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N E U R O I N F L A M M AT I O N

Deletion of the X-chromosomal gene Kdm6a in 
microglia of female mice ameliorates 
neuroinflammation and restores translatome profiles
Yuichiro Itoh, Noriko Itoh, Sophia Wendin, Nadya Higgins, Rhonda R. Voskuhl*

Women are more susceptible to multiple sclerosis (MS) than men, with a reported incidence ratio of ~3:1. Kdm6a 
is an X-chromosomal gene that escapes X inactivation, leading to higher expression of the histone demethylase 
KDM6A in females compared with males. Here, we focused on the role of Kdm6a in microglia in MS because this 
cell type plays a key role in the neuropathology of MS. Kdm6a was selectively deleted from microglia in experi-
mental autoimmune encephalomyelitis (EAE) mice, an established model of MS. Deletion of Kdm6a in microglia 
ameliorated pathology, reduced the expression of disease-associated markers, increased the expression of rest-
ing microglial markers, and reversed other translatome changes in spinal cord tissues of female EAE mice. Dele-
tion of Kdm6a in microglia had only very minor effects on EAE in male mice. The diabetes medicine metformin, 
which also blocks KDM6A’s histone demethylase activity, ameliorated EAE in females, but not males, and normal-
ized translatome profiles in microglia. CUT&RUN and sequencing analysis of microglial nuclei identified genes 
bound by KDM6A. When combined with translatomic analysis, this revealed correspondence between KDM6A 
protein binding and gene expression changes. Transcriptomic analysis of human microglia confirmed the higher 
expression of KDM6A in women compared with men and revealed that more microglial genes were dysregulated 
in women than in men with MS. Our results suggest that KDM6A might contribute to sex differences in susceptibil-
ity to MS.

INTRODUCTION
Multiple sclerosis (MS) is an autoimmune and neurodegenerative 
disease. Lymphocytes and macrophages in peripheral blood infil-
trate the central nervous system (CNS), resulting in the activation 
of microglia and astrocytes, demyelination, and axonal damage in 
white matter lesions, with glial activation and synaptic loss in gray 
matter. Its etiology is not completely understood, although genetic 
and environmental factors have been proposed (1–3). The ratio of 
females to males with MS is ~3:1 with more relapsing disease in 
females, whereas males demonstrate a more progressive disease course 
(4). Microglia, the resident immune cells of the CNS, are thought to 
play a key role in neurodegeneration in MS (5, 6), and sex differ-
ences in microglia during health, aging, and neurodegenerative dis-
eases are an area of active investigation (7–13).

Sex differences in microglia can be caused by differential effects 
of sex hormones (estrogen versus testosterone), sex chromosomes 
(XX versus XY), or both (4, 14–19). The Genotype Tissue Expres-
sion Project (GTEx) found that 37% of all genes exhibit sex-biased 
expression, which is tissue specific (20–22), but how this occurs is 
unclear. It could be due to estrogens acting on estrogen response 
elements of autosomal genes (23–25) or due to epigenetic effects of 
sex chromosome genes (26, 27). Factors influencing sex differences 
can also change across the life span. For example, sex hormone con-
centrations in blood are high from puberty to midlife but decrease 
with menopause and andropause (19). In addition, DNA methyla-
tion is affected by aging (28). Thus, the balance between the effect of 
sex hormones versus sex chromosomes (29, 30) on gene expression 
is likely to be dynamic across the life span (19).

Regarding sex chromosome genes, females (XX) have two X 
chromosomes, whereas males (XY) have only one. This twofold ge-
nomic dose difference in X-chromosomal genes in females is com-
pensated by random inactivation of one X chromosome, leading to 
similar expression of X genes in both sexes (31). There are several X 
genes that escape X inactivation. One of these X-escapee genes, 
Kdm6a (lysine demethylase 6A; also known as Utx), has higher ex-
pression in females compared with males (32, 33). Histone demeth-
ylase KDM6A protein specifically mediates the removal of repressive 
trimethylation on histone H3 lysine 27 (H3K27me3) to expose a 
region of chromatin. KDM6A associates with the methyltransferase 
KMT2D (lysine methyltransferase 2D) in the same protein complex 
(34), and KMT2D adds the activating H3K4me3 histone mark (35). 
This complex modulates gene expression by histone modifications 
that make the chromatin transcriptionally permissive in a cell lineage– 
specific manner (36, 37). Thus, a dose effect of the X-chromosomal 
gene Kdm6a, namely, two copies in females and one in males, can 
influence genome-wide expression.

