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Aging-associated loss of chromatin compactionis linked to derepression of
retrotransposable elements (RTEs) in mouse and human tissues. Whether
such RTE transcription contributes to the microglia activation that is
commoninaged brains is unknown. Here, we show that DAXX, a histone

chaperone and RTE repressor, is downregulated during aging, preserves
microglia homeostasis and inhibits cellular senescence. Loss of Daxxin
young-adult microglia drives a reactive phenotype marked by chromatin
decompaction at RTEs, loss of homeostatic markers, cell cycle re-entry
and behavioral changes. This state leads to DNA damage and microglial
depletion, followed by replacement with DAXX-deficient/Apoe™" microglia
displaying features of senescence. Sustained induction of senescence
relies on promyelocytic leukemia protein, a DAXX-interacting factor and
interferon target. Together, these findings highlight the importance of
heterochromatin maintenance in preserving adult microglial identity and
plasticity, with broader implications for brain homeostasis, healthy aging

and behavior.

Loss of heterochromatin is a hallmark of aging and cellular senescence’
and hasbeenlinked to derepression of repeat elements, including ret-
rotransposable elements (RTEs)* . In adult tissues, RTEs are silenced
viamultiple mechanisms, including loading of the histone variant H3.3
(refs.5,6).RTEs are co-opted inthe response to inflammatory stimuli via
their enhancer function and are themselves targets of key proinflam-
matory transcription factors (TFs)”. More generally, RTE deregulation
has beenimplicated inaging, neurodegenerative diseases, autoinflam-
matory conditions and cancer>®*™°,

Microgliaare the resident innate immune cells of the CNS", where
they mediate surveillance against infections and various brain patho-
logical states™®™*. During aging and in neurodegenerative conditions,
microglia undergo transition from a homeostatic state to distinct
reactive states™', which have beenreported as either beneficial or det-
rimental depending onthe disease type and/or stage. These transitions
are associated with profound alterations of the microglia transcrip-
tome and their function'®”. Although chromatin modifications have
been suggested to modulate microglia development and activity'®",

the impact of age-dependent decline in chromatin compaction in
microglia remains mostly unexplored. In this respect, trimethylated
lysine 27 histone 3 (H3K27me3) was linked to either an increased or
decreased inflammatory response®’ ™ Interestingly, loss of hetero-
chromatin hasbeen associated with senescence induced by pathogenic
Tau*and to the ‘dark microglia’ state®.

The H3.3 chaperone DAXX* acts asarepressor of RTEs of viral ori-
gin (hereafter referred to as long-terminal repeat RTEs (LTR-RTEs))**¢
via interaction with H3.3 and the H3K9 methyltransferase TRIM28-
SETDB1 complex®. We have shown that loss of Daxx in hematopoietic
progenitors causes a reduction in H3K9me3 and RTE derepression,
leading to PU.1-mediated neutrophilia?’. Moreover, DAXX is upregu-
lated in microglia following interferon-y (IFNy) stimulation®’, but the
functionalimplications of its induction remain unknown.

Inthe present study, we unravel arole for DAXX in maintenance of
thehomeostaticstate of adult microglia, withimplications forourunder-
standing of therelationship betweenloss of epigenetic barriers, innate
immune cell senescence and aging-associated neuroinflammation.
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Results

Expression dynamics of RTEs and their regulators during
maturation of microglia from development to adult stages

We sought to investigate the expression of RTEs and their regulators
during development and in the adult brain. Microglia originate from
yolk sac progenitors, which colonize the CNS and differentiate into
specialized resident macrophages". By mining existing RNA sequenc-
ing (RNA-seq) datasets* and k-mean clustering analysis, we revealed
dynamic regulation of LTR- and non-LTR-RTEs across developmental
and adult stages (Fig. 1a). While the early-stage cluster E1 displayed
higher RTE expression, the E2 cluster was enriched in both early and
fetal microglia but was downregulated in adult microglia. By contrast,
the adult microglia clusters (A1-A2) were enriched in both embryonic
and adult microglia. In accordance with previous studies showing RTE
deregulation during aging®*?,anumber of LTR-RTE subfamilies (based
onref. 33) were enriched in 24-month-old microglia (Fig. 1b).

