
iScience

Article

ll
OPEN ACCESS
Epitranscriptomic reader YTHDF2 regulates
SEK1(MAP2K4)-JNK-cJUN inflammatory signaling
in astrocytes during neurotoxic stress
Emir Malovic,

Alyssa Ealy,

Cameron Miller, ...,

Arthi Kanthasamy,

Chuan He,

Anumantha G.

Kanthasamy

anumantha.kanthasamy@uga.

edu

Highlights
Mn exposure induces

proinflammatory response

in astrocytes by reducing

YTHDF2

YTHDF2 targets MAP2K4

mRNA for decay in

astrocytes

Mn-induced YTHDF2

downregulation

upregulates the

proinflammatory SEK1

pathway

Selective depletion of

YTHDF2 in astrocytes

induces astrogliosis in mice

Malovic et al., iScience 27,
110619
September 20, 2024 ª 2024
The Author(s). Published by
Elsevier Inc.

https://doi.org/10.1016/

j.isci.2024.110619

mailto:anumantha.kanthasamy@uga.edu
mailto:anumantha.kanthasamy@uga.edu
https://doi.org/10.1016/j.isci.2024.110619
https://doi.org/10.1016/j.isci.2024.110619
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110619&domain=pdf


OPEN ACCESS

iScience ll
Article

Epitranscriptomic reader YTHDF2 regulates
SEK1(MAP2K4)-JNK-cJUN inflammatory signaling
in astrocytes during neurotoxic stress

Emir Malovic,1,6,8 Alyssa Ealy,2,3,8 Cameron Miller,2,3 Ahyoung Jang,2,3 Phillip J. Hsu,5 Souvarish Sarkar,1,7

Dharmin Rokad,1 Cody Goeser,1 Aleah Kristen Hartman,1 Allen Zhu,5 Bharathi Palanisamy,1 Gary Zenitsky,2,3

Huajun Jin,2,3 Vellareddy Anantharam,2,3 Arthi Kanthasamy,1,2,3 Chuan He,5

and Anumantha G. Kanthasamy1,2,3,4,9,*
SUMMARY

As the most abundant glial cells in the central nervous system (CNS), astrocytes dynamically respond to
neurotoxic stress, however, the keymolecular regulators controlling the inflammatory status of these sen-
tinels during neurotoxic stress aremany and complex. Herein, we demonstrate that them6A epitranscrip-
tomic mRNAmodification tightly regulates the pro-inflammatory functions of astrocytes. Specifically, the
astrocytic neurotoxic stressor, manganese (Mn), downregulated the m6A reader YTHDF2 in human and
mouse astrocyte cultures and in the mouse brain. Functionally, YTHDF2 knockdown augmented, while
its overexpression dampened, the neurotoxic stress-induced proinflammatory response, suggesting
YTHDF2 serves as a key upstream regulator of inflammatory responses in astrocytes. Mechanistically,
YTHDF2 RIP-sequencing identifiedMAP2K4 (MKK4; SEK1) mRNA as a YTHDF2 target influencing inflam-
matory signaling. Our target validation revealed that Mn-exposed astrocytes mediate proinflammatory
responses by activating the phosphorylation of SEK1, JNK, and cJUN signaling. Collectively, YTHDF2
serves as a key upstream ‘molecular switch’ controlling SEK1(MAP2K4)-JNK-cJUN proinflammatory
signaling in astrocytes.

INTRODUCTION

As the most abundant non-neuronal cells of the central nervous system (CNS), astrocytes are vital for brain and neuronal homeostasis. Their

supportive functions include antioxidant defense, glutamate and water-ion-pH homeostasis, blood-brain barrier maintenance, synapse for-

mation and maturation, and neurotrophic factor and cytokine production.1–4 Astrocytes respond dynamically to neurotoxic stressors to pro-

tect and support neuronal health. When exposed to harmful substances or environments, astrocytes can undergo changes in their

morphology and function, becoming reactive astrocytes. While this reactive response aims to limit damage and maintain homeostasis,

chronic or sustained activation of astrocytes can also lead to uncontrolled inflammatory responses and contribute to various neurodegener-

ative conditions. Nevertheless, the precise molecular factors that govern the pro-inflammatory state of these guardian cells under chronic

neurotoxic stress conditions remain enigmatic.

A substantial body of evidence has established that neurotoxic concentrations of the metal Mn significantly target and adversely affect

astrocyte physiology.5–9 Indeed, astrocytes exhibit a significantly higher affinity forMn than do neurons given their higher divalentmetal trans-

porter content.10,11 Mn then accumulates through sequestration in mitochondria via the calcium uniporter,5,11,12 exerting neurotoxic stress.

Homeostatic dysregulation by Mn can induce inflammation in astrocytes, and chronic cellular alterations can transform quiescent astrocytes

into reactive astrocytes, leading to neuronal toxicity.5,13–16 In response to Mn, astrocytes release various chemokines, cytokines, and other

neurotoxic factors and sustain these responses potentially through the NF-kB and MAPK cascades.17,18 Furthermore, chronic Mn exposure
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can induce Parkinsonian conditions by primarily inducing astrocytic dysfunction.19,20 Therefore, we adoptedMn-treated astrocytes as amodel

to understand the role of epitranscriptomic changes underlying chronic astrocyte activation.

N6-methyladenosine (m6A) is the most prevalent epitranscriptomic modification21 regulatingmRNA translation and decay. The DRACH (D =

A/G/U, R = A/G, H = A/C/U) consensus sequences on mRNAs are targeted by the m6A writer complex, composed of METTL3 and METTL14

(methyltransferase-like), and accessory regulatory proteins such asWTAP, during which amethyl group is added to the sixth nitrogen position of

adenosine.22–24 Additionally,m6Amodifications are reversible and can be removed bym6Ademethylases such as ALKBH5 and FTO.25,26 Recent

studies reveal thatm6A-modifiedmRNAs have reduced stability, yielding shorter half-lives that result in decreased time spent in ribosomal trans-

lation pools.27 Them6A reader, YTHDF2 (YT521-B homology domain family), is known topromote the initiation of RNAdecay, while YTHDF1 has

been defined to promote m6A mRNA translation, and whereas YTHDF3 may facilitate both processes.28 Understanding why such mechanisms

would be requisite for cellular physiology and pathology varies acrossmany biological disciplines, but them6A readers which execute the fate of

m6A mRNAs remain as fundamental elements of the ensemble. Since m6A modifications can dictate the fate of mRNA and translational rate,

understanding its role in inflammatory processeswould provide insights into upstream regulation of cytokine and chemokinemRNAproduction.

In this regard, YTHDF2 has been highlighted in certain cellular contexts, including hypoxia, survival/apoptosis, proliferation, and inflammation,

and has been shown todirectly target secretorymRNAs such as IL-11,29 transcription factor RELA, andMAP kinases,30–32 revealing that YTHDF2’s

reader functionmay be highly significant in inflammation. Pro-inflammatory astrocytic responses present with the upregulation of numerous che-

mokines and cytokines, which are regulated by multiple kinases and transcription factors.5,33,34 However, the upstream epitranscriptomic regu-

latory events governing the neuroinflammatory signaling have yet tobedelineated, hindering our ability to understand themolecularmechanism

by which cytokine and chemokine mRNA dynamics are controlled during aberrant astrocyte activation. To address this, herein, we adopted an

approach using Mn as an astrocyte-specific neurotoxic stressor to determine whether m6A epitranscriptomic regulators modulate the neuroin-

flammatory response during astrocyte activation. Interestingly, our results reveal that the epitranscriptomic reader YTHDF2 acts as a negative

epitranscriptomic regulator of the SEK1(MAP2K4)-JNK-cJUN proinflammatory signaling cascade in astrocytes, suggesting that YTHDF2 may

be an exploitable target for controlling astrocytic inflammation in neuroinflammatory conditions.

RESULTS

The astrocytic neurotoxic stressor Mn downregulates YTHDF2 expression in cell culture

As the major function of YTHDF2 in accelerating the decay of m6A mRNAs was recently demonstrated,27 we reasoned this epitranscriptomic

reader may influence inflammatory signaling, which relays rapid onset and decay depending on the insults. Only a few studies have deter-

mined the expression levels of YTHDF2 under different stress conditions. Limited observations in cancer cells revealed heat-shock stress up-

regulated YTHDF2,35 whereas hypoxia induced by oxygen deprivation or by cobalt chloride treatment downregulated YTHDF2.36 Cellular

hypoxia has been shown to precede oxidative stress responses,37 and we recently reported that the astrocytic neurotoxic stressor Mn induced

mitochondrial dysfunction and oxidative stress in astrocytes to augment neuroinflammation.5 Previously, we showed that 100 mM Mn can

evoke pro-inflammatory gene expression and the release of chemokines/cytokines in both primary mouse astrocytes and the human U251

astrocyte cells,5 thus, we used 100 mM for all in vitro Mn treatment experiments. Primary mouse astrocytes isolated from 1 to 2-day-old

post-natal pups were treated with 100 mM Mn and revealed a time-dependent decrease in YTHDF2 protein levels beginning after 3 h and

persisting across the entire 24-h period (Figure 1A). Based on these results and previous studies showing the presence and sustainability

of astrocytic inflammation, we continued using the 24-h Mn treatment timepoint.5 Immunocytochemistry was also performed with primary

mouse astrocytes, revealing primarily cytoplasmic perinuclear localization of YTHDF2 with notable decreases after Mn treatment (Figure 1B).

