verification of DASA-58 effect on the inhibition of PKM2 nuclear
738  transport by immunofluorescence. Primary astrocytes were pretreated with 50 uM DASA-58 for
739 30 min and stimulated with MOGgy, for 12h. Scale bar: 50 pm. (B) Nuclear ratio of PKM2 in each
740  group was calculated. Five fields of views per group were included in the analysis. (C) Glycolysis
741 level of astrocytes in each group was assessed by lactate production (N=5) and glucose
742  consumption (N=4) assays. (D) Effect of DASA-58 on protein levels of glycolytic enzymes
743  p-c-myc, LDHA and PKM2 were measured by western blotting. (E) Proliferation of astrocytes
744 were measured by CCK8. N=5. (F) Proliferation of astrocytes were measured by EdU assays. (G)
745  EdU positive cells in each group was calculated from ten fields of views per group. Scale bar: 100
746  um. The blot is representative of three independent experiments. Data are represented as mean +
747  SEM. *P<0.05; **P<0.01; ***P<0.001. SEM, standard error of the mean.
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750  Figure 3. PKM2 interacted with STAT3 and NF-kB and promoted their activation in
751 astrocytes. (A-B) Immunofluorescence staining of phospho-STAT3 (A) or phospho-p65 (B) with
752  GFAP in astrocytes. Primary astrocytes were pretreated with 50 uM DASA-58 for 30 min and
753  stimulated with MOGg,, for 12h. Scale bar: 100 um. (C) Western blotting analysis showed that
754  DASA-58 inhibited the activation of NF-kB and STAT3 induced by MOGg,, stimulation. (D)
755  Nuclear-cytoplasmic protein extraction analysis showed the reduced nuclear fraction of STAT3
756  and p50/p65 upon DASA-58 treatment. (E) Immunoprecipitation demonstrated the interaction
757  between PKM2 and STAT3, c-myc and p50/p65 subunits of NF-kB. Data are represented as mean
758  + SEM. **P<0.01; ***P<0.001. SEM, standard error of the mean.
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761 Figure 4. Identification of interaction between E3 ligase TRIM21 and PKM2 in astrocytes.
762  (A) Mass spectrometry (MS) showed the list of metabolic-related proteins that potentially interact
763  with PKM2 in primary astrocytes. TRIM21 was identified to interact with PKM2. (B-D)
764  Biological process of GO term (B), KEGG pathway (C) and Wikipathway (D) analysis of proteins
765  identified by MS. (E) Interaction between PKM2 and TRIM21 was predicted with molecular
766  docking and showed by PyMol. The hydrogen bonds were formed between Phe23, Thr87 of
767  TRIM21 and Pro477, Lys 263 of PKM2. (F) Immunoprecipitation showed the interaction between
768  endogenous PKM2 and TRIM21 in primary astrocyte. (G-H) Primary astrocytes were transfected
769  with Myc-tagged TRIM21 and Flag-tagged PKM2, immunoprecipitation with anti-Flag (G) or
770  anti-Myc (H) showed the exogenous binding between PKM2 and TRIM21 in astrocytes. (I)
771 Full-length TRIM21 and a series of TRIM21 mutants with deletion (A) of various domains (top
772  panel). 293 T cells were co-transfected with Flag-PKM2 and WT Myc-TRIM21 or their truncation
773  mutants for 48 h. Immunoprecipitation was performed. (J) Full-length PKM2 and a series of
774  PKM2 mutants with deletion (A) of various domains (top panel). 293 T cells were co-transfected
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775  with Myc-TRIM21 and WT Flag-PKM2 or their truncation mutants for 48 h. Immunoprecipitation
776  was performed.
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777

