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RIPK1 activation in Mecp2-deficient microglia promotes
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Rett syndrome (RTT) is a devastating neurodevelopmental disorder primarily caused
by mutations in the methyl-CpG binding protein 2 (Mecp2) gene. Here, we found that
inhibition of Receptor-Interacting Serine/ Threonine-Protein Kinase 1 (RIPK1) kinase
ameliorated progression of motor dysfunction after onset and prolonged the survival of
Mecp2-null mice. Microglia were activated early in myeloid Mecp2-deficient mice, which
was inhibited upon inactivation of RIPK1 kinase. RIPK1 inhibition in Mecp2-deficient
microglia reduced oxidative stress, cytokines production and induction of SLC7A11,
SLC38A1, and GLS, which mediate the release of glutamate. Mecp2-deficient microglia
release high levels of glutamate to impair glutamate-mediated excitatory neurotransmis-
sion and promote increased levels of GluA1 and GluA2/3 proteins in vivo, which was
reduced upon RIPK1 inhibition. Thus, activation of RIPK1 kinase in Mecp2-deficient
microglia may be involved both in the onset and progression of RT'T.

Mecp2 | RTT | RIPKT | inflammation | microglia

Rett syndrome (RTT, MIM 312750) is a postnatal progressive neurodevelopmental
disorder with onset during early childhood (1). The majority of RTT that primarily
affect females are caused by mutations in the X-linked gene encoding methyl-CpG
binding protein 2 (Mecp2), a transcriptional repressor involved in chromatin remodeling
and the modulation of RNA splicing (2). Patients with RT'T appear to develop normally
and achieve early developmental milestones up to 6 to 18 mo. The onset of develop-
mental stagnation occurs in second year of life, demonstrating general growth retarda-
tion, weight loss, and neurological and mental deterioration (1). Highly elevated levels
of glutamate were detected in the cerebrospinal fluid and brains of RTT patients which
has been proposed to contribute to neural dysfunction (3). The neuronal function of
Mecp2 has been well established (4). Mecp2 deficiency in neurons can lead to
cell-autonomous changes during postnatal development responsible for neurological
symptoms in RTT (5, 6). Mecp2-null mice are phenotypically normal after birth until
3 to 6 wk of age, when male mutant mice begin to display a stiff, uncoordinated gait,
hypoactivity, hindlimb clasping, and weight loss which is followed by death between
10 and 36 wk of age (6, 7). The expression of Mecp2 has also been detected in glial
lineage such as microglia. Targeted re-expression of Mecp2 in myeloid cells driven by
Lysm“ in Mecp2-null mice or transplantation of wild type (WT) bone marrow into
irradiation-conditioned Mecp2-null hosts has been shown to arrest disease development
(8). However, it is still not clear how microglial Mecp2 deficiency might contribute to
the development of RTT syndrome.

Receptor-Interacting Serine/ Threonine-Protein Kinase 1 (RIPK1) is a key mediator of
inflammatory response and cell death (9, 10). Stimulation of TNFR1 by TNFa can activate
RIPK1-dependent apoptosis or necroptosis (11-14). The recruitment of multiple ubiq-
uitinating enzymes such as A20 to TNFR1-associated complex (complex I) is critical for
deciding whether RIPK1 kinase should be activated. Mice carrying a RIPK1 D138N
kinase dead knock-in mutation have been shown to be normal in development and adult
life and are highly resistant to TNFa-induced systemic inflammatory response (15, 16).
The role of RIPK1 in neuropsychiatric conditions and neurodevelopmental alterations,
such as RTT syndrome, has not been characterized.

In this manuscript, we investigated the mechanism of Mecp2 in microglia by establishing
microglial Mecp2 conditional knockout mice. We found that Mecp2 deficiency in micro-
glia drove a RIPK1-mediated inflammatory response to promote oxidative stress and
secretion of glutamate which in turn contribute to neural dysfunction in a cell
non-autonomous manner. Genetic inhibition of RIPK1 by D138N mutation delayed the
onset of motor dysfunction and premature death of Mecp2-null mice. Furthermore, phar-
macological inhibition of RIPK1 after the onset of motor dysfunction in male Mecp2-null
mice ameliorated the progression of disease. Our study suggests the involvement of
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Significance

A functional role of Mecp2
deficiency in mediating the
activation of microglia to
promote inflammatory response
in RTT syndrome has been
established by previous studies.
However, the mechanism is
unclear, nor do we know how

to modulate the microglial
activation for the treatment of
RTT. Our study suggests that the
activation of RIPK1 kinase may
define a key checkpoint in the
onset of neural dysfunction of
RTT that connects microglial
inflammatory response in
microglia with glutamate-
mediated excitotoxicity in
neurons. We propose a RIPK1
kinase inhibitor to be considered
for the treatment of RTT.
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RIPK1-mediated microglial inflammatory response in the onset
and progression of RTT syndrome.

Results

RIPK1 Activation Mediates the Onset and Progression of Disease
in a RTT Model. To determine the effect of RIPK1 inactivation
in the Mecp2-null condition, we used the Mecp2-null mutant
allele generated from the Mecp2“* conditional allele, which carries
insertions of both Cre- and Flp- around the exon3 of the Mecp2
gene without disturbing its expression dosage and allows site-
specific deletion of Mecp2 when crossed with specific recombinase
(7). We determined the effect of genetic inactivation of RIPK1
using D138N kinase dead knockin allele on the survival and
motor dysfunction of Mecp2-null (Mecp2™“") mice, which was
generated by crossing MecpZCF with E2a-cre (7) (Fig. 1 Aand B).
The motor dysfunction was measured using hindlimb clasping at
6, 8, and 10 wk old of male Mecp2™" mice and Mecp2"™'";
ijlelagN/DlagN mice (Fig. 14). Inhibition of RIPK1 by D138N
knockin mutation had an inhibitory effect to the onset of motor
dysfunction, although the inhibitory effect became less significant
at 10 wk of age than 6 to 8 wk of age. The onset of death started
from 12 wk of age for Mecp2™“” mice and 15 wk of age for
Mecp2™; Ripk1P'$NP138N ice (Fig, 1B). The average survival
is 16 wk for male Mecp2™“"* mice and 20 wk for male Mecp2'¥“";
Riple138N/D138N mice. Thus, inhibition of RIPK1 significantly
prolonged the survival of male Mecp2™“" mice.

We further tested the effect of RIPK1 inhibition after the onset
of motor dysfunction in male Mecp2™“" mice. Male Mecp2"' ™"
mice at 7 wk of age were orally dosed with Nec-1s via drinking
water and motor function was assessed using open field test on a
weekly basis. We found that pharmacological inhibition of RIPK1
by Nec-1s ameliorated the disease progression in male Mecp2™"
mice after the onset of disease (Fig. 1Cand SI Appendix, Fig. S1A4).