Here, we selectively deleted Kdm6a in microglia to determine 
sex-specific effects in experimental autoimmune encephalomyelitis 
(EAE) mice (38, 39). Toward translation, metformin treatment was 
used to examine the therapeutic effects of KDM6A inhibition on EAE 
mice. Last, KDM6A expression in microglia from women and men 
with MS and healthy controls was compared.

RESULTS
Microglial specificity of Tmem119-Cre/ERT2 transgene
Before examining the effect of selective deletion of Kdm6a in mi-
croglia during EAE, we first chose an optimal tamoxifen-inducible 
microglial Cre mouse line. Cx3cr1-Cre/ERT2 (40) and Tmem119-
Cre/ERT2 (41, 42) lines were examined for the endogenous expres-
sion of the Cx3cr1 and Tmem119 genes by reverse transcription 
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polymerase chain reaction (fig. S1A). The homozygous Cx3cr1-Cre/
ERT2 line did not express Cx3cr1 because insertion of the Cre/ERT2 
fusion sequence disrupts endogenous expression of Cx3cr1 (40). 
The Cx3cr1-Cre/ERT2 line had previously been used in EAE to de-
termine the function of an unrelated gene (43); however, Cx3cr1 
expression is known to confer protective effects in EAE (44–47). 
Thus, knockout of endogenous Cx3cr1 is a confound when deter-
mining the effect of gene deletion of Kdm6a in microglia during 
EAE. In contrast, the Tmem119-Cre/ERT2 line retained expression 
of endogenous Tmem119 (fig. S1A). Therefore, the Tmem119-Cre/
ERT2 line was chosen as the inducible microglial Cre line for 
this study.

The specificity of microglial Cre activity using the Tmem119-
Cre/ERT2 line was examined using Tmem119-Cre/ERT2-RiboTag 
mice. In RiboTag mice, the hemagglutinin (HA)–tagged ribosomal 
protein is expressed under the control of Cre recombinase activity 
(48). Tmem119-Cre/ERT2-RiboTag mice were injected with tamox-
ifen for 5 consecutive days. Eight weeks later, immunohistochemistry 
entailed costaining with anti-HA antibody and CNS cell type– 
specific antibodies. Cells labeled with anti-HA were colabeled with 
the microglial marker P2RY12 (fig.  S1B), whereas antibodies for 
other CNS cell types [glial fibrillary acidic protein (GFAP), astro-
cyte; RNA binding Fox-1 homolog 3 (RBFOX3, also known as NeuN), 
neuron; glutathione S-transferase pi (GSTpi), oligodendrocyte] 
showed no colabeling with HA (fig. S1C). To determine microglial 
specificity of the Tmem119-Cre/ERT2 line at RNA level, immuno-
precipitated RNAs from Tmem119-Cre/ERT2-RiboTag mice were 
examined for expression of CNS cell type–specific genes. Microglial 
markers (Cd83, Ptprc, and Tmem119) were enriched in immunopre-
cipitated RNAs. In contrast, astrocyte (Gfap, Aqp4, Aldh1l1, and 
Aldoc), neuron (Syp and Syn1), and oligodendrocyte (Mbp and Mog) 
markers showed deenrichment (fig. S1D). Thus, at both the protein 
and RNA levels, the Tmem119-Cre/ERT2 line was found to drive 
Cre recombination specifically in microglia, supporting rigorous 
microglial specificity of this Cre line (49).

Validation of Kdm6a deletion in microglia
Before selectively deleting Kdm6a from microglia, Kdm6a was first 
shown to be highly expressed in mouse microglia, with higher 
abundances in females than males (fig. S2, A to D). To determine the 
function of Kdm6a in microglia, floxed Kdm6a mice (Kdm6af/f) 
were crossed with the RiboTag and Tmem119-Cre/ERT2 lines, mak-
ing mice with three genetic modifications: floxed Kdm6a, RiboTag, 
and Tmem119-Cre/ERT2. In these mice, the activation of the Ri-
boTag HA allele and the deletion of Kdm6a were both driven by 
Tmem119-Cre/ERT2. Thus, microglial expression of KDM6A pro-
tein could be identified by colabeling with anti-HA antibody and anti-
KDM6A antibody. Immunofluorescence staining of KDM6A protein 
from Tmem119-Cre/ERT2-RiboTag [wild-type (WT)] and Tmem119-
Cre/ERT2-Kdm6af/f-RiboTag [conditional knockout (cKO)] mice 
are shown in fig. S3A. WT mice showed KDM6A protein expression 
(red) in the HA-labeled microglia (green), whereas this was absent 
in the cKO mice (fig. S3A). On the other hand, KDM6A expression 
in the nuclei of nonmicroglial cells showed no decrease in the mi-
croglial Kdm6a cKO (fig. S3, A and B). This was further evaluated by 
the functional activity of KDM6A protein, namely H3K27me3 his-
tone demethylase activity. Compared with WT animals, the amounts 
of H3K27me3 in the nuclei of microglia were higher in cKO mice 
(red) (fig. S3, C and D).