778  Figure 5. TRIM21 expression is upregulated in astrocytes of EAE mice. (A-D) Single-cell
779  RNA-seq profiles from naive and EAE mice (peak and chronic phase) CNS tissues. Naive (n=2);
780  peak (n=3); chronic (n=2). (A) Violin plots displaying the expression of TRIM21 across the cell
781  types identified. (B) UMAP representation of 12 clusters generated from sub-clustering of
782  astrocytes. (C) Violin plots displaying the expression of TRIM21 at peak, chronic phases from
783  EAE and naive mice in subclusters of astrocytes. (D) Violin plots displaying the expression of
784  TRIM21 in different phases of EAE and naive mice across the cell types identified. Expression of
785  TRIM21 was shown to be elevated in EAE mice (peak and chronic) compared with naive mice. (E)
786  Analysis of TRIM21 mRNA expression in astrocytes from spinal cord during three stages (onset,
787  peak, and chronic) of EAE and naive mice from GEO dataset (GSE136358). (F) Primary
788  astrocytes were treated with or without MOGs,, for different time points. Analysis of TRIM21
789  expression by qPCR. (G) Western blotting analysis of TRIM21 protein expression in non-treated
790  or MOGg-treated astrocytes. (H) Immunofluorescence staining showed the upregulated
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791 expression of TRIM21 in astrocytes (marker: GFAP) of EAE mice. Scale bar: 20 um. Data are
792 represented as mean = SEM. *P<0.05; **P<0.01. SEM, standard error of the mean.
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793
794  Figure 6. TRIM21-induced nuclear transport of PKM2 promoted glycolysis and

795  proliferation of astrocytes. (A) Overexpression of TRIM21 promoted nuclear translocation of
796  PKM2. (B) TRIM21 was silenced in primary astrocytes using two independent short hairpin
797  RNAs. Nuclear-cytoplasmic fraction analysis showed that knockdown of TRIM21 decreased
798  nuclear ratio of PKM2. (C) Immunoprecipitation showed that TRIM21 promoted the K63-linked
799  ubiquitination of PKM2. (D) Western blotting analysis of STAT3 and NF-kB activation in control
800  or TRIM21-overexpressed astrocytes. (E) Immunoprecipitation showed that TRIM21 promoted
801  the interaction between PKM2 and its interacting proteins c-myc, STAT3 and p50. (F) Prevention
802  of PKM2 nuclear import with DASA-58 (50 uM) reduced the nuclear retention of NF-xB subunits
803 and STAT3 in TRIM21-overexpressed astrocytes. (G) EdU analysis of cell proliferation in
804  TRIM21-overexpressed, DASA-58 treated TRIM21-overexpressed cells and control astrocytes.
805  Scale bar: 100 um. (H) Glycolysis of astrocytes were measured in TRIM21-overexpressed,
806  DASA-58 treated TRIM21-OE cells and control astrocytes. EV: empty vector. Data are
807  represented as mean + SEM. *P<0.05; **P<0.01; ***P<0.001. SEM, standard error of the mean.
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816  Figure 7. Intracerebroventricular injection of shTRIM21 ameliorates disease severity of
817  Experimental Autoimmune Encephalomyelitis (EAE). C57BL/6 mice were injected i.c.v with
818  1x10’ IU shTRIM21 or control lentivirus (shVec) 15 days p.i. (onset). Mice were sacrificed at day
819 22 p.i. and spinal cords were harvested. (A) Disease was scored daily on a 0 to 5 scale. N=5to 6
820  mice in each group. (B) Spinal cord sections were stained for markers of inflammation by
821 hematoxylin and eosin (H&E) and demyelination by Luxol fast blue (LFB), respectively. (C)
822  Scoring of inflammation (H&E) and demyelination (LFB) on a 0-3 scale. (D) TRIM21 expression
823  in spinal cord of mice from shVec and shTRIM21 group was measured by immunofluorescence.
824  (E) Demyelination in each group was assessed by MBP staining. MBP intensity was measured in
825  the white matter of the spinal cord using Image-Pro. (F-G) Immunostaining of GFAP (F) and
826  IBAL (G) on spinal cord sections of shVec and shTRIM21-treated EAE mice. White matter and
827  gray matter are shown as representative images. Quantification of GFAP positive cells/mm?, IBA1
828  positive cellsymm? in both the white matter and gray matter. The measured areas included 3 to 5
829  fields per group. i.c.v., intracerebroventricular; p.i., postimmunization. Scale bar: 50 um. Data are
830  represented as mean + SEM. *P<0.05; **P<0.01; ***P<0.001, as determined by two-way
831 ANOVA analysis (A) or unpaired Student’s t test (C, F-G).
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839  Figure 8. Schematic proposal of nuclear translocation of PKM2 in astrocytes of EAE. In
840  astrocyte of EAE mice, TRIM21 expression is upregulated. E3 ubiquitin ligase TRIM21
841 ubiquitylates PKM2 and promotes its nuclear translocation, nuclear PKM2 activated STAT3 and
842  NF-«xB pathways and interact with c-Myc to enhance glycolysis and proliferation in astrocytes.
843  Thus, TRIM21-PKM2 pathway exerts a potential role in activating astrocytes and inducing EAE
844  development.
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859