RIPK1 Regulates the Activation of Mecp2-Deficient Microglia. The
contribution of Mecp2 deficiency in microglia to RTT has been
recognized (8, 17, 18); however, we still know very little regarding
the mechanism by which microglial Mecp2 deficiency contributes
to neural dysfunction in RT'T. RIPK1 has been shown to mediate
neuroinflammation in neurodegenerative diseases including amyo-
trophic lateral sclerosis, multiple sclerosis, and Alzheimer’s disease
(19-23); however, the role of RIPK1 in neurodevelopmental diseases
has not been investigated. Since inhibition of RIPK1 prolonged the
survival and ameliorated the disease progression of Mecp2-null mice,
we focused our investigation on the role of RIPK1 in the microglial
lineage. To investigate the impact of Mecp2 deficiency in microglia,
we built Mecp2““F; Lyz2“" mouse line which removes Mecp2
from cells in the myeloid lineage such as microglia (S7 Appendix,
Fig. S1B). The MecpZCF/CF mouse line used is known to show no
difference from WT C57BL/6] mice for the expressing pattern and
dosage of Mecp2 (7). Using this mouse model, we first characterized
the activation of Mecp2-deficient microglia in the brains of female
Mecp2““F; Lyz2“" mice using immunofluorescent staining of Ibal
and CDG68. In order to make our results comparable with previous
studies using Mecp2 knockout mice, which only females survive, our
study described below only used female Mecp2“™'“F; Lyz2“" mice.
We characterized the morphology of microglia in the whole brain
of Mecp2CF/CF mice, Mecp2CF/CF; Lyz2Cre mice and Mecp2CF/CF;
LyzZC'e; Ripkl DISSNIDIEN e, which carry a RIPK1 kinase knockin
inactivating mutation (24), using Ibal immunofluorescence (IF)
staining for microglia. Compared to that of microglia in the cortex
of MecpZCF/CF mice, the microglia in Mecp2CF/ F; Lyz2Cre mice
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exhibited a highly ramified morphology with many sinuous branches
and increased cell body sizes; both increased number of microglia and
highly ramified morphology was inhibited in Mecp2“™“"; Lyz2“";
RipleBSN/DBSN mice (Fig. 1 D and E). Similar observation using
Ibal IF was made with microglia in the hippocampus and medial
prefrontal cortex (mPFC) of female Mecp2©HCF; LyZZCre mice and
Mecp2F; Lyz2“; Ripk1PP¥NPPN mice (ST Appendix, Fig. S1
C-F). With CD68 IF staining, a marker for activated phagocytic
microglia and macrophages, we detected increased numbers of
CD68+ microglia in the cortex of Mecp2CF/CF; LyZZCre mice that
were 3 or 8 mo of age (Fig. 1 Fand G). Both the numbers of CD68+
microglia and the intensity of CD68 immunofluorescence staining

. F/CF ) . 1 DI3N/DI3SN .
were reduced in MecpZC R Ripk1 IN/DISEN - ice

2CF/CF 2Cre

compared to that of Mecp mice. Similar observation

; Lyz
using CD68 IF was made with microglia in the hippocampus and
medial prefrontal cortex (mPFC) of female Mecp2“"“, Mecp2““F;
Lyz2“" mice and Mecp2“"'“"; Lyz2“; Ripk1P"P*VPEN mjce
(SI Appendix, Fig. S1 G—J). These data suggest that Mecp2 deficiency
promotes RIPK1-mediated microglial activation.

We also characterized the morphology of astrocytes using GFAP
immunofluorescence. In contrast to that of Mecp2-deficient micro-
glia, astrocytes in the cortex of Mecp2™™™F; Lyz2“ mice and
Mecp2“; Lyz29 Ripk1 PPN mice did not exhibit changes
in morphology or numbers compared to that of Mecp2““ mice
(SI Appendix, Fig. S1 Kand L). Thus, our results suggest that Mecp2
deficiency in microglia may not exert a detectable effect on the mor-
phology of astrocytes in female Mecp2“F; Lyz2“" mice at ages
investigated.

Mecp2 Deficiency in Microglia Promotes RIPK1-Mediated
Inflammatory Response. We next examined whether RIPK1 was
activated in Mecp2-deficient microglia isolated from newborn
Mecp2“CF; Lyz2°" mice using p-$166 RIPK1, the biomarker of
RIPKT activation (11, 23). Interestingly, we found the evidence of
RIPK1 activation in microglia from newborn Mecp2CF/CF; Lyz2Cre
mice, which is before the onset of disease can be observed in
male Mecp2-null (MecpZIVC/y) mice (Fig. 24) (7). Thus, RIPK1
activation in microglia may occur very early before the onset of
the disease. We then detected the activation of RIPK1 kinase in
microglia of Mecp2-null male mice at the age of 8 wk and of
microglial mecp2 deficiency female mice at the ages of 3 mo and 8
mo by double immunostaining of Ibal and p-S166 RIPK1 which
were blocked by Ripk1 D138N mutation. These data suggest that
Mecp2 deficiency in microglia promotes the activation of RIPK1
to mediate microglial activation (S Appendix, Fig. S2 A-D).

To characterize the effect of Mecp2 deficiency in promoting the
activation of microglia, we performed RNAseq on the microglia
isolated from adult female Mecp2“"'F mice, Mecp2“™'“F; Lyz2"
mice and MCCPZCF/CF; Lyz2cre; Riplel38N/D138N mice at 3 mo of
age. Our data indicated that Mecp2 deficiency in microglia of
Mecp2“F; Lyz2“" mice significantly downregulated the expres-
sion of 695 genes and significantly upregulated the expression of
446 genes with more than twofold change compared to that of
Mc:(:pZCF/CF microglia (Fig. 2B). Interestingly, genetic inhibition
of RIPKI kinase using Ripkl-D138N mutation restored the
expression of the majority of these down- and up-regulated genes
in the Mecp2-deficient microglia: There are 400 significantly
upregulated genes and 370 downregulated genes in Mecp2-deficient
microglia that were restored to that of WT levels by Ripkl D138N
mutation. The remaining 511 significantly altered genes in
Mecp2-deficient microglia could not be restored by Ripkl D138N
mutation, which are mostly related to the peptide metabolic pro-
cess and amide biosynthetic process (Fig. 2B and SI Appendix,
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Fig. 1.