Deletion of Kdm6a in microglia is protective in 
female EAE mice
To examine the function of the Kdm6a deletion in microglia during 
disease, active EAE (38) was induced in female Tmem119-Cre/
ERT2-Kdm6af/f (cKO) and littermate Tmem119-Cre/ERT2 negative 
control mice (WT). In these mice, the microglial Kdm6a gene was 
deleted with tamoxifen treatment at 2 months of age, and EAE was 
induced 8 weeks later. EAE clinical scores of cKO mice were lower 
than those in WT mice, demonstrating that the deletion of Kdm6a 
in microglia was protective (Fig.  1A). This protective effect of 
Kdm6a deletion in microglia was further confirmed with additional 
EAE experiments in females (table S1). When peripheral immune 
cells were isolated from lymph nodes of mice in an early stage of 
EAE (day 15) and stimulated in vitro with myelin oligodendrocyte 
glycoprotein (MOG), there were no differences in cytokine abun-
dances when comparing cKO versus WT mice—interleukin-2 (IL-2) 
(P = 0.779), tumor necrosis factor (P = 0.397), interferon (P = 0.152), 
IL-17 (P =  0.397), and IL-4 (P =  0.320)—demonstrating that pe-
ripheral immune responses to MOG were not affected by Kdm6a 
cKO in microglia. Together, these targeted loss-of-function study 
results revealed that the presence of Kdm6a in microglia is deleteri-
ous during EAE.

Neuropathology of the spinal cords in mice with EAE also revealed 
that selective deletion of Kdm6a induced neuroprotective effects. Spe-
cifically, a marker of axonal damage, amyloid-β precursor protein 
(APP), was decreased (Fig. 1B, P = 0.036), whereas a marker of intact 
axons, neurofilament 200kD (NF200), was increased (Fig.  1C, P = 
0.002) during EAE in the cKO compared with WT mice. In addition, 
T cells in spinal cord white matter were reduced in EAE cKO mice 
(Fig. 1D, P = 0.0006), and there was more myelin observed in EAE 
cKO mice compared with WT mice (Fig. 1E, P = 0.021). Together, 
these results showed that selective deletion of Kdm6a in microglia 
ameliorated EAE at both the clinical and neuropathologic levels.