To test the specificity of Mn-induced downregulation of YTHDF2, we treated human U251 astrocytes with individual metal chlorides (PbCl2,

CuCl2, FeCl2) at 100 mM as well for 24 h and observed specific downregulation of YTHDF2 by Mn (Figure 1C) but not with other metals.

YTHDF2 mRNA in U251 astrocytes showed small but significant decreases post Mn exposure, while YTHDF1 and YTHDF3 were not signifi-

cantly affected by Mn (Figure 1D). Next, we investigated global m6A expression using LCMS/MS in U251 astrocytes. Interestingly, we

observed a general decrease (Figure 1E). This decrease in global m6A expression may be the result of changes in m6A writers and erasers.

Indeed, when probing for additional m6A modifiers, we observed that both METTL3 and METTL14 decreased after Mn treatment (Fig-

ure S1A). Conversely, the demethylase ALKBH5 increased after Mn treatment (Figure S1B and S1C). In efforts to corroborate key findings,

we utilized human induced pluripotent stem cells (iPSC) and differentiated them into astrocytes. Afterward, we exposed them to Mn and

observed similar expression patterns as in the U251 astrocytes, with decreased YTHDF2 and increased ALKBH5 (Figure S1D). Lastly, consid-

ering the substantial downregulation of the YTHDF2 protein instead of its gene following Mn exposure, we proposed that Mn-induced

YTHDF2 downregulation may be primarily attributed to the degradation of YTHDF2 protein. To understand how Mn may promote

YTHDF2 degradation, we performed cotreatments of Mn and MG-132 (proteasome inhibitor) in U251 astrocytes and revealed inhibition of

the proteasome prevents drastic decreases in YTHDF2 by Mn, as indicated by increased amounts of the high molecular weight ubiquitinated

proteins (Figure S1E), suggesting that Mn may promote YTHDF2 degradation via a proteasomal pathway such as the recently investigated

SKP2-associated E3 ubiquitin ligase complex pathway.38 Collectively, these results demonstrate that Mn-induced neurotoxic stress can modu-

late key epitranscriptomic regulators such as YTHDF2 in astrocytic cells.

YTHDF2 levels can affect pro-inflammatory chemokine/cytokine responses in neurotoxic stress-exposed astrocytes

In response to neurotoxic stressors such as Mn, astrocytes activate pro-inflammatory signaling pathways that elicit the production of pro-in-

flammatory chemokines/cytokines.39 The production of these pro-inflammatory mRNA transcripts could be increased because of prolonged
2 iScience 27, 110619, September 20, 2024
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Figure 1. Mn treatment decreases YTHDF2 in cell culture

(A) Primary mouse astrocytes were exposed to 100 mM for 1–24 h and YTHDF2 levels were determined by Western blot. The bottom panel shows the results of

densitometric analysis of YTHDF2 bands normalized by b-actin (n = 4–5). YTHDF2 decreases time-dependently beginning after 3 h in primary mouse astrocytes.

(B) ICC representation at 40x depicting YTHDF2 decreases in Mn-exposed primary mouse astrocytes at 24 h (100 mm scale).

(C) 24-h treatment of human U251 astrocytes with different heavy metals, all at 100 mM (n = 3).

(D) Mn decreases YTHDF2 mRNA at 24 h in U251 astrocytes (n = 5).

(E) Mn decreases global m6A levels at 24 h in U251 astrocytes, as measured by LC-MS/MS (n = 6). Data are meansG SEM. Two-group comparisons performed

using unpaired t-test. p-values < 0.05 considered significant evidence.
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half-lives in the ribosomal translating pools. Using SRAMP m6A site predictor,40 we analyzed various proinflammatory transcripts for m6A

DRACH sequences and found that most of them contain DRACH sequences within their coding sequences, suggesting m6A marks may

be added by METTL3/METTL14 complex and read by the m6A reader proteins like YTHDF2. YTHDF2 can decrease mRNA stability through

recruitment of CCR4-NOT41 or HRSP12–RNase P/MRP42 complexes, thus, we hypothesized the reduction of YTHDF2may lead to an upregu-

lated pro-inflammatory state by increased stability of pro-inflammatory transcripts, or indirectly by the stabilization of their upstream signaling

factors. To test this hypothesis, we knocked downYTHDF2 transiently in U251 astrocytes using the YTHDF2-specific siRNA (siYTHDF2) for 48 h,

followed by 24 h of 100 mM Mn treatment. Additionally, we also generated stably overexpressing YTHDF2-GFP U251 astrocytes to jointly

determine whether Mn-induced YTHDF2 downregulation contributes to Mn-stimulated pro-inflammatory chemokine/cytokine responses.

The specific knockdown and overexpression of YTHDF2, but not YTHDF2’s paralogs were validated by RT-qPCR and Western blot analyses

(Figures 2A and 2B). qPCR analysis revealed that siYTHDF2-transfected U251s had an overall pro-inflammatory basal state, which was exac-

erbated by Mn exposure, as indicated by IL-1a, IL-1b, IL-8, IL-12a, and TNFa (Figure 2C). Conversely, overexpression of YTHDF2 showed no

basal changes or reduced proinflammatory basal states, depending upon the chemokine/cytokine. Stable overexpression of YTHDF2 in U251

astrocytes markedly attenuated Mn-stimulated gene upregulation of the investigated chemokine/cytokine, except IL-6 (Figure 2D). Interest-

ingly, IL-6 showed similar patterns of gene expression when comparing YTHDF2 knockdown and overexpression states (Figures 2C and 2D),

suggesting YTHDF2 may have some degree of specificity, either directly upon certain chemokine/cytokines or indirectly upon certain up-

stream signaling factors, or maybe sensitive to exogenously driven genetic changes.
iScience 27, 110619, September 20, 2024 3
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Figure 2. YTHDF2 levels can affect pro-inflammatory chemokine/cytokine responses in Mn-exposed astrocytes

(A) Validation of YTHDF2 knockdown using siRNA, both qPCR and immunoblotting (n = 5–6).

(B) Validation of YTHDF2 overexpression, both qPCR and immunoblotting (n = 3).

(C) siYTHDF2 increased basal pro-inflammatory gene expression and exacerbated after Mn exposure (n = 3).

(D) Overexpression of YTHDF2 suppressed basal pro-inflammatory gene expression and prevented upregulation after Mn exposure (n = 4).

(E and F) Multiplex ELISA analysis of the treatment media of siYTHDF2 and YTHDF2 overexpression experiments for cytokines/chemokines (n = 4–6). IL-8 was

most consistently affected by YTHDF2 levels, showing exacerbated release in siYTHDF2 experiments, while its release was prevented in YTHDF2

overexpression experiments. MCP1 (MCAF), IFNg, IL-6, and MIP1b showed similar trends but with less consistency overall. Data are means G SEM. Two-

group comparisons performed using unpaired t-test. p-values < 0.05 considered significant evidence. Two-way ANOVA with FDR Two-stage step-up method

of Benjamini, Krieger, and Yekutieli for multi-group comparison. Q-values < 0.05 considered significant evidence.
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Figure 3. RNA- and RIP-sequencing of Mn-exposed U251 astrocytes reveals YTHDF2 targeting of MAP2K4 (SEK1)

(A and B) (A) Z-scores of Mn/Ctrl GO for Transcriptional Factor Targets, indicating important roles for cJUN and HIF1a (B) RIP-sequencing graphical

representation of statistically significant YTHDF2 targets in Ctrl that were affected by Mn exposure. YTHDF2 targets are identified as having R+1 log2(RIP/

input) ratio. MAP2K4 was identified as a lost YTHDF2 target under Mn exposure, suggesting regulation of the SEK1(MAP2K4)-JNK-cJUN pathway.

(C) siYTHDF2 astrocytes present with longer MAP2K4 mRNA half-life (n = 3).

(D) ICC representation at 40x depicting siYTHDF2 astrocytes have increased SEK1 protein levels (100 mm scale).

(E) YTHDF2 overexpressing astrocytes present with shorter MAP2K4 half-life under Mn exposure (n = 4–5).

(F) ICC representation at 40x depicting YTHDF2-overexpressing astrocytes have decreased SEK1 protein levels (100 mm scale).

(G and H) Immunoblotting and quantification revealing cJUN phosphorylation is increased in Mn-exposed astrocytes and sustained in siYTHDF2 Mn-exposed

astrocytes. SEK1 protein levels are basally increased in siYTHDF2 astrocytes (n = 3–4).