T T T
8 Months

Characterizing microglial activation in Mecp2-deficient mice with or without RIPK1 inhibition at different ages. (A) Hindlimbs clasping test. In this test,

mice were suspended by the base of the tail and videotaped for 10 to 15 s. Hindlimb clasping was rated from 0 to 3 based on severity: 0 = hindlimbs splayed
outward and away from the abdomen, 1 = one hindlimb retracted inward toward the abdomen for at least 50% of the observation period, 2 = both hindlimbs
partially retracted inward toward the abdomen for at least 50% of the observation period, 3 = both hindlimbs completely retracted inward toward the abdomen
for at least 50% of the observation period. Mean + SEM, *P < 0.05; **P < 0.01; ***P < 0.001; ****P <0.0001. N = 7 for each group. (B) Survival curves of MecpZWT’y,
Mecp2"V™Y; and Mecp2"'®; Ripk1P'3NVP138N maje mice. (€) Motor function tests were evaluated using the open field test for Mecp2"'™ and Mecp2VY male
mice. The Mecp2"“” male mice were treated with Nec-1s or vehicle began at the age of 7 wk. N = 6 mice for each group. Mean + SEM. (D and E) Images of Iba
immunofluorescent (IF) staining for microglia in cortical sections from the brains of female mice with indicated genotypes that were 3 wk, 3 mo, and 8 mo of age
(D). (E) The morphology and numbers of microglia were quantified as the areas of Iba1+ cells, intensities of Iba1 IF signals and the density of Iba1+ cells in whole
brain coronal sections (D). The Iba1 IF signals were quantified in 88 whole brain coronal sections for each age and genotype (88 whole brain coronal sections
collected from seven mice for each genotype were used in entirety for the quantification). N = 7 mice for each genotype. Mean + SEM. (F and G) IF staining of
CD68 for the activated microglia morphology in female mice with indicated genotypes that were 3 mo and 8 mo of age (F). The intensities of CD68 and the
percentages of CD68+ microglia were quantified (G) [88 whole brain coronal sections collected from each genotype were used in entirety for the quantification
as in (D and E)]. N = 7 mice for each genotype. Mean + SEM.
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Fig.2. RNA-seq analysis of primary microglia from adult female Mecp2-deficient mice with or without RIPK1 inhibition. (A) Images of p-RIPK1(S166), MeCP2, Iba1
immunofluorescent (IF) staining for primary microglia isolated from newborn mice with indicated genotypes (Left) and statistic results of related fluorescence
intensity (Right). Mean + SEM of n = 5 images. (B) RNA-seq heatmap for significantly differentially expressed genes (DEG) in adult primary microglia from indicated
mice at 3 mo of age. Microglia were identified as CD11b positive and CD45 low populations and isolated by flow cytometry. N = 3 mice for each genotype. (C)
RNA-seq heatmap for cytokines-related genes as in (B) demonstrating up-regulated cytokines in microglia from Mecp2"F; Lyz2“" mice (3 mo old) compared
to that of Mecp2“"“" mice, which were restored to WT levels in microglia from Mecp2“<%; Lyz2"; Ripk1°"3#8VP138N mice, N = 3. (D) qPCR analysis of selected
cytokines from primary microglia isolated newborn mice with indicated genotypes for mRNA expression levels. Mean + SEM of n = 4.

Fig. S2 E~G and Dataset S1). We did a GO analysis of the genes
whose expressions were up-regulated by Mecp2 deficiency in
microglia from Mecp2“"'“"; 1yz2“" mice compared to that of
Mecp2“"’“F mice and found an enrichment in the positive regu-
lators of immune response and cytokine production, microglial
activation, positive regulators of cell motility and phagocytosis,
cytokine signaling, ROS metabolism, NF-kB signal pathway, and
ER protein accumulation (S/ Appendix, Fig. S2H). All of these
pathways were restored upon RIPK1 inhibition in MecpZLF/LF;
Lyz2“"; Ripk1PPNPUN nice (ST Appendix, Fig. S21). These
results suggest that inhibition of Ripkl activation restores the
majority of gene expression changes in these pathways disturbed
by Mecp2 deficiency in microglia from 3 mo old of female mice.

We noted a striking effect of Mecp2 microglial deficiency in 3
mo-old Mecp2“'“F; Lyz2“ mice in promoting the expression of
proinflammatory cytokines and chemokines, such as TNE IL1§,
IL6, Ccl2, Ccl3, Ccl4, and Cxcll, which were inhibited by genetic
inhibition of RIPK1 kinase (Fig. 2C and Dataset S2).

To characterize the early effect of RIPK1 activation in microglia,
we isolated primary microglia from newborns of Mecp2“™“" mice,
Mecp2°F; Lyz2 ™ mice and Mecp2 " 'F; Lyz2C; Ripk 1 PI3#N/D138N
mice. We found that Mecp2 deficiency also led to increased expres-
sion of TNE IL1§, IL6, Ccl2, Ccl3, Ccl4, and Cxcll in primary
microglia isolated from newborn Mecp2““"; Lyz2“" mice. The
elevated expression of TNE IL1, IL6, Ccl2, Ccl3, Ccl4, and Cxcll
in Mecp2-deficient microglia from newborn mice was also inhibited
by genetic inhibition of RIPKI in microglia from Mecp2“CF;
Lyz2“"; Ripk1P#NPPEN mice (Fig. 2D).
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To investigate the mechanism by which Mecp2 deficiency
promotes inflammation in microglial lineage, we established
Mecp2-deficient BV2 cells by Crispr-Cas9 knockout (57 Appendix,
Fig. S3A). RNAseq analysis was performed on RNA isolated from
WT BV2 cells, Mecp2-KO BV2 cells and Mecp2-KO BV2 cells
that were treated with RIPK1 inhibitor Nec-1s for 4 h or 24 h. We
found that Mecp2-deficient BV2 cells also demonstrated a substan-
tial number of increased and decreased expression of genes that were
restored upon pharmacological inhibition of RIPK1 by Nec-1s
(81 Appendix, Fig. S3 B and C). Compared with that of WT BV2
cells, Mecp2 deficiency in BV2 cells also promoted the expression
of the genes involved innate immunity response and signaling path-
ways as well as NF-k signaling pathway (SI Appendix, Fig. S3D).
Inhibition of RIPK1 in Mecp2-deficient BV2 cells by Nec-1s pri-
marily affects the pathways that regulate immune response and
inflammatory response such as TNF (87 Appendix, Fig. S3E). As that
of Mecp2-deficient microglia (Fig. 2 C and D), Mecp2-deficient
BV2 cells also demonstrated a striking elevated expression of proin-
flammatory cytokines including TNE IL6, Ccl2, Cd3, Ccl4,
and Cxcll which were suppressed by the treatment with Nec-1s
(81 Appendix, Fig. S3 Fand G).