Deletion of Kdm6a in microglia alters the 
microglial translatome
RNA sequencing (RNA-seq) data of fluorescence-activated cell-
sorted spinal cord microglia from EAE and healthy controls were 
obtained from Gene Expression Omnibus (GEO; GSE154228) (50). 
Resting microglial markers were down-regulated in EAE, whereas 
disease-associated microglial marker genes were up-regulated (Fig. 2A) 
(51, 52). To examine the effect of microglial Kdm6a deletion on gene 
expression in microglia in vivo, EAE was induced in Tmem119-Cre/
ERT2-RiboTag (WT) and Tmem119-Cre/ERT2-Kdm6af/f-RiboTag 
(cKO) female mice, and microglial RNAs were isolated from spinal 
cords using HA pull-down, followed by RNA-seq. Differential gene 
expression analysis was performed comparing microglial transla-
tomes in the WT versus the microglial Kdm6a cKO mice using edg-
eR, and 1465 genes were differentially translated between WT and 
cKO mice [table S2; threshold: false discovery rate (FDR) < 0.1, log 
counts per million > 1, and log fold change higher than 0.5 or lower 
than −0.5]. In microglia of Kdm6a cKO mice with EAE, three resting 
microglial markers (P2ry12, Siglech, and Sall1) were up-regulated, 
whereas disease-associated microglial markers [Gpnmb (glycoprotein 
Nmb) and Siglec1] (51) were down-regulated (Fig. 2B). In healthy 
mice, disease-associated microglial markers showed no difference 
between cKO and WT, whereas four resting microglial markers 
showed a slight increase in cKO mice (Fig. 2C, FDR < 0.1). Compari-
son of translatomes in Fig. 2 (A and B) showed that 68 down-regulated 
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Fig. 1. Kdm6a deletion from microglia has protective effects in female EAE mice. (A) Tmem119-Cre/ERT2+/−-Kdm6af/f (cKO) and Tmem119-Cre/ERT2−/−-Kdm6af/f (WT) 
female mice were treated with tamoxifen to induce microglia-specific knockout of Kdm6a, and 8 weeks later, chronic EAE was induced. The graph shows EAE severity 
scores for Tmem119-Cre/ERT2+/−-Kdm6af/f (cKO) and Tmem119-Cre/ERT2−/−-Kdm6af/f (WT) female mice. n = 8 WT and n = 6 cKO. Repeated-measures one-way ANOVA, 
*P < 0.05. (B to E) Representative immunofluorescence images of ventral spinal cord tissues from WT and cKO mice that underwent EAE or healthy normal control (NL) 
(left) and box-and-whisker plots showing quantifications of protein expression (right) for APP (B) (red), NF200 (C) (red), CD3 (D) (green), and MBP (E) [green; nuclei stained 
with 4′,6-diamidino-2-phenylindole (DAPI) in blue]. Double staining was performed: NF200/CD3 and APP/MBP. Scale bars, 100 μm. n = 8 (WT NL), n = 9 (cKO NL), n = 9 
(WT EAE), and n = 8 (cKO EAE). For the box-and-whisker plots, the boxes indicate the medians and 25th to 75th percentile ranges, and the whiskers extend to a maximum 
of 1.5 times the interquartile ranges beyond the boxes. Mann-Whitney U test, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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genes in EAE were up-regulated by the deletion of Kdm6a in mi-
croglia, whereas 73 up-regulated genes in EAE were down-regulated 
by Kdm6a deletion in microglia, indicating that cKO of Kdm6a in 
microglia reversed certain gene expression changes induced by EAE 
(fig. S4). Together, these findings indicate that the translatomes of 
microglia from EAE mice with selective deletion of Kdm6a in mi-
croglia revealed a shift away from disease-associated microglia 
(DAM) toward resting microglia.

Microglia were then examined at the protein level using immu-
nohistochemistry of spinal cord sections from the microglial Kdm6a 

cKO and WT. Immunohistochemical staining for Iba1 was done, 
and area/perimeter ratios were determined. Because activated mi-
croglia have a large area and small perimeter, higher area/perimeter 
ratios indicate microglial activation (53). Consistent with activation 
of microglia during EAE, area/perimeter ratios were increased in 
WT EAE versus WT normal mice (Fig. 2, D and E). In contrast, area/ 
perimeter ratios were decreased in cKO EAE compared with WT 
EAE mice (Fig. 2, D and E).

In addition, expression of the resting microglial marker P2RY12 
was examined. P2RY12 was decreased in WT EAE compared with 
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Fig. 2. The effect of microglial Kdm6a deletion on the translatome of microglia in female EAE mice. (A to C) Gene expression changes in markers of resting microglia 
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WT normal mice (Fig. 2, F to H). In contrast, P2RY12 was increased 
in cKO EAE compared with WT EAE mice (Fig. 2, F to H). Thus, 
higher expression of P2RY12 at the protein level matched higher 
expression of P2ry12 at the RNA level during EAE in the microglial 
Kdm6a cKO (Fig. 2B).

Next, GO (Gene Ontology) enrichment analyses of differentially 
translated genes showed that genes down-regulated in the cKO 
compared with WT mice during EAE were enriched in the inflam-
matory response, cytokine production, lymphocyte activation, and 
leukocyte migration GO categories (Fig. 2I). These inflammation 
pathways were not enriched in cKO healthy controls versus WT 
healthy controls (fig. S5, A and B). On the other hand, the genes up-
regulated in the cKO mice during EAE were enriched in the synapse-
related GO categories (Fig. 2J).