(I and J) Immunoblotting and quantification revealing cJUN phosphorylation is increased in Mn-exposed astrocytes and prevented in YTHDF2-overexpressing

Mn-exposed astrocytes. SEK1 protein levels are basally decreased in YTHDF2-overexpressing astrocytes (n= 4). Data aremeansG SEM. Two-group comparisons

performed using unpaired t-test, with 2-fold gene threshold and 1.96 Z-score threshold using Altanalyze. Adjusted p-values < 0.05 considered significant

evidence. For mRNA half-life comparisons, One-phase decay non-linear regression analysis was performed. p-values < 0.05 considered significant evidence.

two-way ANOVA with FDR Two-stage step-up method of Benjamini, Krieger, and Yekutieli for multi-group comparison. Q-values < 0.05 considered

significant evidence.
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Observations of differential gene expression of pro-inflammatory chemokine/cytokines upon knockdown and overexpression of

YTHDF2 prompted us to assess if these same chemokine/cytokines were upregulated and released at the protein level. The treatment

media from the gene expression experiments discussed above were assayed by the Luminex Bio-Plex ELISA system. Of the analyzed

chemokine/cytokines, Mn exposure of U251 astrocytes had the greatest consistency on the secretion of IL-8. The knockdown of YTHDF2

elevated the basal level of IL-8 secretion. Upon Mn exposure, this response was significantly exacerbated as compared to siCtrl (siRNA

Control) group exposed to Mn (Figure 2E), corroborating the gene expression results for IL-8 (Figure 2C). MCP1, IFNg, IL-6, and MIP1b

remained largely unaffected or marginally variable after YTHDF2 knockdown and/or Mn treatment (Figure 2E). Conversely, Mn-exposed

EV (Empty Vector) astrocytes upregulated and secreted high levels of IL-8, while Mn-exposed YTHDF2-overexpressing cells did not up-

regulate and secrete IL-8 protein levels (Figure 2F), corroborating the gene expression results (Figure 2D). IL-6 and MIP1b responded

similarly to IL-8, increasing in Mn-exposed EV cells but not in Mn-exposed YTHDF2-OE cells (Figure 2F). MCP1 was significantly lower

basally in YTHDF2-overexpressing cells, but Mn treatment did not affect MCP1 release in both stable cells (Figure 2F). Corroborating

the knockdown results (Figure 2E), IFNg release was not affected by YTHDF2 overexpression and/or Mn treatment (Figure 2F). Addi-

tionally, we compared Mn-induced chemokine/cytokine levels to TNFa (100 ng/mL)-induced chemokine/cytokine levels, as TNFa is a

potent pro-inflammatory cytokine (Figure S2A). Overall, we observed largely similar trends, especially when assessing YTHDF2-overex-

pressing cells. Notably, YTHDF2 overexpression significantly attenuated TNFa-induced levels of IL-1b, IL-8, IFNg, and MCP1, while only

MCP1 approached statistical significance in YTHDF2 knockdown experiments (Figure S2A). These differences between Mn and TNFa in

chemokine/cytokine induction may be the result of different signaling pathways or a difference in the potency of the two exogenous

stimuli.

Based on our corroborated gene and protein results, we proceeded to perform an mRNA stability experiment using actinomycin D to

determine if YTHDF2 directly regulates the mRNA decay of certain pro-inflammatory chemokine/cytokine genes. For this, we selected IL-8

(based on Figures 2C and 2D) and determined its mRNA stability in both YTHDF2 knockdown and overexpression U251 astrocytes

(Figures S2B and S2C). Since basal levels of IL-8 and other chemokine/cytokines were upregulated in siYTHDF2 cells, the stability of IL-8

mRNA in YTHDF2 knockdown cells was evaluated under non-stimulatory conditions. siYTHDF2 cells showed no increased half-life of IL-8

over 2 and 4-h time points (Figure S2B). On the other hand, EV and YTHDF2 overexpression cells were evaluated under Mn exposure

when the relative abundance of chemokines/cytokines is increased for ease of comparison yet showed no sign of decreased half-life for

IL-8 mRNA (Figure S2C). These functional experiments suggest YTHDF2 has an anti-inflammatory function in astrocytes, as YTHDF2 overex-

pression attenuates astrocytic inflammation elicited by Mn. Since YTHDF2 does not appear to regulate IL-8 directly, it may be executing its

effects upon the upstream regulators of pro-inflammatory pathways.

YTHDF2 negatively regulates SEK1(MAP2K4)-JNK-cJUN pathway

YTHDF2 has been shown to target many mRNAs of signaling proteins involved in stress responses of varying conditions and cell types.30–32,43

Since the actinomycin D mRNA stability assay showed no direct influence of YTHDF2 upon IL-8mRNA, we postulated that the pro-inflamma-

tory response observed under the Mn exposure model may lie in the abundance of certain mRNAs that translate into signaling proteins or

transcription factors whose downstream effects are to upregulate pro-inflammatory gene transcription. For that reason, we performed RNA-

sequencing of Mn-exposed U251 astrocytes to evaluate the overall transcriptome in pursuit of corroborating the functional experiments of

Figure 2. GO analysis of the regulated transcription factor targets revealed an overrepresentation of transcription factor families (bolded)

including the AP-1 components (JUN and FOS) and HIF components (HIF1a and EPAS1) (Figure 3A). To support this, a network of significant

differentially expressed genes (DEGs) was generated to provide a visual representation of direct and indirect gene regulation through tran-

scription factors or protein-protein interactions (Figure S3A). In this DEG network, IL-1a and IL-8 were significantly upregulated genes by Mn

exposure, supporting our functional results from Figure 2, and further indicating their upstream regulation by the JNK pathway. Functional

annotations of the main connected network of genes revolve around cell proliferation, apoptosis, cell adhesion, wound healing,
6 iScience 27, 110619, September 20, 2024
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angiogenesis, and responses to hypoxia. Overall, these RNA-sequencing results suggest Mn exposure can highly stress astrocytes leading to

altered survival/apoptotic signaling, hypoxic signaling, and overall inflammatory reactivity.

Given the strong hypoxic signature induced by Mn exposure in the RNA-sequencing data, we functionally validated it using siHIF1a in

combination with Mn exposure. After siRNA transfection and Mn treatment, nuclear and cytosolic lysates were prepared to analyze HIF1a

levels. Mn induced a strong upregulation of nuclear HIF1a, while siHIF1a transfection completely abolished HIF1a levels. Cytosolic HIF1a

levels were undetectable likely because of rapid degradation and slow lysate processing methodology (Figure S4A). Interestingly, previous

studies showed hypoxic states whether induced by O2 depletion
29 or by cobalt chloride36 decrease YTHDF2 levels. In Zhong et al., YTHDF2

overexpression under hypoxia had a small effect in preventing HIF1a upregulation, suggesting YTHDF2may target HIF1amRNA,36 providing

one possible anti-inflammatory mechanism of controlling chemo/cytokine release, as HIF1a knockdown attenuated Mn-induced gene

expression of IL-1a and IL-1b (Figure S4B). Nuclear and cytosolic lysates of both siYTHDF2 and YTHDF2-OE cells revealed no observable in-

creases in HIF1a in siYTHDF2-transfected cells, but there was an observable reduction in HIF1a levels in YTHDF2-OE cells (Figure S4C). Acti-

nomycin D mRNA stability experiments did not support HIF1a mRNA as targets of YTHDF2 (data not shown). These results suggested

YTHDF2 overexpression indirectly affects HIF1aprotein levels, andHIF1amay only be partially responsible for the induction of certain chemo-

kines/cytokines.

Next, we performed YTHDF2-RIP-sequencing assays on both control and Mn-exposed U251 astrocytes to seek out plausible mRNA tar-

gets of YTHDF2 that, when degraded, would alleviate the pro-inflammatory response. Using the log2(RIP/input) calculation on our normalized

TPM sequencing data, we denoted YTHDF2 targets as R+1. In brief, we identified a total of 1,992 YTHDF2 transcript targets based on the

control group. After performing a statistical comparison between control and Mn groups, we identified only 92 statistically significant

(pvalue< 0.005) YTHDF2 targets, of which 90% were lost targets in the Mn group. Lost targets are defined as positive YTHDF2 targets in con-

trol conditions but are no longer significant YTHDF2 targets in the Mn group, putatively because of a decrease in YTHDF2 levels. Firstly, in

agreement with our IL-8 mRNA stability experiments, IL-8 was not an observed target of YTHDF2, nor were any other studied chemokines/

cytokines. Secondly, HIF1a, ARNT, and EPAS1 were not observed as YTHDF2 targets either, eliminating the HIF components as candidates

for YTHDF2 regulation of inflammation. And thirdly, as NF-kB transcriptional activation has been shown to be important in regulating Mn

toxicity and inflammation in astrocytes17,44 and as others have shown YTHDF2 to potentially regulate NF-kB signaling,45 we did seek out if

NF-kB or any other related components like RELAwould be targets of YTHDF2. However, NF-kB and its related components were not targets

of YTHDF2 in our analysis. Nevertheless, our RIP-sequencing results did show that the mRNA of an upstream component of the MAPK pro-

inflammatory signaling cascade, dual specificity mitogen-activated protein kinase 4 (SEK1 (protein),MAP2K4 orMKK4 (gene)), was positively

bound by YTHDF2 in the controls but presented as a lost target in Mn, suggesting MAP2K4 mRNA is bound and directed toward decay by

YTHDF2 (Figure 3B). In response to various environmental stressors such as Mn, SEK1 may be activated through phosphorylation of its serine

and threonine residues at positions 257 and 261. Activated SEK1 leads to phosphorylation of JNK, which further phosphorylates its main

cellular substrate, cJUN. Our preliminary analysis of cJUN S63 revealed increased phosphorylation post-Mn treatment and sustained phos-

phorylation in siYTHDF2 astrocytes treatedwithMn. Conversely, YTHDF2overexpression suppressed cJUNS63phosphorylation (Figure S4D).

The activated cJUN interacts with JunB, JunD, c-Fos, or ATF to constitute the AP-1 transcription factor, which regulates gene expression that

includes pro-inflammatory genes such as IL-8 and IL-1a.46–49 A supplemental STRING analysis of SEK1, JNKs, JUN and its associated AP-1

partners, along with IL-8, demonstrated MAP2K4-JNK-cJUN signaling can lead to the transcriptional upregulation of IL-8 and IL-1a (Fig-

ure S4E), supporting YTHDF2’s indirect control of chemokine/cytokine mRNA and protein, which represents one mechanism of anti-inflam-

matory signaling in astrocytes.