Suppression of Increased ROS in Mecp2-Deficient Microglia
by RIPK1 Inhibition. Oxidative stress has been implicated in
mediating pathogenesis in human RTT and Mecp2-null mice
(25, 26). Interestingly, in addition to elevated expression levels
of proinflammatory cytokine genes, we also detected increased
expression of the genes involved in ROS (reactive oxygen species)
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metabolism, including NOX2, SOD2, SLC7A11, and CYBA, levels of ROS compared to that of MecpZCF/CF primary microglia,
the genes involved in mitochondrial stress response, such as  and genetic inhibition of RIPK1 by D138N reduced CellRox
MEN2, TSPO and PARK?7, and immune response genes, such  intensity in newborn microglia isolated from Mecp2“™F; 1yz2“";
as TYROBP, IFGB2, ITGAM, and RIPK3, which were suppressed ~ Ripk1P"**NP13N nice compared to that of microglia from
upon inhibition of RIPK1 in Mecp2-deficient microglia isolated ~ Mecp2"'“F; Lyz2“ mice (Fig. 3B and SI Appendix, Fig. S4B).
from MecpZCF/CF; LyzZCre mice at 3 mo of age (Fig. 34). Induction These results suggest the role of RIPK1 in mediating the increased
of NOX2, SOD2, and SLC7A11 as well as that of TSPO and ~ ROS levels that are already present in primary Mecp2-deficient
ITGAM and the suppression by treatment with Nec-1s were also  microglia in newborn mice.
found in Mecp2-deficient BV2 cells (S Appendix, Fig. S4A). A previous work reported the activation of NADPH-oxidase
Thus, the activation of RIPKI1 in Mecp2-deficient microglia (NOX) in inducing upheaval of ROS in Rett syndrome fibro-
promotes a transcriptional induction of the genes in mediating blasts (27). Our RNAseq analysis has demonstrated an increase
ROS production and immune response. in the levels of Nox2 in Mecp2-deficient microglia isolated from
Since the increased expression of the genes involved in ROS  newborn Mecp2"’*; Lyz2“" mice as well as Mecp2-deficient
metabolism was suppressed by genetic inactivation of RIPK1 in  BV?2 cells which were inhibited by genetic and pharmacological
microglia isolated from Mecp2™“; Lyz2%"; Ripk1P**NP1Ninhibition of RIPK1 (Fig. 34 and S Appendix, Fig. S4A). To
mice, we next used a ROS-sensitive dye, CellRox, to measure the  investigate the mechanism of ROS up-regulation in Mecp2-
intracellular ROS concentration in primary microglia isolated  deficient microglia, we further examined the protein levels and
from newborns of Mecp2“"’“F mice, Mecp2“"'“F; 1yz2“ mice  mRNA levels of Nox1 and Nox2 in primary microglia and found
and Mecp2"'F; Tyz2°"; Ripk1P"#*VP13N mice, We found that  significant upregulation of Noxl and Nox2 proteins in
Mecp2-deficient primary microglia exhibited significantly higher ~ Mecp2-deficient primary microglia which was suppressed by
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Fig.3. RIPK1 regulates ROS production in Mecp2 deficiency condition. (A) RNA-seq heatmap analysis for ROS metabolism-related genes in primary microglia isolated
from mice with indicated genotypes at 3 mo of age, demonstrating up-regulated ROS-related genes in microglia from Mecp2“"F; Lyz2“® mice compared to that
of Mecp2“F mice, which were restored to WT levels in microglia from Mecp2™<F; Lyz2“"¢; Ripk1P'2#V/P138N mice, N = 3 for each indicated genotype. (B) The levels
of intracellular ROS were analyzed using CellRox dye in primary microglia isolated from newborn mice with indicated genotypes. Images were obtained from High
Screening Content (HSC) microscopy with uniform parameters for all groups S/ Appendix, Materials and Methods. The cells were stained with 5 uM CellRox and 10 pg/
mL DAPI for 1 h and then washed with PBSx3 for 30 min before imaging. Quantitative analysis of CellRox intensity indicative ROS concentrations in newborn primary
microglia with indicated genotypes. Mean + SEM. N = 3. (C) Western blots for proteins (Above) and qPCR analyses for mRNAs (Bottom two graphs) of Nox2 and Nox1
from newborn primary microglia with indicated genotypes. Mean + SEM. N = 3 (for gPCR). (D) Intracellular ROS in BV2 WT and BV2 Mecp2 knockout (KO) cells was
detected using CellRox Dye. Final concentration of 10 pM Nec-1s was added 24 h or 4 h before imaging, 5 pM DPI (NOX inhibitor) was added 4 h before imaging, 5
mM NAC (ROS Scavenger) or 100 pM BHA was added 4 h before imaging and Nox2 siRNA was transfected 24 h before experiments. (F) Western blotting analysis
of Nox2 in BV2 WT cells and BV2 Mecp2-KO cells. Final concentration of 10 pM Nec-1s was added 24 h before lysis. 5 M DPI was added 4 h before lysis. 5 mM NAC
or 100 pM BHA was added 4 h before lysis and Nox2 siRNA was transfected 24 h before lysis. (F) gPCR analysis of Nox2, Nox1, and Nox4 in BV2 WT cells and BV2
Mecp2-KO cells for indicated relative mRNA expression levels. (G) The activity of NOX in BV2 WT cells and BV2 Mecp2-KO cells treated with indicated conditions was
determined by NOX luminescent assay.
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inactivation of RIPK1 in microglia isolated from MecpZCF/CF;

Lyz2"; Ripk1P VP3N mice (Fig. 30).

We also examined the levels of ROS in Mecp2-deficient BV2
cells using CellRox. The levels of ROS in Mecp2-deficient BV2
cells were also increased, which was inhibited by Nec-1s (Fig. 3D
and SI Appendix, Fig. S4C). Direct inhibition of ROS using NAC
(N-acetylcysteine), BHA (butylated hydroxyanisole), and NOX
inhibitor DPI (diphenyleneiodonium) reduced the CellRox signal
in Mecp2-deficient BV2 cells. The expression of Nox2, as well as
Nox1 and Nox4, was increased in Mecp2-deficient BV2 cells
which was suppressed by treatment with Nec-1s (Fig. 3 Eand F).
Inhibition of ROS using NAC or DPI did not affect the levels of
Nox2 but that of BHA did, suggesting that increased levels of
Nox2 are unlikely to be a direct response to ROS increase (Fig. 3E).
Knockdown of Nox2 reduced the CellRox signal in Mecp2-deficient
BV2 cells (Fig. 3 D and E and SI Appendix, Fig. S4C). We also
measured NOX activity using lucigenin as a substrate which has
been used to indicate the increased oxidative damage in RTT (28).
We found that the NOX activity was increased in Mecp2-deficient
BV2 cells, which was reduced upon treatment with Nec-1s, BHA,
DPI, and knockdown of Nox2, but not by NAC (Fig. 3G). These
results suggest that RIPK1-mediated transcriptional induction of
genes in the Nox family likely contributes to the increased levels
of ROS in Mecp2-deficient microglia.