Last, because the Siglec1 gene is a member of the most enriched 
down-regulated category, namely, the inflammatory response, im-
munohistochemistry analysis of the Siglec1 gene was performed as 
validation. Siglec1 is one of the DAM signature genes (54). SIGLEC1 
has been shown to be expressed in activated microglia in EAE and 
MS (52). At the RNA level, Siglec1 gene expression was lower in cKO 
compared with WT mice during EAE (Fig. 3A). At the protein level, 
Siglec1 protein expression in Iba1+ microglia was increased in WT 
EAE versus WT normal, whereas Siglec1 was decreased in cKO EAE 
compared with WT EAE mice (Fig. 3, B and C). Together, this dem-
onstrated that deletion of Kdm6a in microglia shifted microglial 

genes from a disease-associated phenotype to a resting phenotype 
during EAE.

Sex-specific effects of Kdm6a deletion in EAE mice
Because Kdm6a is an X-chromosomal gene that escapes X inactiva-
tion in females and has a gene dosage effect compared with males, 
additional microglial Kdm6a cKO versus WT experiments were 
done, including both female and male mice examined in parallel 
within the same EAE experiment. The protective effect of selective 
deletion of Kdm6a in microglia was further confirmed in two addi-
tional EAE experiments in females (cumulatively six total experi-
ments in females), but males did not show a difference in EAE 
disease scores when comparing cKO to WT mice (Fig. 4, A and B, 
and table S3). In addition, there was no decrease in microglial acti-
vation in Kdm6a cKO male mice during EAE, as measured by area/
perimeter ratios (fig. S6A). Neuropathology of spinal cords in male 
EAE mice showed a decrease in APP and increase in myelin basic 
protein (MBP) but no difference in NF200 and CD3 between cKO 
and WT mice (fig. S6, B to E).

To investigate a possible sex difference in the effect of Kdm6a 
deletion in microglia during EAE at the translatome level, an addi-
tional RNA-seq experiment was performed for female and male 
mice in parallel, whereby EAE was induced in both sexes at the same 
time. Principal components analysis (PCA) of microglial transla-
tomes from female (WT and cKO) and male (WT and cKO) mice 
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(B) Representative immunofluorescence images of 
spinal cord white matter from WT and cKO mice with 
or without EAE. Siglec1 protein (green) costained 
with Iba1 (red) and DAPI (blue). White arrowheads 
indicate colocalization of Siglec1 and Iba1 (yellow). 
Spinal cord white matter. Scale bar, 20 μm. (C) Quan-
tification of microglial Siglec1 protein expression in 
treatment groups as in (B). n  =  6 in each group. 
Mann-Whitney U test, **P < 0.01.
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showed distinct separation between female cKO and female WT 
translatomes, whereas male cKO and male WT translatomes were 
not as distinctly separated (Fig. 4C). Consistent with the PCA result, 
differentially translated gene numbers in the comparison of cKO 
and WT microglia were much larger in females compared with males 
(Fig. 4D). This was also reflected in the heatmap of differentially 
translated genes in each sex (Fig. 4E).

Therapeutic effects of metformin on EAE clinical scores and 
the microglial translatomes in female mice
We next examined the effect of metformin treatment on pathology 
and the microglial translatome during EAE. Metformin is a US 
Food and Drug Administration (FDA)–approved drug for the treat-
ment of diabetes with suggested antiaging properties. Metformin 
has multiple functions and has been shown to inhibit the histone 
demethylase activity of KDM6A (55). EAE was induced in female 
mice, and metformin or vehicle was used as a treatment. EAE clini-
cal scores were reduced in metformin-treated mice (Fig. 5A and ta-
ble S4), consistent with previous clinical findings by others (56–58). 

Immunohistochemistry on spinal cord tissues showed that Iba1 
area/perimeter ratios were increased in EAE mice versus healthy 
controls, and this was decreased in metformin-treated versus vehicle- 
treated EAE mice (Fig. 5B). In addition, expression of the resting 
microglial marker P2RY12 was examined. P2RY12 was decreased in 
EAE mice compared with healthy controls, whereas P2RY12 was in-
creased with metformin treatment of EAE mice (Fig. 5C).

RNA analysis using microglial RiboTag mice that were vehicle-
treated revealed again that disease-associated microglial marker 
genes were up-regulated in EAE, whereas resting microglial mark-
ers were down-regulated, each compared with healthy controls 
(Fig.  5D). In metformin-treated EAE female mice, the disease-
associated microglial marker Gpnmb was down-regulated, and resting 
microglial markers were up-regulated compared with vehicle-treated 
EAE mice (Fig. 5E).