To validate the YTHDF2 RIP-sequencing targetMAP2K4, we first analyzed its mRNA sequence using the m6A prediction server, SRAMP,40

and found a total of 12 DRACH consensus sites, 4 of which were very high confidence for m6A deposition (Figure S4F). Then, we performed

functional mRNA stability experiments using actinomycin D to assess MAP2K4’s half-life in both YTHDF2 knockdown and overexpression

cells. YTHDF2 knockdown led to a doubling ofMAP2K4’s half-life over the time span of 4 h (Figure 3C). SinceMAP2K4’s half-life was doubled,

we performed immunocytochemistry to gauge whetherMAP2K4 protein (SEK1) was affected by the overall change in mRNA, and indeed, the

abundance of SEK1 was also elevated (Figure 3D). Conversely, in Mn-exposed, YTHDF2-overexpressing cells, we observed a significant

decrease in the half-life ofMAP2K4 (Figure 3E), which was also accompanied by a decrease of its protein SEK1’s immunoreactivity (Figure 3F).

These results support that MAP2K4 transcripts can be destabilized by YTHDF2, which can overall influence the protein abundance of SEK1.

Since YTHDF2’s regulation of MAP2K4 transcripts was potent enough to affect the abundance of its protein SEK1, we wanted to quanti-

tatively determine if this mechanism affected the downstream phosphorylation and activation of cJUN, the principal component of the AP-1

transcription factor, whichwas an overrepresented transcription factor target within our RNA-sequencing dataset (Figure 3A). SEK1 is the prin-

cipal kinase responsible for promoting cJUN activation by first phosphorylating the JNK kinases, which then subsequently phosphorylate

cJUN to trigger AP-1 transcription factor complex formation and activation that promote pro-inflammatory gene expression.50–53 As such,

we first assessed the signaling cascade under YTHDF2 knockdown conditions along with Mn exposure in U251 astrocytes. Under YTHDF2

knockdown only, SEK1 protein was upregulated, as observed previously by actinomycin D assay (Figure 3C) and immunocytochemistry (Fig-

ure 3D), however, there were no detectable changes in phosphorylation of SEK1. Under Mn exposure, phosphorylation of SEK1 was signif-

icantly upregulated and sustained inMn-exposed YTHDF2 knockdown cells. Likewise, downstreampartners JNK and cJUNwere highly phos-

phorylated under Mn exposure and sustained in Mn-exposed YTHDF2 knockdown cells (Figures 3G and 3H). Interestingly, YTHDF2

knockdown-only cells had a notable elevation of cJUN phosphorylation observed by immunoblotting and immunocytochemistry

(Figures 3G, 3H, and S4D), suggesting that there may be some leaky basal elevation of the SEK1(MAP2K4)-JNK-cJUN cascade. Furthermore,
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Figure 4. YTHDF2 is decreased in Mn-gavaged mice, and a conditional knockout of YTHDF2 in the astrocytes of mice leads to increased astrocyte

reactivity in substantia nigra pars compacta/reticulata and globus pallidus

(A) IHC representation at 40x depicting YTHDF2 decreases and colocalization in GFAP+ cells in the globus pallidus of Mn-gavaged mice (100 mm scale).

(B) Immunoblotting of the substantia nigra showing decreases of YTHDF2 in mice gavaged with Mn (n = 9).

(C) Schematic of Y2cKOmice generation. Tamoxifen (tiY2cKO) induces Cre recombination of YTHDF2 exon 4 to produce a band at 748 bp in astrocytes isolated

from striatal/hippocampal brain tissue using biotinylated-EAAT1/GLAST-1 antibody.

(D) Globus pallidus validation of YTHDF2 protein reduction and increased GFAP immunoreactivity, and also increased m6A staining upon YTHDF2 deletion.

YTHDF2 was quantified by parent-child extraction using GFAP as the parent (n = 3–4) (100 mm scale).

(E) Globus pallidus representative images of increased C3d immunoreactivity in GFAP-positive cells in the tiY2cKO mice (100 mm scale).

(F) Immunoblotting and quantification of substantia nigra- showing tiY2cKOmice with increased GFAP immunoreactivity similar to Mn-gavagedmice, indicating

specific loss of YTHDF2 in astrocytes increases their reactivity (n = 4–6).

(G) Substantia nigra representative images of increased C3d immunoreactivity in GFAP-positive cells in the tiY2cKOmice (100 mm scale). Data are meansG SEM.

Student’s t test or two-way ANOVA with FDR Two-stage step-up method of Benjamini, Krieger, and Yekutieli for multi-group comparison. Q-values < 0.05

considered significant evidence, with q-values between 0.05 and 0.01 considered as weaker evidence taking into consideration variations in data and trends.

ll
OPEN ACCESS

iScience
Article
total JNK protein levels behaved similarly to SEK1 protein levels, however, none of the JNK mRNAs (MAPK8, MAPK9, and MAPK10) were

observed by YTHDF2-RIP-sequencing. Because cJUN phosphorylation was highly upregulated by Mn exposure and has been linked to bio-

logical processes such as inflammation, cell survival, and apoptosis, these results support that MAP2K4 mRNA is a target of YTHDF2, and

under YTHDF2 downregulation, cJUN phosphorylation is sustained and saturated upon Mn exposure in astrocytes, leading to sustained

pro-inflammatory signaling.

Lastly, we performed similar signaling experiments using YTHDF2-overexpressing cells to determine if Mn-induced SEK1, JNK, and cJUN

phosphorylation can be prevented by YTHDF2 overexpression. Under unstimulated conditions, SEK1 protein was downregulated by YTHDF2

overexpression (Figures 3I and 3J), supporting the findings from the mRNA stability assay and immunocytochemistry functional experiments

(Figures 3E and 3F). Again, there were no notable changes in phosphorylation of SEK1. Under Mn exposure, phosphorylation of SEK1 was

significantly upregulated, but it was prevented by YTHDF2 overexpression. Likewise, JNK and cJUN were highly phosphorylated in EV cells

underMn exposure, but the phosphorylation was significantly reduced inMn-exposed YTHDF2-overexpressing cells (Figures 3I and 3J). Inter-

estingly, YTHDF2-overexpressing cells displayed a similar basal elevation of cJUN phosphorylation as observed in the YTHDF2 knockdown

cells by immunoblotting (Figures 3I and 3J) and immunocytochemistry (Figure S4D), suggesting that cJUN phosphorylation is sensitive upon

disturbances in the abundance of YTHDF2. Collectively, these functional signaling studies support that astrocytes exposed to the neurotoxic

stressor Mn upregulate the SEK1(MAP2K4)-JNK-cJUN signaling cascade by decreasing YTHDF2 levels to sustain proliferative, survival, and

inflammatory signaling.

YTHDF2 is decreased in Mn-gavaged mice, and a conditional knockout of YTHDF2 in the astrocytes of mice leads to

increased astrocyte reactivity in substantia nigra pars compacta/reticulata and globus pallidus

We examined YTHDF2 levels inmice gavagedwith 30mg/kg ofMn to verify our in vitro results. We evaluated the brain regions relevant toMn

neurotoxicity including the globus pallidus, the principal region affected in humans,54–57 and the substantia nigra pars compacta/reticulata

(SN), an additional site of interest where neuroinflammatory and neurotoxic effects have been observed.56–61 In the globus pallidus, increased

GFAP reactivity was prevalent inMn-exposedmice (Figure 4A). YTHDF2 immunoreactivity inGFAP-positive cells was generally observed to be

decreased (Figure 4A), despite the overall YTHDF2 immunoreactivity in GFAP-positive cells being low. Surprisingly, the predominant local-

ization of YTHDF2 was in larger cytoplasmic cells, presumably neurons (Figure 4A).62 We also immunoblotted whole tissue lysates from the

substantia nigra and observed a significant decrease in YTHDF2 levels, approximately %20% (Figure 4B).

Our in vitro studies showed that targeting SEK1 by YTHDF2 had profound effects in astrocytes exposed to Mn. We next sought to deter-

mine if such effects could be observed in vivoby generating an inducible conditional YTHDF2 knockoutmouse line under theGFAPpromoter,

abbreviated as Y2cKO (Figure 4C). Y2cKO mice were administered 100 mg/kg tamoxifen in Miglyol-812N (tiY2cKO) or just Miglyol-812N

(vehicle (viY2cKO) intraperitoneally daily for 5 days. DNA recombination was validated by immunoprecipitating astrocytes from brain tissues

through positive selection using a biotinylated-EAAT1 antibody, and then performing PCR/genotyping (Figure 4C). We further validated the

YTHDF2 protein expression in GFAP+ cells of the globus pallidus, showing decreased astrocytic YTHDF2 immunoreactivity in tiY2cKO mice.

Interestingly, GFAP immunoreactivity was significantly upregulated in tiY2cKO mice, and likewise, so was global m6A (Figure 4D). Since ob-

servations of increased GFAP reactivity are not alone sufficient to define the physiological states of astrocytes,63 thus we co-stained for com-

plement 3d (C3d) and GFAP, as C3d has been noted to be a functional co-indicator of astrocytes that can mediate neurotoxicity.64,65 There

was an increase in the number of C3d immunoreactive GFAP+ cells (Figure 4E), suggesting that loss of YTHDF2 protein indeed elicits astro-

cytic inflammation in vivo.