RIPK1 Activation Mediates Stress Response in McCP2-Deficient
Microglia. Increased ROS has been linked with metabolic defects
and mitochondrial damage in RTT (29, 30); however, the
underlying mechanism is still unclear. To this end, we measured
oxygen consumption and mitochondrial respiration in microglia
isolated from newborn Mecp2““" mice, Mecp2“™/“F; Lyz2“*
mice and MecpZCF/CF; L ZZCE; RipleBSN/DBSN mice using
Seahorse. We found a significant reduction in the levels of basal
respiration, ATP production, maximal respiration, and spare
respiratory capacity in Mecp2-deficient primary microglia which
was partially rescued by Ripkl D138N mutation (Fig. 44 and
SI Appendix, Fig. S5 A-D). We also examined the protein levels
and mRNA levels of Mfn2 and Drpl (Fig. 4 B-D), the two
important genes that regulate mitochondrial fission and fusion
(31). We found the increased levels of Mfn2 and Drp1 in Mecp2-
deficient microglia, suggesting the effect of Mecp2 deficiency on
mitochondrial dynamics in microglia. Genetic inhibition of RIPK1
kinase by D138N mutation reduced the levels of Drpl but not
Min2 in Mecp2-deficient microglia. Mitochondrial respiration
defects have also been found in Mecp2-deficient BV2 cells which
were rescued upon treatment with Nec-1s for 24 h but not 4 h
(Fig. 4E). Mecp2-deficient BV2 cells demonstrated an increase in
the levels of Mfn2, but not Drpl, and increased levels of Mfn2
were rescued by the treatment with Nec-1s for 24 h, but not for 4
h (Fig. 4 F~H). Furthermore, inhibition of ROS by NAC, BHA,
and DPI was also able to improve mitochondrial respiration and
reduce the levels of Mfn2 (Fig. 4 /and J and SI Appendix, Fig. S5
E-H). Finally, siRNA-mediated knockdown of Nox2 was effective
in partially rescuing mitochondrial respiration and reducing the
levels of Mfn2 (Fig. 4 / and ] and SI Appendix, Fig. S5 E-H).
Ripkl D138N mutation and treatment of Nec-1s could restore
the oxygen consumption and expression of Mfn2 in Mecp2-
deficient microglia and BV2 cells, suggesting the dysfunction of
mitochondria is mediated by RIPK1 activation in Mecp2-deficient
microglia. To examine whether ROS may mediate mitochondrial
dysfunction in the Mecp2-deficient condition, we checked the
oxygen consumption rate and protein expression of Mfn2 and
Drpl with treatment of ROS scavengers and Nox2 siRNA in
Mecp2-deficient BV2 (Fig. 4 [ and /). We found the clearance of

60f 12 https://doi.org/10.1073/pnas.2320383121

ROS or inhibition of main ROS producer—Nox2 all could par-
tially restore the basal respiration, ATP production, maximal res-
piration, and spare respiratory capacity in Mecp2-deficient BV2
cells (Fig. 47 and SI Appendix, Fig. S5 F-H), and also the expres-
sion of Mfn2 in BV2 cells (Fig. 4/).

We also used Mitotracker to measure the changes in mitochon-
drial morphology in Mecp2-deficient BV2 cells. Mecp2-deficient
BV2 cells showed an increased mitochondrial area with highly
fragmented morphology and shorter mitochondrial length than
that of WT BV2 cells (Fig. 4K and SI Appendix, Fig. S51).
Treatment with Nec-1s for 24 h or siRNA-mediated knockdown
of Nox2, rescued the length of mitochondria, while treatment
with NAC or DPI had no effect.

In addition to mitochondrial damage, we also detected increased
ER stress response in Mecp2-deficient BV2 cells. Increased levels of
PERK, a key ER stress regulator, and its phosphorylated substrate,
elF2a, were detected in Mecp2-deficient BV2 cells (Fig. 4L). The
levels of phospho-elF2a were reduced by treatment with Nec-1s for
24 h, but notat4 h (Fig. 4L). The levels of phospho-elF2a were also
reduced by treatment with anti-oxidant, such as NAC, BHA, and
DPI, as well as by siRNA-mediated knockdown of Nox2 (Fig. 4M).
Thus, these results suggest that Mecp2 deficiency in microglia pro-
motes metabolic dysfunction and cellular stress responses which is in
part mediated by RIPK1-regulated Nox induction.

Reduction of A20 in Mecp2-Deficient Microglia. We next explored
the possibility by which metabolic defects might promote the
activation of RIPK1. Previous studies have demonstrated that
metabolic dysfunction in cerebrovascular endothelial cells
promotes the lysosomal degradation of A20, a key component
of the complex I in TNFRI signaling pathway, to sensitize the
activation of RIPK1 and necroptosis of cerebrovascular endothelial
cells in promoting BBB damage involved neurodegenerative
diseases such as ALS and AD (32, 33). Since a significant
enhancement of lysosome content in Mecp2-deficient microglia
has been noted (34), we examined the levels of A20 protein in
primary Mecp2-deficient microglia isolated from female newborn
mice and BV2 cells. Interestingly, the levels of A20 protein were
downregulated in both cell populations, even though the mRNA
levels of A20 were upregulated in Mecp2-deficient primary
microglia and BV2 cells (Fig. 4 N-R). Consistent with reduction
of A20 can sensitize to necroptosis and RIPKI1-dependent
apoptosis (35), Mecp2-deficient BV2 cells were sensitized to cell
death induced by TNFa and TAK1 inhibitor 5z7-oxozeaenol,
which was inhibited by Nec-1s (SI Appendix, Fig. S6 A and B).
To examine the possibility that reduced levels of A20 are due to
increased degradation, we measured A20 protein half-life using
cycloheximide (CHX) chase experiment (S7 Appendix, Fig. S6C).
Indeed, we found that the half-life of A20 was shortened in
Mecp2-deficient BV2 cells, which was rescued by treatment with
Nec-1s. Taken together, these data suggest that metabolic defects
in Mecp2-deficient microglia may promote RIPK1 activation and
A20 degradation which further sensitize the activation of RIPK1.

In contrast to that of microglia, siRNA-mediated knockdown
of Mecp2 in HT22 cells, a neural cell line, had no effect on the
levels of A20 or sensitivity to necroptosis or RIPK1-dependent
apoptosis (SI Appendix, Fig. S6 D—F). These data suggest that the
role of RIPK1 in mediating inflammatory response may be specific
for microglia under the Mecp2-deficient condition.