Next, the effects of metformin treatment on microglia during 
EAE were examined at the genome-wide level by treating microglial 
RiboTag mice with metformin. The top 500 differentially translated 
genes between EAE and healthy controls were labeled red when 
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up-regulated (Fig. 5F, red) and blue when down-regulated (Fig. 5G, 
blue) during EAE. These same up-regulated (red) and down-regulated 
(blue) genes shown in Fig. 5 (F and G) (green box) were then shown 
in additional volcano plots to track changes in the same genes dur-
ing other comparisons. First, EAE-associated genes from the analy-
sis of GSE154228 (shown as volcano plots in Fig. 5, H and I) were 
found to be similar to the genes identified in the EAE experiment 
here (Fig. 5, F and G). When Kdm6a was deleted in microglia during 
EAE, EAE-associated up-regulated genes (red) were down-regulated, 
whereas EAE-associated down-regulated genes (blue) were up-
regulated (Fig.  5, J and K). This showed reversal of EAE-induced 
gene expression when Kdm6a was selectively deleted from microg-
lia. These gene expression changes were not observed in healthy 
mice (Fig. 5, L and M). Analogously, metformin treatment of EAE 
caused most of the EAE-associated up-regulated genes (red) to be 

down-regulated and most of the EAE-associated down-regulated 
genes (blue) to be up-regulated (Fig. 5, N and O). Thus, deletion of 
Kdm6a in microglia during EAE and metformin treatment of EAE 
each reversed gene expression changes induced by EAE. Gene ex-
pression changes induced by microglial Kdm6a cKO and by metfor-
min treatment in WT were positively correlated (R = 0.49, P < 2.2 × 
10−16) (fig. S7).

We next determined whether there was a sex difference in the 
effect of metformin treatment of chronic EAE. Females showed a 
protective effect of metformin treatment in two additional experi-
ments (scored from disease onset to euthanasia at day 40 or 43 
postinduction), whereas males did not (fig. S8, A to C, and table S5). 
However, when statistical analyses were focused only on the onset of 
disease (days 17 to 21 postinduction), both females and males 
showed a protective effect of metformin treatment (female, P = 0.017 
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and P = 0.001; male, P = 0.018 and P = 0.0000006). This was consis-
tent with a previous report showing no sex difference in the protec-
tive effect of metformin treatment early in disease induction (up to 
day 21) (58).

Gene expression changes and KDM6A protein binding
To investigate the relationship between translatomics and epigenetics, 
KDM6A-binding sites were identified using microglial INTACT 
(isolation of nuclei tagged in specific cell types) and CUT&RUN se-
quencing (CUT&RUN-seq). Tmem119-Cre/ERT2 and CAG-Sun1/
sfGFP mice were crossed to specifically label the microglial nuclei, 
and the specificity of nuclear tag expression was examined using 
immunohistochemistry on Tmem119-Cre/ERT2-CAG-Sun1/sfGFP 
mice. GFP protein was exclusively expressed in the nuclei of microg-
lia colabeled by P2RY12 and Iba1 (Fig. 6A). Then, spinal cord mi-
croglial nuclei were isolated from Tmem119-Cre/ERT2-CAG-Sun1/
sfGFP mice, and KDM6A-binding sites were identified by CUT&
RUN using anti-KDM6A antibody. In EAE mice, genes with KD-
M6A binding showed a change in expression upon deletion of 
Kdm6a in microglia (Fig. 6, B and C). In the top down-regulated 
pathway, the inflammatory response pathway, seven genes showed 
KDM6A binding in EAE (Fig. 6, D and E). In the top up-regulated 
pathway, transsynaptic signaling, 25 genes showed KDM6A binding 
in EAE (fig. S9).

The transcriptome in microglia from patients with MS and 
healthy controls
Expression of KDM6A was then examined using human microglial 
single-nucleus RNA-seq data from UCSC Cell Browser (59, 60). In 
human microglia, the expression of KDM6A was higher in women 
compared with men with MS (Fig. 7A), aligning with the ability of 
KDM6A to escape X inactivation. The numbers of differentially 

expressed genes comparing microglia from patients with MS and 
healthy controls were higher in women than men (Fig. 7B). GO en-
richment analysis revealed that up-regulated microglial genes in wom-
en with MS were enriched in immune response categories (Fig. 7C). 
This observation in MS women was a mirror image of that observed 
during comparison of selective deletion of Kdm6a in microglia ver-
sus WT in female EAE mice, where there was down-regulation of 
immune response genes (Fig. 2I). In the top GO category in humans, 
the immune effector process pathway, there were seven genes that cor-
responded with KDM6A binding in mice (Fig. 7D).