860  Supplementary Table S1. Primers used in this study.

Name Primer sequences (5°-3’ orientation)

PKM2 Forward: GCCGCCTGGACATTGACTC
Reverse: CCATGAGAGAAATTCAGCCGAG
TRIM21 Forward: GGGAGGAGGTCACCTGTTCTA
Reverse: GGCACTCGGGACATGAACTG
IL-6 Forward: GCTGGAGTCACAGAAGGAGTGGC
Reverse: GGCATAACGCACTAGGTTTGCCG
IL-1B Forward: CACTACAGGCTCCGAGATGAACAAC
Reverse: TGTCGTTGCTTGGTTCTCCTTGTAC
TNF-a Forward: CCTGTAGCCCACGTCGTAG
Reverse: GGGAGTAGACAAGGTACAACCC
Cyclin D1 Forward: AAGTGCGTGCAGAAGGAGATTGT
Reverse: GGATAGAGTTGTCAGTGTAGATGC
GAPDH Forward: AGGTCGGTGTGAACGGATTTG
Reverse: TGTAGACCATGTAGTTGAGGTCA
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864  Figure S1. qPCR analysis of mMRNA levels of inflammatory cytokines. Primary astrocytes were

865  pretreated with 50 pM DASA-58 for 30 min and stimulated with MOGg,, for 12h. Data are

866 represented as mean = SEM. *P<0.05; **P<0.01; ***P<0.001. SEM, standard error of the mean.
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867
868 Figure S2. Verification of TRIM21 overexpression and knockdown efficiency. (A)

869  Overexpression of TRIM21 was verified by western blotting analysis. (B) Western Blotting
870  analysis of TRIM21 knockdown efficiency. Sh: short hairpin; EV: empty vector.
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871

872  Figure S3. i.p. injection of TEPP-46 alleviated the development of Experimental
873  Autoimmune Encephalomyelitis (EAE). C57BL/6 mice were i.p injected with 200 pul vehicle or
874 50 mg/kg TEPP-46 dissolved in vehicle every other day from day O to day 8 p.i.. Mice were
875  sacrificed at day 21 p.i. and spinal cords were harvested. (A) Disease was scored daily ona 0 to 5
876  scale. N=6 to 8 mice in each group. (B) Spinal cord sections were stained for markers of
877  inflammation by hematoxylin and eosin (H&E) and demyelination by Luxol fast blue (LFB),
878  respectively. Scale bar: 50 um. (C) Scoring of inflammation (H&E) and demyelination (LFB) on a
879  0-3 scale. (D) Immunostaining of GFAP, IBA1 and MBP on spinal cord sections of TEPP-46- or
880  vehicle-treated EAE mice. (E) Quantification of GFAP positive cellssrmm2, IBAl positive
881 cells/mm2 in the white matter of the spinal cord. MBP intensity was measured in the white matter
882  of the spinal cord using Image-Pro. The measured areas included 3 to 5 fields per group. i.p.,
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883 intraperitoneally; p.i., postimmunization; Scale bar: 100 pm. Data are represented as mean = SEM.
884  *P<0.05; **P<0.01; ***P<0.001, as determined by two-way ANOVA analysis (A) or unpaired
885  Student’s t test (C, E).
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