RIPK1 Mediates Increased Release of Glutamate from Mecp2-
Deficient Microglia. Increased release of glutamate from microglia
has been proposed to impair synaptic transmission in human
RTT brains (18); however, the mechanism is unclear. In our
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Fig. 4. Mitochondrial dysfunction and endoplasmic reticulum (ER) stress in the Mecp2-deficient condition. (A) Seahorse XF Mitostress test of newborn primary
microglia. Oxygen consumption rate (OCR) was measured. Mean + SEM of n = 4. (B) Western blotting analysis of Mfn2 and Drp1 in newborn primary microglia
with indicated genotypes. (C and D) gPCR analysis for mRNA levels of Drp1 and Mfn2 in newborn primary microglia with indicated genotypes. (E) Seahorse
Mitostress test of BV2 WT and Mecp2-KO BV2 cells alone or treated with Nec-1s for 4 h and 24 h as indicated. (F) Western blotting analysis of Mfn2 and Drp1
from BV2 WT cells and BV2 Mecp2-KO cells alone or treated with Nec-1s for 4 h and 24 h as indicated. (G and H) qPCR analysis for mRNA levels of Drp1 and
Mfn2 in BV2 WT cells and BV2 Mecp2-KO cells alone or treated with Nec-1s for 4 h and 24 h as indicated. (/) Seahorse Mitostress test of BV2 WT cells and BV2
Mecp2-KO cells alone or treated with indicated conditions. Final concentration of 10 pM Nec-1s was added 24 h before experiments, 5 pM DPI was added 4 h
before experiments, 5 mM NAC or 100 uM BHA was added 4 h before experiments and Nox2 siRNA was transfected 24 h before experiments. Mean + SEM. N
= 6. (/) Western blotting analysis for protein levels of Mfn2 and Drp1 in the lysates of BV2 WT cells and BV2 Mecp2-KO cells treated with indicated conditions.
Final concentration of 10 pM Nec-1s was added 24 h before cell lysis, 5 pM DPI was added 4 h before cell lysis, 5 mM NAC or 100 uM was added 4 h before cell
lysis, and Nox2 siRNA was transfected 24 h before lysis. (K) To measure mitochondrial morphology, cells were stained live with MitoTracker Red and imaged
by confocal microscopy. Final concentration of 10 pM Nec-1s was added 24 h before imaging. 5 pM DPI was added 4 h before imaging. 5 mM NAC was added
4 h before imaging and Nox2 siRNA was transfected 24 h before imaging. In each case, >50 cells in several fields were quantified to determine mitochondrial
footprint, length, and individual numbers. Mean + SEM. N = 6 images. (L) Western blotting analysis for protein levels of PERK, elF2«, and P-elF2a in BV2 WT and
Mecp2-KO BV2 cells treated with Nec-1s as indicated. (M) Western blotting analysis for protein levels of PERK, elF2a, and P-elF2q, in BV2 WT and Mecp2-KO BV2
cells treated with indicated conditions. Final concentration of 10 uM Nec-1s was added 24 h before harvesting. 5 pM DPI was added 4 h before harvesting. 5
mM NAC or 100 pM BHA was added 4 h before harvesting and Nox2 siRNA was transfected 24 h before harvesting. (N-Q) The cell lysates of primary microglia
isolated from newborn mice with indicated genotypes (N) and BV2 WT cells and BV2 Mecp2-KO cells alone or treated with Nec-1s as indicated (P) were analyzed
by western blotting for indicated antibodies, including Mecp2, A20 and B-Actin. Real-time quantitative PCR (qPCR) analyses for mRNA levels of A20 in primary
microglia as in (0) and BV2 cells as in (Q). Mean + SEM. N = 4 wells. (R) The dotted lines indicate the half-life of A20 protein. Half-life of A20 protein: WT BV2 (8 h),
BV2 Mecp2-KO cells (4.5 h), BV2 Mecp2-KO cells treated with Nec-1s for 4 h (7 h) and BV2 Mecp2-KO cells treated with Nec-1s for 24 h (7.5 h).
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RNAseq analysis, the levels of SLC7A11 mRNA were increased
in both primary microglia isolated from newborn Mecp2 %
Lyz2“" mice and Mecp2-deficient BV2 cells and suppressed by
genetic and pharmacological inhibition of RIPK1 (Fig. 34 and
SI Appendix, Fig. S4A). SLC7A11 encodes Xc exchange system,
known as xCT, an amino acid transporter that exports glutamate
in exchange for importing cystine. We measured the glutamate
concentration in cultured primary microglia isolated from newborn
Mecp2“"“F mice, Mecp2“’“F; Lyz2“ mice and Mecp2““F;
Lyz2“; Ripk1 PPN mice. We found surprisingly high levels
of glutamate in Mecp2-deficient microglia which was suppressed by
inactivation of RIPK1 by D138N (Fig. 54). Upregulated SNAT1
(encoded by the gene SLC38A1) and glutaminase (GLS) proteins in
microglia of Mecp2-null male have been reported to contribute to the
superfluous glutamates release under the Mecp2-deficient condition
and contribute to neurotoxicity (36, 37). The expression levels of
SLC38A1, which encodes SNAT1, and GLS, were up-regulated
in Mecp2-deficient microglia, which was suppressed by RIPKI
inhibition (Fig. 5 B and C). Highly elevated levels of glutamate
were also detected in the cultured media of Mecp2-deficient BV2
cells, which were reduced upon treatment with Nec-1s, siRNA-
mediated SLC38A1 knockdown, or GLS inhibitors DON or BPTES
(Fig. 5D). The protein and mRNA levels of SNAT1 and GLS were
also reduced by treatment with Nec-1s for 24 h, but not at4 h (Fig. 5
E and F). These results suggest that RIPK1 activation under the
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Mecp2-deficient condition promotes the elevated glutamate release
from Mecp2-deficient microglia.

RIPK1-Dependent Increase of AMPA Receptor Expression by
Mecp2-Deficient Microglia. We next examined the contribution of
microglial Mecp2 deficiency in vivo. Previous studies found significant
upregulation of AMPA receptors in the human brains of RT'T (38)
and the brains of Mecp2-null male mice (39). Thus, we examined the
protein levels of AMPARI (GluAl) and AMPAR2/3(GluA2/3) in
prefrontal cortex tissue and hippocampus tissue in Mecp2/“F; Ly2*
female mice aged at 3 wk, 3 mo, and 8 mo. We found significantly
increased levels of GluA1 and GluA2/3 proteins in the prefrontal
cortex and hippocampus of MeCPZCF/CF; Ly2” female mice of
all three ages (Fig. 5 G-1). Interestingly, inhibition of RIPK1 in
Mecp2“F; Lyz2“; Ripk1P" VPN mice was able to reduce the
prefrontal cortical and hippocampal levels of AMPAR1(GluA1) and
AMPAR2/3(GluA2/3) at 3 wk and 3 mo of age, but the effect was
not so obvious in 8 mo old Mecp2"'“F; Lyz2"; Ripk1P1¥¥N/P138N
mice (Fig. 5 G-I and SI Appendix, Fig. S6 G and H).

Microglial Mecp2 Deficiency Impairs Excitatory Neurotrans-
mission Which Is Restored by Inhibition of RIPK1. Increases in
the levels of glutamate and AMPARS in the brain of Mecp2“™“F;
Ly2 female mice suggest that microglial Mecp2 deficiency may be
sufficient to affect excitatory synaptic transmission. Therefore, we
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Inhibition of Ripk1 kinase activity restrains the increased glutamate release from Mecp2-deficient microglia. (A) The glutamate concentrations measured

in the 24-h conditioned medium (glutamine-) of cultured primary microglia isolated from newborn mice with indicated genotypes. Mean + SEM. N = 3. (B) Western
blotting analysis of glutamine transporter SNAT1, cystine/glutamate antiporter xCT and glutaminase GLS in the cell lysates of primary microglia isolated from
newborn mice with indicated genotypes. (C) gPCR analysis of SNAT1 coding gene SLC38A1 in the cell lysates of primary microglia isolated from newborn mice
with indicated genotypes. (D) Glutamate concentrations in the 24 h conditioned cultured media of BV2 WT cells and BV2 Mecp2-KO cells with different treatment
(glutamine-). Final concentration of 0.1 mM of DON (glutaminase inhibitor) or 10 pM BPTES (glutaminase inhibitor) was added 6 h before harvesting, and SLC38A1
siRNA was transfected for 24 h before harvesting. Mean + SEM of n = 3. (E) qPCR analysis for mRNA levels of SLC38A1 in BV2 WT cells and BV2 Mecp2-KO BV2
cells treated with Nec-1s. (F) Western blotting analysis of SNAT1 and GLS (glutaminase) in the cell lysates of BV2 WT cells and BV2 Mecp2-KO BV2 cells treated
with Nec-1s. (G-/) Western blotting analyses of GIuA1 and GluA2/3 in the prefrontal cortical lysates and hippocampal lysates from female mice with indicated

genotypes at 3 wk of age (G), 3 mo of age (H), and 8 mo of age (/).
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recorded and compared the pharmacologically isolated AMPAR-
mediated miniature excitatory postsynaptic currents (AMPAR-
mEPSCs) of pyramidal neurons in the hippocampal CA1l region
and the superficial layer of mPFC in Mecp2CF/CF; LyzZCre mice,
Mecp2CF/CF; Lyz2cre; RiplelagN mice and MeCpZCF/CF female
mice at 3 mo of age (Fig. 64). Interestingly, we found that
Mecp2“H'“F; Lyz2“ mice have altered mEPSCs frequency in
both CA1 and mPFC but in the opposite direction (Fig. 6 B—D,
F, H, and ), while mEPSC amplitude was only significantly
enhanced in the hippocampus of Mecp2““; Lyz2“" mice (Fig. 6