DISCUSSION
Here, we investigated whether sex differences in the expression of 
the X-chromosomal gene Kdm6a in microglia could contribute to 
the increased susceptibility of women to MS. We show that microglia-
specific KO of Kdm6a ameliorated EAE in female but not male mice. 
Selective deletion of Kdm6a in microglia down-regulated DAM 
markers, up-regulated resting microglial markers, and reversed other 
translatomic changes induced by EAE in female mice. In addition, 
metformin treatment ameliorated EAE in female mice and partially 
normalized translatomic and morphological changes in microglia. 
Last, transcriptomic analysis of human microglia showed higher ex-
pression of KDM6A in microglia derived from women compared 
with men and revealed that more microglial genes were dysregulat-
ed in women than in men.

The GTEx found that 37% of all genes exhibit sex-biased expres-
sion, and this was tissue specific and brain region specific (20–22). A 
sex bias in gene expression depending on brain region is consistent 
with sex differences in brain substructure volumes (61–73), and there 
are sex differences in the brain at the cellular, molecular, and function-
al levels (74–77). This suggests that mechanisms of neurodegeneration 
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are likely to be affected by both sex and brain region. Microglial 
gene expression is known to differ not only by sex (7–13) but also by 
brain region (78). Together, these findings prompt the question of 
whether the effect of the X-chromosomal escapee Kdm6a may differ 
by brain region or cell type. Results here showed a deleterious, pro-
inflammatory role of Kdm6a in microglia in spinal cords of mice 
with EAE. Previously, selective deletion of Kdm6a in CD4+ T lym-
phocytes also ameliorated EAE and showed a proinflammatory role 
of Kdm6a in peripheral immune tissues in females. When Kdm6a 
was selectively deleted from CD4+ T lymphocytes, the transcrip-
tome of CD4+ T lymphocytes showed down-regulation of neuroin-
flammation signaling pathway genes in females (27). A spinal cord 
injury model also found a deleterious role of Kdm6a. Region-specific 
knockout of Kdm6a in the corticospinal tract by injection of adeno-
associated virus–Cre–enhanced GFP induced axonal regeneration 
and functional recovery (79–81). In contrast, an Alzheimer’s disease 
(AD) model described a protective effect of Kdm6a upon lentivirus-
mediated expression in the hippocampi of male mice (82). A protec-
tive effect of Kdm6a in the AD model versus a deleterious effect in 
the MS model may be due to cell-specific, brain region–specific, or 
disease-specific differences. The sex-specific effects of Kdm6a dele-
tion might be explained by a gene-dosage effect, sex-specific differ-
ences in the contribution of microglia to EAE, or both. Kdm6a 

might be deleterious in both sexes, but because females have a dou-
ble dosage of the Kdm6a gene compared with males, the impact of 
cKO or treatment could be higher in females. The effect of selective 
deletion of Kdm6a was more robust in females than males for not 
only microglia but also for Iba1 and CD3 staining in the spinal cord. 
In contrast, the effect of Kdm6a deletion had no sex difference for 
measures of axonal damage (APP) and demyelination (MBP). This 
suggests a deleterious role for Kdm6a that is direct for neuroinflam-
mation and indirect for axonal degeneration. This is consistent with 
a previous report of a disease-promoting effect of Kdm6a in CD4+ T 
cells in EAE females (27). Males were not studied in the previous 
report, but data here suggest that the effect of selection of Kdm6a in 
CD4+ T cells in males would be less robust than the effect in females. 
This finding is consistent with autoimmune diseases being more 
prevalent in females compared with males, including systemic lupus 
erythematosus and rheumatoid arthritis (83).