After 5 days of tamoxifen induction, mice were gavaged with 30mg/kg ofMn daily for 30 days. YTHDF2 levels were significantly decreased

in pooled tiY2cKO groups as a factor using two-way ANOVA. Mn-treated viY2cKOmice had a%20% decrease of YTHDF2 (Figure 4F), similar

to the above-mentioned findings (Figure 4B). Strikingly, tiY2cKO control mice had increased GFAP levels, comparable to that of viY2cKOMn

mice, however, there was no exacerbation of GFAP reactivity following Mn exposure (Figure 4F). These results indicate that genetic deletion

of astrocytic Ythdf2was sufficient to perturb astrocyte function and increaseGFAP reactivity. We again stained for C3d, and tiY2cKO, viY2cKO

Mn, and tiY2cKO Mn groups all had higher numbers of GFAP/C3d-positive astrocytes in the substantia nigra (Figure 4G) compared to the
iScience 27, 110619, September 20, 2024 9



Figure 5. Integrated working hypothesis of YTHDF2’s role on the SEK1(MAP2K4)-JNK-cJUN pathway

UponMn exposure, ALKBH5 levels increase while YTHDF2 decreases, leading to increased half-life ofMAP2K4mRNA. Increased abundance ofMAP2K4 leads to

more SEK1 protein, allowing for the sustained activation (increased phosphorylation) of the downstream pathway targets JNK and cJUN by Mn, which promotes

the pro-inflammatory response in astrocytes. When YTHDF2 is overexpressed,MAP2K4mRNA is degraded. This leads to lower SEK1 protein levels, reducing the

pathway activation of JNK and cJUN (decreased phosphorylation) by Mn, resulting in an anti-inflammatory response.
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control viY2cKO group. Collectively, these findings support the overall in vitro findings that loss of YTHDF2 in astrocytes can induce sustained

inflammation.

DISCUSSION

The overall destabilization effect that m6A modifications confer upon RNAs, especially mRNAs that code for proteins, has promoted a

wave of intense investigation in many disciplines such as cancer, virology, developmental biology, and immunology to name a few. Initial

findings demonstrating specific m6A reader proteins are requisite for determining and executing the fate of m6A-modified mRNAs pro-

vided this impetus.66 YTHDF2 was shown to destabilize and promote the decay of m6A mRNAs,27 whereas YTHDF1 could promote trans-

lation,67 and YTHDF3 could potentially facilitate translation by association with YTHDF1 and afterward associate with YTHDF2 to facilitate

decay.28 This putative mechanistic framework overall decreases the half-life of m6A mRNAs, specifically, those modified within coding se-

quences or near 30 UTR regions, suggesting m6A modifications may be necessary for critical cellular responses requiring large transcrip-

tional bursts.21 Under this framework, we postulated that YTHDF2 may be the most critical m6A reader as it principally promotes m6A

mRNA decay. Herein, we show that YTHDF2 levels are decreased in astrocytes exposed to the astrocytic neurotoxic stressor Mn

in vitro and in mice. Functional evaluation of YTHDF2 levels demonstrates that YTHDF2 negatively regulates MAP2K4 (SEK1),

thereby affecting the direct downstream JNK-cJUN signaling pathway, which can control survival, proliferation, and inflammation. For

the first time to our knowledge, decreased YTHDF2 levels allow astrocytes to mount and sustain a proper response to the environmental

toxicant Mn (Figure 5).

The neurotoxic stressorMn is a heavymetal known to perturbmetabolic functions and redox reactions in all neural cells in vitro.5,58,68 Addi-

tionally, it is known to activate signaling pathways such as NF-kB that can promote pro-inflammatory responses in astrocytes and microglia,

which can inevitably damage neurons.17 These observations support the importance of investigating neuroinflammatory responses as being

major drivers of neurodegeneration in Mn neurotoxicity. Astrocytes are generally seen as maintainers of neural homeostasis, but in recent

years, more findings have surfaced demonstrating the importance of astrocytes in neuroinflammation, revealing their abilities to transform

into neurotoxic cells.14,64 These pro-inflammatory inductions require a large transcriptional burst of mRNAs necessary to elicit and sustain

the response to combat the insults. As such, having mechanisms that could regulate mRNA turnover quickly becomes important in altering

cellular states in response to environmental changes. In this study, we observed a time-dependent decrease in m6A reader YTHDF2

upon exposing astrocytes to Mn, in which levels declined after 3 h post Mn, being lowest at 12 and 24 h (Figure 1A). Because Mn can elicit

pro-inflammatory responses in astrocytes, this decrease in YTHDF2 levels would suggest that astrocytes need to decrease YTHDF2 to allow a

sustained pro-inflammatory response. The mechanism by which Mn could decrease YTHDF2 levels is uncertain. Here, we do observe small

decreases in YTHDF2 transcripts, but the largest decrease appears to be post-translational, possibly through the proteasome as MG-132
10 iScience 27, 110619, September 20, 2024
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prevented Mn-induced decreases of YTHDF2 (Figure S1E). Recently, it has been shown CDK1 can maintain the protein stability of YTHDF2,

where inhibition of CDK1 led to high polyubiquitination of YTHDF2 by the SKP2 E3 ubiquitin ligase complex38, however, it is unclear what

effects Mn confers upon CDK1. Additionally, our results support the findings that hypoxia, whether induced by oxygen deprivation or cobalt

chloride (CoCl2), can reduce YTHDF2 levels (Figures 3A and S4B) via an unidentified HIF1amechanism,36 or via HIF2a transcriptional repres-

sion,29 both of which are increased in Mn-exposed astrocytes. With the decrease of YTHDF2 levels, we hypothesized an elevation in global

m6A levels, however, the levels of m6A had decreased instead (Figure 1E), signifying a more complex cellular response regarding m6Amod-

ifications and their associated regulatory tiers. High doses of arsenite have been shown to upregulate them6Ademethylases, while low doses

did not.39 Our dosage of Mn is considered a high dose5,17 and is in support of this finding. The demethylase ALKBH5 was upregulated by Mn

treatment as shown by our results in U251 and furthermore in iPSC astrocytes (Figures S1B–S1D). Such results present an interesting hypoth-

esis concerning pro-inflammatory responses, whereby astrocytes and other cell types may elevate m6A demethylases and downregulate

YTHDF2 concomitantly to ensure an increased half-life of mRNAs necessary to be translated for a given insult. Moreover, we also show

that METTL3 and METTL14 writers are decreased by Mn exposure, further suggesting a cooperative role between the m6A regulatory tiers

to enhance m6A-driven responses following neurotoxic stressor Mn exposure. On the other hand, tiY2cKO mice showed increased m6A as

initially expected (Figure 4D), suggesting in vitro and in vivo contexts exert significantly different influences on m6A methylation. These av-

enues remain to be fully elucidated, but what is certain is that YTHDF2 overexpression can suppress pro-inflammatory gene expression and

the production of specific chemokines/cytokines, of which IL-8 was most significantly affected in our experiments (Figures 2C–2F). This anti-

inflammatory response of YTHDF2 is in agreement with other recent cancer studies showing suppression of IL-11 and IL-8.29,45 Furthermore,

althoughMn failed to induce the production of MCP1 (also known asMCAF/CCL2) in our experiments, manipulation of YTHDF2 levels appre-

ciably affected its basal levels, where the knockdown of YTHDF2 increased MCP1, and the overexpression of YTHD2 reduced MCP1

(Figures 2E and 2F). Interestingly, TNFa significantly increased MCP1 levels that were exacerbated by YTHDF2 knockdown and suppressed

by YTHDF2 overexpression (Figure S2A). This is a significant finding in that MCP1 has been shown to be a principal chemokine produced by

astrocytes, even those stimulated by Mn.17,69

Our initial hypothesis was that YTHDF2 could bind various m6A mRNAs of secretory factors such as chemokines/cytokines, as in the

case of IL-11 targeting in hepatocellular carcinoma.29 YTHDF2-RIP-sequencing did not reveal any lost chemokine/cytokine targets by

our methods. Others have previously shown that YTHDF2 can bind upstream signaling factor mRNAs that lead to the production of

pro-inflammatory chemokines/cytokines.30,32,45 These signaling factors include RELA, MAP2K4, and MAP4K4. Our results pinpointed

MAP2K4 mRNA as a YTHDF2 target, lost under Mn exposure (Figures 3B–3J). MAP2K4 or MKK4 (SEK1) is necessary for hepatocyte

and fibroblast proliferation51,70 and for the protection against apoptosis in thymocytes.70 Additionally, the SEK1(MAP2K4)-JNK-cJUN

pathway has been shown to be upregulated in astrocytes upon infection with mutant retrovirus MoMuLV-ts1 leading to COX-2 upre-

gulation,53 and is upregulated in models of ischemia.71 JNK phosphorylation is upregulated in in vitro astrocytes treated with lipopoly-

saccharide or cotreated with IFNg,52,72 and JNK expression is high in GFAP-positive astrocytes in mechanical allodynia.73 Indeed, in

many stress models the SEK1(MAP2K4)-JNK-cJUN pathway is activated, as also observed in our Mn-exposed astrocytes (Figures 3G–

3J and S4D). YTHDF2 overexpression drastically prevented activation of the pathway by decreasing MAP2K4 mRNA (Figures 3C–3F),

thereby reducing total SEK1 levels and reducing phosphorylation of JNK and cJUN by Mn exposure. SEK1, JNK, and cJUN have all

been found to be necessary for survival and proliferation.70,74,75 Additionally, IL-8 and MCP1 are known targets of cJUN and the

AP-1 transcription factor family, especially in astrocytes,76–78 lending further explanatory power that would suggest these particular che-

mokines may be necessary for basal proliferation capabilities. Interestingly, GFAP levels were also reduced in YTHDF2-overexpressing

cells (Figures 3G and 3I), and GFAP is a known transcriptional target of cJUN,79 providing another integrated explanation for the

connection between the SEK1(MAP2K4)-JNK-cJUN pathway and motility.80 Overall, YTHDF2 appears to significantly and negatively

regulate the SEK-JNK-cJUN pathway that converges upon multiple cellular responses, which include survival/apoptosis, proliferation,

migration, and inflammation.