B, C, E, G, I, and K) compared to the Mecp2CF/CF mice. All
these changes can be rescued to the wildtype level by inhibiting
RIPK1 as shown in the Mecp2“™'“"; Lyz2"; Ripk1P"*N mice.
These results strongly suggest that Mecp2 deficiency in microglia
alone is sufficient to impair excitatory synaptic transmission in
a brain-region-specific manner, as that has been documented in
Mecp2-null mice (39, 40).

Taken together, our study suggests the role of RIPK1 activa-
tion in mediating transcriptional induction of Nox family, medi-
ators of glutamate release, and proinflammatory cytokines to
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Fig. 6. The altered excitatory synaptic transmission of pyramidal neurons in Mecp2““; Lyz2“"® mice (3 mo old) was restored by RIPK1 inhibition. (4) Diagram
and representative images showing whole cell recording of pyramidal neurons in dorsal hippocampus CA1 and layer 2/3 of mPFC. (B and C) Example traces of
AMPAR-mMEPSC recordings from the hippocampus (B) and mPFC (C). (D-G) AMPAR-mEPSC comparison in hippocampus CA1 between Mecp2“”<F; Lyz2“® mice,
Mecp2F; Lyz2“"; Ripk1P138NVP138N mice and Mecp2“/“F mice. Mean frequency [D, Mecp2“7“" = 0.7363 + 0.06667 Hz. Mecp2“%; Lyz2"® = 0.5411 + 0.04318 Hz.
Mecp2<F: Lyz2"; Ripk1P138NVD138N = 7378 + 0.07767 Hz. One-way ANOVA, F (2, 26) = 3.216, P = 0.0545] and mean amplitude in hippocampus CA1 [E, Mecp2“F/“F =
14.57 +0.4287 pA. Mecp2““F; Lyz2" = 18.18 + 0.5783 pA. Mecp2““F; Lyz2"; Ripk1P'#¥V/P138N = 15 25 1 1,064 pA; One-way ANOVA, F (2, 26) = 7.415, P = 0.0028].
Cumulative probability histograms of the inter-event intervals (F, KS test, Mecp2™F mice vs. Mecp2”“%; Lyz2“® mice, P < 0.0001; Mecp2“<%; Lyz2“"® mice vs.
Mecp2<<F; Lyz2“¢; Ripk1P138V/D138N mice, P < 0,0001) and mEPSC amplitude in CA1 (G, KS test, Mecp2”F mice vs. Mecp2“<%; Lyz2"® mice, P = 0.0026. Mecp2“"“F;
Lyz2“® mice vs. Mecp2</<F; Lyz2"; Ripk1PT38VP138N mjce, p < 0.0001). (H-K) AMPAR-mEPSC comparison in mPFC between Mecp27F mice, Lyz2<", Mecp2"/<F;
Lyz2"¢; Ripk1P"38NVP138N mice and Mecp2““F mice. Mean frequency [H, Mecp2“"“F mice = 3.486 + 0.3221 Hz. Mecp2"“F; Lyz2“"® mice = 4.864 + 0.4013 Hz.
Mecp2F/F; Lyz2<"; Ripk1P138VP138N myjce = 2,482 + 0.2938 Hz. One-way ANOVA, F (2, 50) = 11.99, P < 0.0001] and mean amplitude in mPFC [/, Mecp2”“" mice =
12.40 + 0.6187 pA. Mecp2"'“F; Lyz2"® mice = 12.59 + 0.8077 pA. Mecp2“"/“F; Lyz2“"¢; Ripk1P'3NVP138N mjce = 10.60 + 0.3007 pA. One-way ANOVA, F (2, 50) = 3.390,
P =0.0416]. Cumulative probability histograms of the inter-event intervals (J, KS test, Mecp2<”“ mice vs. Mecp2“'F; Lyz2“" mice, P < 0.0001. Mecp2"'<F; Lyz2“"®
mice vs. Mecp2“7F; Lyz2¢; Ripk1P138VP138N mice, P < 0.0001) and mEPSC amplitude in mPFC (K, KS test, Mecp2™F mice vs. Mecp2"“%; Lyz2“" mice, P = 0.2738.

Mecp2F/F; Lyz2® mice vs. Mecp2®F'F; Lyz2“™; Ripk1P138VP138N mjce, p < 0,0001).
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Fig. 7. A schematic model for the mechanism by which Mecp2 deficiency promotes RIPK1-mediated microglial activation in cell autonomous manner and
neuronal dysfunction in a cell non-autonomous manner. Mecp2 deficiency in microglia promotes the activation of RIPK1 to mediate transcriptional induction
of Nox family, production of proinflammatory cytokines and factors, including SLC7A11(xCT), SLC38A1(SNAT1) and GLS, that promote the release of glutamate.
Induction of Nox family promotes elevated ROS, metabolic dysfunction, and mitochondrial and ER stress response in microglia. Increased production of
proinflammatory cytokines and release of glutamate provides a cell non-autonomous mechanism to impair excitatory neurotransmission. Metabolic dysfunction

leads to destabilization of A20, a key regulator of RIPK1 activation.

promote oxidative stress response in microglia cell-autonomously
as well as impair excitatory neurotransmission in neurons non-
cell-autonomously in RTT (Fig. 7).