A translationally viable treatment approach for women with MS 
must consider the mode of delivery. During systemic delivery, an 
additional beneficial effect of KDM6A inhibition would be expected 
on the basis of effects on CD4+ T lymphocytes (as discussed above). 
GSK-J4, a small-molecule inhibitor of KDM6A/6B, has been shown 
to ameliorate EAE (84, 85). Metformin inhibits the histone demethyl-
ase activity of KDM6A (55), and treatment with metformin attenuated 
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Fig. 7. Sexually dimorphic expression of KDM6A in human microglia and disease-related changes in the microglial transcriptome during MS. (A) Expression of 
KDM6A in microglia from women compared with microglia from men with MS (one-way ANOVA, **P < 0.01). (B) Numbers of differentially expressed genes in microglia 
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EAE and had anti-inflammatory effects in the periphery (56,  57). 
Here, a protective effect of metformin treatment on microglia dur-
ing EAE was shown in females but not in males. Clinical trials in MS 
should be designed in a sex-specific manner because there may be a 
sex difference in treatment efficacy. An optimal primary outcome 
measure may be reduction of lesions with paramagnetic phase rims 
on magnetic resonance imaging because they are thought to repre-
sent microglia at the smoldering lesion edge and have been linked to 
disability progression (86).

This study has limitations. Mice do not recapitulate all aspects of 
the human condition. However, the chronic EAE model shares many 
neuropathologic features with MS, and it has been used extensively 
in the development of FDA-approved MS drugs (38). In addition, 
metformin has many functions that are likely independent of inhib-
iting activity of KDM6A; therefore, a more precise translational 
strategy to inhibit KDM6A is desirable. We can therefore not con-
clude that the protective effects of metformin seen in EAE mice are 
solely attributable to KDM6A inhibition. Last, our analysis of hu-
man transcriptomic data showed that microglia from women with 
MS compared with men with MS had higher KDM6A expression, as 
well as more differentially expressed genes, driven predominantly 
by immune gene up-regulation in women. Future studies are needed 
that combine human transcriptomics with epigenetics. One could 
isolate microglia from women and men with MS and healthy con-
trols, perform gene expression analyses, and identify KDM6A-
binding sites. This will reveal whether KDM6A binding drives gene 
expression changes in microglia of each sex.

In conclusion, clinical observations of a sex difference in neuro-
degenerative diseases combined with laboratory observations of sex 
differences in microglia served as the foundation for studying the 
role of an X-chromosomal gene that escapes X inactivation, namely, 
Kdm6a. Our discovery that selective deletion of Kdm6a in microglia 
reduced clinical EAE and changed the microglial translatome from 
disease-associated to resting warrants further translational studies 
investigating this treatment target for women with MS (fig. S10). Al-
though disability progression is worse in men with MS, most pa-
tients with MS are women. Thus, treatments are needed that target 
cells of the brain in both men and women with MS. One should not 
assume that each sex will respond with equal efficacy to treatment. 
Trials should be designed and powered to determine the efficacy of 
treatment in each sex, particularly when the mechanism of action 
may be influenced by sex chromosome genes or sex hormones. This 
can lead to optimal neuroprotective strategies tailored for each sex.

MATERIALS AND METHODS
Study design
The objective of this study was to determine the effect of microglial 
KDM6A/Kdm6a in EAE mice using knockout of the Kdm6a gene in 
microglia and a RiboTag approach for analysis of the microglial 
translatome. Age-matched animals were assigned randomly into ex-
perimental groups. Sample sizes were based on previous publica-
tions with respect to EAE scores and translatome analyses (27, 87). 
With regard to the sex differences in genotype and treatment, fe-
males and males were investigated in the same cohort. Investiga-
tors performing the animal experiments were blinded to genotype 
information. Studies in animals were reviewed and approved by 
the Chancellor’s Animal Research Committee of the University 
of California, Los Angeles Office for the Protection of Research 

Subjects (ARC-1998-001). Our study adhered to ARRIVE (Animal 
Research: Reporting of In  Vivo Experiments) guidelines. Single-
nucleus RNA-seq data for MS and control CNS cells were obtained 
from UCSC Cell Browser (https://cells.ucsc.edu/?ds=ms).

Statistical analysis
Statistical analyses and production of figures were performed in R 
(R Core Team, 2024, www.R-project.org/). Differences in EAE scores 
between WT and cKO were measured by repeated-measures one-
way analysis of variance (ANOVA). Quantitative differences in im-
munohistochemistry were examined by Mann-Whitney U test. P 
values less than 0.05 were considered significant. For gene expres-
sion analysis, differentially expressed or translated genes were iden-
tified with R package “edgeR” (88). An FDR of 0.1 was used as the 
threshold of differentially expressed or translated genes. GO enrich-
ment analysis was performed using package “clusterProfiler” in R.
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