Our observations of the negative correlation between YTHDF2 levels and Mn-induction of pro-inflammatory genes/proteins in astrocytes

suggested YTHDF2 may act as an anti-inflammatory m6A reader by negatively regulating the SEK1(MAP2K4)-JNK-cJUN pathway. In our ex-

amination of mice gavaged daily with Mn at 30 mg/kg for 30 days, YTHDF2 levels showed evidence of decreases in the substantia nigra and in

astrocytes of the globus pallidus (Figures 4A and 4B). To determine if there was physiological evidence of our in vitro studies, we mimicked

them in vivo by generating an inducible conditional knockout of YTHDF2 under the GFAP promoter (Y2cKO) (Figure 4C). In this study, we

observed a decreasing trend in YTHDF2 levels in Mn-treated mice as in our preliminary study, approximately %20% (Figure 4F). Whether

higher doses of Mn and/or longer timepoints in Mn gavage studies are more effective in reducing YTHDF2 remain to be tested. Alternatively,

other Mn administration models should be tried to establish consistency and efficacy for disease modeling, especially inhalation models.

Toxicity from inhaled Mn was first observed in Mn ore crushers.81,82 It is observably more potent based on a recent study that nasally admin-

istered 30 mg/kg for 21 days, in which dopaminergic cell (tyrosine hydroxylase +) loss was evident in the substantia nigra83, however, the

globus pallidus was not investigated. Nevertheless, significant GFAP increases were observed in tiY2cKO mice, comparable to Mn-treated

viY2cKO mice (Figure 4F). As astrocytes increase GFAP immunoreactivity when exhibiting detrimental and protective functions,63 we asked

whether any co-indicators were also present to provide a clue about the astrocyte function. GFAP/C3d+ astrocytes were more abundant in

tiY2cKO and Mn-treated viY2cKO mice in both the substantia nigra and the rostral globus pallidus (Figures 4E and 4G). Collectively, this

YTHDF2 conditional knockout study would suggest YTHDF2 reduction or deletion in astrocytes perturbs their function, revealing their cellular

states may be pro-inflammatory in Mn exposure models.
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In summary, our studies indicate that YTHDF2 targets MAP2K4 mRNA to negatively regulate the SEK1(MAP2K4)-JNK-cJUN pathway in

astrocytes, which is known to converge upon survival/apoptotic, proliferative, migratory, and inflammatory responses. Furthermore, m6A

perturbation and decreases in YTHDF2 in our animal model of Mn neurotoxicity support the relevance of m6A epitranscriptomics in other

neuroinflammatory and neurodegenerative conditions.84 Overall, YTHDF2’s m6A reader roles may be exploited for therapeutic benefits in

controlling processes underlying chronic neurodegenerative diseases.

Limitations of the study

Our studies have a few limitations. Our mechanistic in vitro studies were performed in human U251-MG glioblastoma, a cancer cell line.

Although this is a potential caveat in relation to Mn-induced Parkinsonism, our supportive in vivo results largely mitigate this. Moreover,

as it is a cancer cell line, the elucidated mechanism herein will provide aid to the cancer research community and those studying m6A epi-

transcriptomics. Next, because we did not observe an exacerbation of astrocytic inflammation in tiY2cKO mice under our experimental con-

ditions, we did not fully recapitulate our in vitro siYTHDF2 experiments.We suspect the confounding factormay be the lower YTHDF2 levels in

astrocytes as compared to cells with bigger somas such as neurons (Figure 4A). This would indicate overexpression of YTHDF2 in vivomay be

a more suitable alternative to ascertaining YTHDF2’s effects on astrocyte functionality and inflammation, which we will pursue in future

studies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit YTHDF2 Proteintech Cat# 24744-1-AP; RRID: AB_2687435

Mouse GFAP EMD Bioscience Cat# MAB360; RRID: AB_11212597

Rabbit GFAP EMD Bioscience Cat# AB5804; RRID: AB_2109645

Mouse HIF1a BD Biosciences Cat# 610959; RRID: AB_398272

Rabbit pSEK1 Cell Signaling Technology Cat# 9156; RRID: AB_2297420

Rabbit SEK1 Cell Signaling Technology Cat# 9152; RRID: AB_330905

Rabbit cJUN S63 Cell Signaling Technology Cat# 2361; RRID: AB_490908

Mouse cJUN Santa Cruz Cat# sc-74543; RRID: AB_1121646

Rabbit pJNK Cell Signaling Technology Cat# 4671; RRID: AB_331338

Rabbit JNK Cell Signaling Technology Cat# 9258; RRID: AB_2141027

Mouse b-Actin Sigma Cat# A5441; RRID: AB_476744

Rabbit b-Actin Sigma Cat# A2103; RRID: AB_476694

Mouse GAPDH Sigma Cat# G8795; RRID: AB_1078991

Goat C3d R&D Systems Cat# AF2655; RRID: AB_2066622

Goat GFP Abcam Cat# ab6673; RRID: AB_305643

Rabbit Lamin B1 Abcam Cat# ab16048; RRID: AB_443298

Biotinylated EAAT1/GLAST-1 Novus Biologicals Cat# NB100-1869B; RRID: AB_3150018

Rabbit METTL3 Abcam Cat# ab195352; RRID: AB_2721254

Rabbit METTL14 Proteintech Cat# 26158-1-AP; RRID: AB_2800447

Rabbit ALKBH5 Novus Biologicals Cat# NBP1-82188; RRID: AB_11037354

Chemicals, peptides, and recombinant proteins

MG-132 Tocris Bioscience Cat# 1748

Lipofectamine 2000 Invitrogen Cat# 11668019

Actinomycin D Invitrogen Cat# 11805017

Miglyol 812N IOI Oleochemical Cat# NA

Critical commercial assays

NE-PER Nuclear and Cytoplasmic Extraction

Kit

Thermo Fisher Scientific Cat# 78833

CD11b+ Selection Kit 2 Stem Cell Technologies Cat# 18970

Biotin Positive Selection Kit 2 Stem Cell Technologies Cat# 17683

Bio-plex Pro Human Cytokine 17-plex Kit Bio-rad Cat# M5000031YV

GenElute mRNA Kit Sigma Cat# MRN70

Deposited data

RNA and YTHDF2 RIP-sequencing This paper NCBI GEO Accession GSE254720

Experimental models: Cell lines

U251-MG ATCC Cat# HTB-17

Human Induced Pluripotent Stem Cells Allen Institute ID# AICS-0087-031 cL.31

Experimental models: Organisms/strains

C57BL/6NCrl Charles River Cat# NA

B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J mice Jackson Laboratory Cat# 012849

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ythdf2(loxP/loxP) Chuan He Laboratory Cat# NA

Tamoxifen-inducible YTHDF2 conditional

under Gfap promoter (Y2cKO)

This manuscript Cat# NA

Oligonucleotides

YTHDF2 siRNA

50-AAGGACGTTCCCAATAGCCAA-30
Qiagen Cat# 1027424

HIF1a siRNA 50-GCTGATTTGTGAACCCAT-30 Ambion Cat# NA

AllStars negative control siRNA Qiagen 1027281

YTHDF2 loxP recombination F =

GACCTGGATTAGCAGGAGT

IDT Cat# NA

YTHDF2 loxP recombination R =

CAGACCACTCCAACACAGAA

IDT Cat# NA

YTHDF1 (F: ACACAACCTCCATCTTCGAC &

R: ACTGGTTCGCCCTCATTG)

IDT Cat# NA

YTHDF2 (F: TAGCCAACTGCGACACATTC &

R: CACGACCTTGACGTTCCTTT)

IDT Cat# NA

YTHDF3 (F: TGACAACAAACCGGTTACCA &

TGTTTCTATTTCTCTCCCTACGC)

IDT Cat# NA

MAP2K4 (F:

TCCCAATCCTACAGGAGTTCAA & R:

CCAGTGTTGTTCAGGGGAGA)

IDT Cat# NA

Recombinant DNA

YTHDF2 pLenti-C-mGFP-P2A-Puro OriGene Cat# RC230306L4

Software and algorithms

GraphPad Prism 8.0 GraphPad Cat# NA

AltAnalyze Altanalyze.org Cat# NA

ll
OPEN ACCESS

iScience
Article
RESOURCE AVAILABILITY

Lead contact

Inquiries and requests for resources should be directed to and will be fulfilled by Anumantha G. Kanthasamy (Anumantha.kanthasamy@

uga.edu).
Materials availability

YTHDF2 conditional (Gfap) knockout mice generated in this manuscript will be available upon request within a reasonable time frame de-

pending upon the status of the colony. The mice have yet to be deposited in a repository, however, this may change in the future. Please

send your inquiries to the designated lead contact.
Data code and availability

� Sequencing data have been deposited at NCBI GEO and are publicly available as of the date of publication. Accession numbers are

listed in the key resources table. Quantitative PCR, immunoblotting, and immunofluorescence will be shared upon a reasonable

request to the lead contact.
� This paper does not report original code.
� Anyadditional information required to reanalyze thedata reported in thispaper isavailable fromthe leadcontact upon reasonable request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse model