Discussion

The contribution of Mecp2 in non-neuronal lineage has been
implicated in RTT but the mechanism is unclear. Our study high-
lights the role of RIPK1 in Mecp2-deficient microglia to mediate
the transcriptional induction of the Nox family to promote oxi-
dative stress in cell-autonomous manner, as well as the induction
of cytokines and chemokines to promote inflammatory response
and the multiple mediators of glutamate release to impair neural
function non-cell-autonomously. Here we demonstrate the role
of RIPK1 in mediating inflammatory response independent of cell
death and the effect of RIPK1 activation on neurotransmission in
RTT. RTT is characterized by postnatal development of autistic
features, such as intellectual impairment, motor deterioration, and
autonomic abnormalities, which follows a period of apparently
normal development (1). Recent studies demonstrate disease
reversibility in RT'T mouse models, suggesting that the neurolog-
ical defects in MECP2 disorders are not permanent, at least in the
early stages of disease development. Postnatal re-expression of
Mecp2 using Cx3crl™™ increased the lifespan of otherwise
Mecp2-null mice (41). Mecp2-null mice display no initial pheno-
type until 3 to 6 wk of age; however, we can already detect increased
production of proinflammatory cytokines in microglia isolated
from newborn Mecp2““F; 1y2 mice, which is inhibited by
inhibition of RIPK1. These results suggest that Mecp2 deficiency

100f 12 https://doi.org/10.1073/pnas.2320383121

leads to microglial activation in early postnatal development and
contributes to the onset of RT'T phenotype, which may be partially
rescued and delayed by RIPK1 inhibition. This possibility is sup-
ported by the ability of genetic inactivation of RIPK1 by D138N
mutation to reduce the severity of motor dysfunction and prolong
the survival of Mecp2-null mice. Furthermore, pharmacological
inhibition of RIPK1 kinase by oral dosing of Nec-1s was able to
ameliorate the disease progression after the onset of motor dys-
function suggests that the activation of RIPK1 kinase also con-
tributes to the disease progression. Our study suggests that RIPK1
inhibitors, currently in the advanced human clinical studies for
ALS and MS, may also be considered for the treatment of RTT-
related neurological diseases.

The release of cytotoxic concentrations of glutamate through
the antiporter is coupled to the uptake of extracellular cystine and
is promoted by oxidative stress and TNFa (42). Previous studies
have reported the role of Mecp2 as a transcriptional repressor of
SLC38A1, which encodes a major glutamine transporter (SNAT1).
The increased expression of SNAT1 in Mecp2-deficient microglia
can impair the glutamine homeostasis, resulting in mitochondrial
dysfunction as well as microglial neurotoxicity because of gluta-
mate overproduction. Elevated production of glutaminase (GLS),
which is responsible for converting glutamine to glutamate in both
neurons and glia, has been found in RTT and many CNS diseases
such as multiple sclerosis and traumatic brain injury (18, 43, 44).
Our study demonstrates the role of RIPK1 kinase in mediating
the elevated expression of SNAT1, GLS, and SLC7AI in
Mecp2-deficient microglia. Thus, inhibition of RIPK1 may pro-
vide a strategy to ameliorate the impairment of neurotransmission

pnas.org



under the Mecp2-deficient condition. In addition, increased
release of glutamate by glial cells in the CNS has been implicated
in mediating many CNS diseases. For example, microglia have
also been shown to enhance the toxicity of AP by releasing gluta-
mate through the cystine-glutamate antiporter system X~ (45).
Thus, inhibition of RIPK1 may also reduce Ap toxicity in AD by
reducing microglial expression of system X_".

Rett syndrome is characterized by significant neuronal dysfunc-
tion with impaired excitatory synaptic transmission widely reported
in Mecp2-null mice (46-48). Due to its high levels of expression in
neurons, the original studies of Mecp2 focused on its neuronal func-
tion. These studies established the role of Mecp2 in regulating
excitatory synaptic transmission. The increased surface levels of
GluAl-containing receptors in Mecp2-null pyramidal neurons in
the hippocampus have been proposed to enhance excitatory synaptic
strength (39), while cultured neurons isolated from Mecp2'/y mice
hippocampus showed a reduction of mEPSC frequency (49).
Another study also found impaired mEPSC frequency of Mecp2-null
neurons in mFPC. In contrast, targeted deletion of MeCP2 from
cortical excitatory neurons has been found to result in distinct syn-
aptic alterations (50). The studies using cell type-specific deletion of
Mecp2 demonstrated the function of Mecp2 in non-neuronal line-
ages including microglia, astrocytes, and oligodendrocytes (1, 51).
Our study suggests that Mecp2 may regulate excitatory synaptic
transmission both in neurons cell-autonomously and in microglia
cell-non-autonomously. We found that microglia-selective elimina-
tion of Mecp2 is sufficient to alter mEPSCs in both the hippocampus
and mPFC with distinct patterns, suggesting cell non-autonomous
regulation of neuronal function via microglial Mecp2. Moreover,
changes in the hippocampus closely reassemble those reported in the
Mecp2-null mice (39), suggesting that Mecp2 in the microglia may
dominate the synaptic regulation in the hippocampus of the Rett
brain.

Microglia have been found to be activated with increased expres-
sion of TNF and subsequently depleted by apoptosis in Mecp2-null
mice (41). In the MecpZCF/CF; LyZCre mice, Mecp2-deficient micro-
glia exhibit signs of activation but not apoptosis, suggesting the
death of Mecp2-deficient microglia might need signals from other
Mecp2-deficient cell types in the brains. Increased expression of
RIPK3 in Mecp2-deficient microglia also suggests the possibility
that necroptosis might also mediate the loss of Mecp2-deficient
microglia. Our study suggests that the input from other Mecp2-
deficient cell types, such as astrocytes and neurons, may also impact
the survival and signaling in microglia in a cell non-autonomous
manner.

Since Mecp2 deficiency in microglia promotes the activation
of RIPKI, it is interesting to compare the mechanisms that
regulate their activation and the partners that they are interact-
ing with. RIPK1 has been implicated in interacting with SW1/
SNF chromatin-remodeling complex to mediate inflammatory
response (21). Interestingly, SWI/SNF has also been shown to
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interact with Mecp2-dependent transcriptional silencing (52).
Both RIPK1 and Mecp2 are subjected to extensive post-
translational modifications. With as many as 34 Lys residues in
RIPK1 targeted by different types of ubiquitination, ubiquiti-
nation of RIPK1 has been well established to play a key role in
the cellular decision of activating its kinase activity (10, 53).
DeSUMOylation of RIPK1 mediated by SENP1 has also been
shown to inhibit the activation of RIPK1 kinase in promoting
apoptosis and inflammation (54). Ubiquitination and sumoyl-
ation have been shown in regulating Mecp2 activity which may
have consequences on the potential functional outcomes in RTT
(55).

Our study suggests the activation of RIPK1 in microglia may
couple neuroinflammation with neural dysfunction. Neuroin-
flammation has been recognized as an important pathological
mechanism underpinning neuropsychiatric conditions and neu-
rodevelopmental alterations, such as in autism and schizophre-
nia, as well as chronic neurodegenerative disorders such as
multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease (AD), and Parkinson’s disease (PD) (56).
Our study implicates RIPK1 activation in mediating neuroin-
flammation in neuropsychiatric aspects of these diseases. Thus,
RIPK1 inhibitors may be considered for the treatment of neu-
ropsychiatric diseases.

Methods

Quantification and Statistical Analysis. All quantitative data are presented
as mean = SEM of at least four representative experiments. Mouse immunoflu-
orescent staining data are analyzed by ImageJ and presented as mean = SEM
of the indicated n values. All immunoblots were repeated at least three times
independently with similar results. Curve fitting and statistical analyses were per-
formed using GraphPad Prism 8.0, using either unpaired two-tailed Student's t
test for comparison between two groups. Differences were considered statistically
significant if P < 0.05. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;
ns, not significant. Additional Materials and Methods are provided in S Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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