All animal procedures were approved by Iowa State University’s Institutional Animal Care and Use Committee (IACUC). Mice were housed

under standard conditions for constant temperature (22G 1�C), relative humidity (30%), and a 12-h light cycle with food and water available
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ad libitum. Eight-week-old C57BL/6NCrl male mice purchased from Charles River were orally gavaged with Mn (30 mg/kg) dissolved in ultra-

pure water daily for 30 days. This dose was chosen based on previous studies on mouse models of Mn neurotoxicity, which generally use the

Mn doses between 5 and 30 mg/kg/day for periods of 21–120 days.85 The control animals received daily injections of the same volume of

water.
Tamoxifen-inducible conditional YTHDF2-knockout mouse (Y2cKO)

To create the tamoxifen-inducible conditional YTHDF2-knockout mouse (Y2cKO), the Ythdf2(loxP/loxP)mice acquired from Dr. Chuan He at

the University of ChicagoMedicine were crossed with the B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/Jmice, which were purchased from the Jackson

Laboratory (Stock# 012849). The F1 generation was backcrossed to the Ythdf2(loxP/loxP) mice to generate the Y2cKO mice. Both male and

female Y2cKO mice were given intraperitoneal injections of tamoxifen (100 mg/kg/d in Miglyol 812N oil) or vehicle for 5 days and then gav-

aged daily with 30 mg/kg Mn or water for 30 days as described above.
Primary mouse astrocytes

For primary mouse astrocytes, 1-2-day-oldmouse pups (C57BL/6) were decapitated, and their brains harvested. Subsequently, the meninges

were removed, and the brains were incubated in 0.25% Trypsin-EDTA for 15 min in a 37�C water bath and mixed every 5 min. Afterward, the

brains were washed in DMEM/F12 growth media supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 1% sodium py-

ruvate, and 1% non-essential amino acids, homogenized by pipetting, and filtered through a 70-mm filter. The resulting cell suspension was

then plated in flasks to attach and grow for 16 days. The growthmedia was aspirated and replaced with fresh growthmedia on the 6th d. After

16 days, the cells were collected and subjected to CD11b-positive selection to removemicroglia. The negative fraction containing astrocytes

was maintained in DMEM media supplemented with 10% FBS, 1% glutamine, and 1% penicillin/streptomycin, and treated with metals in

DMEM containing 2% FBS.
Cell line

The humanU251-MGastrocyte cell line obtained fromATCC (HTB-17) wasmaintained inMEMsupplementedwith 10% FBS and 1%penicillin/

streptomycin and treated in MEM with 2% FBS. Cells were cultured at 37�C with 5% CO2. The source sex of the cells is male and was authen-

ticated by short tandem repeat PCR profiling.
Human induced pluripotent stem cells

The human induced pluripotent stem cells (iPSC) were maintained in mTeSR Plus medium (STEMCELL Tech, Vancouver, Canada) supple-

mented with 1X penicillin/streptomycin (Gibco) in 5% CO2 at 37�C. The medium was changed every other day. We modified the protocol

for neural induction from STEMCELL Tech and astrocyte differentiation from the previously established protocol.86 To generate neural pro-

genitor cells (NPCs) from iPSC, we used STEMdiff SMADi Neural Induction Kit (STEMCELL) following the manufacturer’s protocol with minor

changes. Briefly, human iPSCswere seededonAggreWell800 24-well plate and culturedwith STEMdiff Neural InductionMedium+SMADi for

5 days to make embryoid bodies (EB). After 5 days, the EBs were harvested from a single well of an AggreWell800 plate and plated onto a

Matrigel-coated well of a tissue culture-treated 6-well plate. They were cultured in the same medium for another 5 days, and neural rosettes

were mechanically selected using glass Pasteur pipettes. NPCs were cultured in NPC expansion medium: DMEM/F-12 + Glutamax supple-

mented with N2 supplement (Gibco), B27 supplement without vitamin A (Gibco), 10 ng/mL EGF (R&D Systems, Minneapolis, MN), 10 ng/mL

bFGF (R&D Systems), and 1X penicillin/streptomycin. For astrocytic differentiation, NPCs were seeded on aMatrigel-coated 6-well plate. The

next day, the medium was switched to astrocyte induction medium: DMEM/F-12 + Glutamax supplemented with N2, B27 without vitamin A,

10 ng/mL EGF, 10 ng/mL human LIF (R&D Systems), and 1X penicillin/streptomycin. Themediumwas changed every two days for 2 weeks and

cells were split when they reached �90% confluence. After that, the cells were treated with astrocyte medium (DMEM/F-12 + Glutamax sup-

plemented with B27 without vitamin A and 1X penicillin/streptomycin) containing 20 ng/mL CNTF (R&D systems) for 4 weeks. After 4 weeks,

mature astrocytes were obtained for downstream experiments. These astroyctes were treated with 500 mM of MnCl2.
METHOD DETAILS

Chemicals & reagents

Cell culture media, supplements, and transfection reagents (lipofectamine 2000 in conjunction with Opti-MEM) were purchased from Life

Technologies (Waltham, MA). SAFC fetal bovine serum (FBS), manganese chloride tetrahydrate (MnCl2), and puromycin were obtained

from Sigma (St. Louis, MO), while lead chloride (PbCl2), copper chloride (CuCl2), and iron chloride (FeCl2) were purchased from Fisher Scien-

tific (Waltham, MA). The proteasome inhibitor MG-132 was purchased from Tocris Bioscience (Minneapolis, MN). Antibodies used are as fol-

lows: rabbit YTHDF2 (Proteintech, Rosemont, IL: #24744-1-AP), mouseGFAP (EMDBioscience, Burlington,MA: #MAB360), rabbit GFAP (EMD

Bioscience: #AB5804), mouse HIF1a (BD Biosciences, Becton Drive Franklin Lakes, NJ: #610959), rabbit Lamin B1 (Abcam, Cambridge, UK:

#ab16048), rabbit pSEK1 (Cell Signaling Technology (CST), Danvers, MA: #9156), rabbit SEK1 (CST: #9152), rabbit cJUN S63 (CST: #2361),

mouse cJUN (Santa Cruz, Dallas, TX: #sc-74543), rabbit pJNK (CST: #4671), rabbit JNK (CST: #9258), mouse b-actin (Sigma: #A5441), rabbit

b-actin (Sigma: #A2103), mouse GAPDH (Sigma: #G8795), goat complement component C3d (R&D Systems, Minneapolis, MN: #AF2655),
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goat GFP (Abcam: ab6673), rabbit METTL14 (Proteintech, Rosemont, IL: #26158-1-AP), rabbit METTL3 (Abcam: #ab195352), and rabbit

ALKBH5 (Novus Biologicals, Centennial, CO: #NBP1-82188).

Overexpression and siRNA transfection

To generate a stable cell line expressing the human YTHDF2, U251-MG cells were stably transfected with a GFP-tagged YTHDF2 expression

plasmid pLenti-C-mGFP-P2A-Puro (OriGene, #RC230306L4) or GFP empty vector by lipofectamine 2000 according to the procedure recom-

mended by the manufacturer. The stable transfectants were selected and maintained in 3 mg/mL of puromycin added to the growth media.

The siRNA transfection of U251 astrocytes was performed by using lipofectamine 2000 following the manufacturer’s instructions and

scaled as necessary with a default of 100 pmol siRNA for a 10 cm2 area. The YTHDF2-specific siRNA and AllStars negative control siRNA

(#1027281) were purchased from Qiagen, while the HIF1a-specific siRNA was obtained from Ambion. The siRNA sequence for YTHDF2 is

50-AAGGACGTTCCCAATAGCCAA-30 and for HIF1a is 50-GCTGATTTGTGAACCCAT-3’ (Ambion). After 48 h from the initial transfection,

the cells were subjected to Mn treatment experiments. For all cell experiments, MnCl2 treatments were performed at 100 mM, and likewise,

so were PbCl2, CuCl2, and FeCl2 treatments. Treatment with the proteasome inhibitor MG-132 was performed at 5 mM. Actinomycin D treat-

ments were performed at 10 mg/mL.

Immunocytochemistry (ICC) and Immunohistochemistry (IHC)

For ICC, 13-mm coverslips were placed into 24-well plates and coated with poly-D-lysine. After experimental treatments, the media was aspi-

rated, and 4% paraformaldehyde (PFA) was added to the wells, which were then incubated for 30 min at room temperature. Afterward, the

coverslips were rinsed 5 times with PBS and then blocked using 5% donkey serumwith 0.25% Triton X-100 in PBS for 1 h at room temperature.

Primary antibodies were incubated overnight at room temperature, while secondary AlexaFluor antibodies, all from Invitrogen, were incu-

bated for 1 h at room temperature. Washing was performed using PBS. Coverslips were then imaged using a Keyence All-in-one microscope

(Keyence, Osaka, Japan).

For IHC, mice were perfused with 4% PFA, after which the brains were placed in 4% PFA for at least 24 h. For paraffin-embedded

sectioning, the brains were placed onto a matrix and cut into 2-mm coronal pieces and then embedded into cassettes. Paraffin-embedded

sections were cut at 5 mm. For cryosectioning, brains were transferred into a 30% sucrose solution and allowed to sink. Afterward, the brains

were embedded and frozen in the Optimal Cutting Temperature compound. Cryosections were cut at 30 mM and allowed to free-float in

cryosolution (30% sucrose and 30% ethylene glycol in PBS). The sections were rinsed in PBS and then subjected to antigen retrieval solution

(10mM sodium citrate, pH 7.6). The sectionswere blocked using 5%donkey serumwith 0.25%Triton X-100 in PBS for 1 h at room temperature.

Primary antibodies were incubated overnight, while secondary antibodies were incubated for 1 h at room temperature. The sections were

imaged using the same Keyence All-in-one microscope.

Immunoblotting

Cells or brain tissues were homogenized in modified RIPA buffer containing Halt protease and phosphatase inhibitors, 1 mM sodium ortho-

vanadate, and 1 mM phenylmethanesulfonyl fluoride. Afterward, the lysate was sonicated, cleared by centrifugation at 4�C, and the super-

natant was collected. The protein concentrations were determined by a Bradford assay. Ten to forty mg of protein was loaded for SDS-PAGE

gel electrophoresis and transferred onto nitrocellulosemembranes.Membranes were blocked using Li-cor Intercept blocking buffer for 1 h at

room temperature. Primary antibodies were incubated overnight at room temperature, while secondary antibodies were incubated for 1 h at

room temperature. Washing was performed using PBS-Tween. All membranes were imaged using a Li-Cor Odyssey infrared imaging system

(Li-cor, Lincoln, NE), and data were analyzed using ImageJ software or Odyssey software 2.0 (Li-Cor). b-actin or GAPDH served as an internal

control for loading.

Nuclear and cytoplasmic fractionation

Cells were collected by scraping andwashingwith PBS 1 time. Twenty mL of the packed cell volumewas usedwith CER I (200 mL), CER II (11 mL),

andNER (100 mL) buffers according tomanufacturer’s protocol of theNE-PERNuclear and Cytoplasmic Extraction Reagent kit (Thermo Fisher

Scientific). Afterward, the immunoblotting procedure given above was followed, with 10 mg of protein from both the nuclear and cytosolic

fractions loaded onto the same gel.

Biotinylated EAAT1/GLAST-1 Immunoprecipitation

Striatal and hippocampal brain tissues from tamoxifen-induced Y2cKO (tiY2cKO) and vehicle Y2cKO (viY2cKO) mice were isolated and incu-

bated in 0.25% trypsin-EDTA (TE) at 37�C for 15min. Then, the TE was removed, and the brain tissue was rinsed in Hibernate A (minus calcium)

media (BrainBits LLC, Springfield, IL). Next, the tissue was mechanically dissociated through intermittent pulsing using a micro-tube homog-

enizer. The resulting cell suspension was filtered using a 70-mmfilter and centrifuged for 5 min at 1,500 rpm room temperature. The cell pellet

was resuspended in Ca2+- and Mg2+-free Dulbecco’s phosphate buffered saline (DPBS) supplemented with 2% FBS and 1 mM EDTA and

subjected to positive biotin selection according to manufacturer’s protocol (StemCell Technologies). A biotinylated EAAT1/GLAST-1 anti-

body (Novus Biologicals) was used in conjunction with this kit to positively select astrocytes. Purified astrocytes were lysed, and their DNA

was collected via the alkaline extraction method, followed by PCR and gel electrophoresis for DNA recombination. The primer sequences
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(50-30) are: Forward = GACCTGGATTAGCAGGAGT; Reverse = CAGACCACTCCAACACAGAA. The expected sizes of the amplicons are as

follows: Ythdf2 wild-type, 2882 bp; Ythdf2 LacZ modified, 9932 bp; Ythdf2 LacZ removed (floxed), 3019 bp; and Ythdf2 Cre recombined (post

tamoxifen), 748 bp.
Luminex ELISA assays

For chemokine/cytokine analysis, the treatment media was collected and analyzed using the Bio-Plex Pro Human Cytokine 17-plex Assay kit

(#M5000031YV) following the established kit protocol. The analytes were detected using the Luminex Bio-Plex 200 system and quantified

against a known standard curve, which is represented in picograms/milliliter (pg/mL).
Quantitative real-time RT-PCR (qRT-PCR)

To extract RNA, cells were lysed using 1 mL of TRIzol reagent. Chloroform (200 mL) was added, and samples were vigorously mixed for 10 s,

allowed to settle for 3 min at room temperature, and then centrifuged for 15 min at 12,000 rcf 4�C to obtain phase separation. The top

aqueous layer was collected, mixed with isopropanol (at least 1:1), incubated for 10 min at room temperature, and then centrifuged for

15 min at 12,000 rcf 4�C. Isopropanol was removed, while the RNA pellets were washed with 75% ethanol and then centrifuged for 15 min

at 20,627 rcf 4�C. After air-drying for 10 min at room temperature, the RNA pellets were dissolved in RNase/DNase free ultrapure water

and quantified using aNanoDrop 2000 spectrophotometer (ThermoFisher Scientific). Onemicrogramof RNAwas converted into cDNAusing

a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). qPCR was performed using PowerUp Sybr Green reagents (Applied

Biosystems) and run on the QuantStudio 3 system (Applied Biosystems, Waltham, Massachusetts). Human 18S rRNA was used as the house-

keeping gene for normalization. The primer sequences for the YTHDF paralogs and MAP2K4 are as follows (50-30): YTHDF1 (F: AC

ACAACCTCCATCTTCGAC & R: ACTGGTTCGCCCTCATTG), YTHDF2 (F: TAGCCAACTGCGACACATTC & R: CACGACCTTGACGT

TCCTTT), YTHDF3 (F: TGACAACAAACCGGTTACCA & TGTTTCTATTTCTCTCCCTACGC), and MAP2K4 (F: TCCCAATCCTACAGGA

GTTCAA & R: CCAGTGTTGTTCAGGGGAGA). Validated QuantiTect primer sets obtained from (Qiagen) for IL-1a (QT00001127), IL-1b

(QT00021385), IL-8 or CXCL8 (QT00000322), IL-12a (QT00000357), IL-18 (QT00014560), TNFa (QT00029162) were also used. The data were

analyzed using the DDCt method.
Actinomycin D mRNA stability assay

After transfection and/or treatments, cells were treated with 10 mg/mL of actinomycin D (Invitrogen) for 2 and 4 h, with 0 h as the initial con-

dition. Cells were then collected by scraping and washing with PBS once. RNA was isolated and quantified as described in the qRT-PCR

section.
RNA- and RIP-sequencing and analysis

The RNA- and RIP-sequencing analysis was adapted from previous studies.27,41 Briefly, cells were lysed in 2 volumes of modified TNE buffer

containing 1% NP-40, Halt protease and phosphatase inhibitors, 1 mM sodium orthovanadate, 1 mM phenylmethanesulfonyl fluoride, and

SUPERase RNase inhibitor (Invitrogen, 1:100). Lysates were cleared twice through centrifugation, and 2.5% of the total cleared lysate was

collected and mixed with 1 mL of TRIzol for the RNA input fraction. RNA input was poly (A) purified using the GenElute mRNA kit (Sigma,

#MRN 70). The remaining cleared lysate was subjected to immunoprecipitation with 10 mg of YTHDF2 antibody under constant rotation at

4�C for 4 h. The Protein A/G Magnetic Beads from Thermo Scientific Pierce (#88803) were then added to incubate under constant rotation

at 4�C for 1 h. Then the YTHDF2 mRNP complexes were magnetically isolated, washed with TNE buffer, and placed in 1 mL of TRIzol for

RNA isolation for the immunoprecipitated fraction. Sequencing was performed using a 50-cycle (single-end) with a HiSeq 3000 system (Illu-

mina) with a total of 100 ng of RNA from both input and immunoprecipitated fractions. Fastq files were processed with the default settings of

Altanalyze (embedded with Kallisto), and the expression files were subsequently processed through the embedded gene ontology software

GO-Elite.87–89 For RIP-seq targets, we used the log2(RIP/input) calculation on our TPM sequencing data, with valuesR+1 as denoted as tar-

gets of YTHDF2, while values <+1 were considered non-targets of YTHDF2.90 Fastq and processed data have been uploaded to NCBI GEO

(accession GSE254720).
Global m6A LC-MS/MS

Global m6A was quantified as previously described.27 Briefly, RNA was isolated by TRIzol and subjected to 2 rounds of poly (A) purification

using theGen-ElutemRNAkit (MRN70). Thirty nanograms ofmRNAwere digested by nuclease P1 at 37 �C for 3 h, followedby FastAP alkaline

phosphatase digestion at 37 �C for 6 h. The samples were diluted and filtered through a 0.22-mm filter, and 5 mL of each sample was injected

into the LC-MS/MS. Reverse phase UPLC using a C18 column separated the nucleosides, which were detected by an Agilent 6410 QQQ LC

mass spectrometer in positive electrospray ionizationmode. Quantification was performed using a standard curve after taking the nucleoside

to base ionmass transitions of 282 to 150 (m6A), and 268 to 136 (A). The ratio of m6A to Awas calculated and expressed as a percentage of the

control.
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QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad 8.0 was utilized for data visualization and statistical analysis. For two group comparisons, we applied the unpaired t-test. Welch

correction was applied for comparisons with unequal variance and Mann-Whitney for nonnormally distributed data. For multiple group com-

parisons, two-way ANOVA was applied, with corrections for multiple comparisons controlled using FDR two-stage step-up method of Ben-

jamini, Krieger and Yekutieli. For mRNA half-life comparisons, one-phase decay non-linear regression analysis was performed. Exact p-values

are reported. p-values less than 0.05 were considered as strong evidence; however, p-values between 0.05 and 0.01 were considered as weak

evidence taking into consideration the variations in data and trends.91
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