Wethen assessed the expression of RTE regulators and associated
factors across different brain cell types®>** (Fig. 1c). The expression of
H3f3a was higher at earlier stages, whereas H3f3b expression peaked
at perinatal and adult stages until 3 months old (Fig. 1d). Both H3f3a
and H3f3b were upregulated in 24-month-old microglia, in accord-
ance with the known increase in H3.3 deposition at euchromatin in
postmitotic cells in aged mice®*¢. Despite the slight increase in Daxx
mRNA expression in 24-month-old microglia (Fig. 1d), DAXX protein
levels were gradually downregulated in whole-brain lysates and in
column-isolated microglia during aging (Fig. 1e), suggesting that DAXX
is post-transcriptionally regulated, as previously proposed*?. Finally,
other RTE repressors and heterochromatin regulators, such as Suv39h,
Dnmt3b, Setdbl and Trim28, were enriched in early and premature
microglia (Fig. 1d), whereas adult microglia displayed higher Dnmt3a
and Trdmtl expression, suggesting dynamic involvement of different
RTE-silencing mechanisms during microglia maturation.

We recently showed an association between RTE expression and
aginginblood cells from the Rhineland Study®, a prospective study of
healthy individuals during aging. We mined the same dataset to show
that DAXXlevels were associated with lower expression of nearly allRTE
subfamilies, also after accounting for blood cell counts (Fig. 1f). The

sensitivity analysis, conducted using a dichotomous DAXX score in a
subset of the Rhineland Study population (N=1,170) supported these
results (Fig.1g). A rank-based gene set enrichment analysis revealed that
genes whose expression levels were positively correlated with DAXX
expression were negatively associated with terms related to translation
and RNA processing (Extended Data Fig. 1a). These data demonstrate
aninverse correlation between DAXXexpressionand RTEsin humans.

Finally, we examined whether DAXX expression was affected ina
model of Alzheimer’s disease (AD). To this end, we performed immu-
nostaining on brain sections from 12-month-old APP/PS1 mice, where
6E10*"amyloid-p plaquesinthe cortex are surrounded by IBA1" micro-
glia (Extended DataFig. 1b,c). DAXX intensity was reduced in microglia
inboth plaque and non-plaque areas, with the former showingamore
marked reduction (Extended Data Fig. 1d,e). Accordingly, western
blot analysis showed diminished DAXX protein levels, inversely cor-
relating with the disease-associated microglia (DAM) marker ApoE
(Extended DataFig. 1f).

Together, these findings reveal dynamic modulation of RTEs and
their regulators during brain development and aging and identify DAXX
asanimportant RTE regulatorinboth human and mouse tissues during
aging and in brain pathological states.

DAXX represses RTEs and IFN-stimulated genes at steady state
and after inflammatory stimuli in microglia ex vivo

We next decided to investigate DAXX expression and regulation in
microglia. In agreement with previous studies showing its induction
following treatment with typelor Il IFNsin cell lines*®, we showed that
both lipopolysaccharide (LPS) and polyinosinic:polycytidylic acid
(poly(I:C)) elevated DAXX protein levels in primary microglia, peaking
at late time points (Extended Data Fig. 2a-d). Furthermore, RNA-seq
data from primary microglia showed marked LPS-induced upregula-
tion of Daxx expression at 6 h, in conjunction with other inflamma-
tory and IFN-stimulated genes (ISGs), including Stat1, Ifnb1, Isg15 and
Irf7 (Extended Data Fig. 2e,f). Finally, by using bone marrow-derived
macrophages (BMDMs) from IFNa receptor knockout (/fnar-KO)
mice, we showed that DAXX induction is dependent on IFN signaling
(Extended Data Fig. 2g,h).

Fig.1|Dynamic expression of RTEs and RTE regulators in microglia during
development, in the adult brain and during aging. a, Heat maps showing
k-means clustering (k = 5) of dynamically expressed LTRs and non-LTRs in microglia
isolated from the developing brain or CNS across embryonic, postnatal and adult
stages (datafromref. 30; n =1mouse for E14.5 and E16.5, n = 2 mice per group

for therest). Clusters are named as early microglia cluster 1(E1), E2, premature,
adult microglia cluster1(Al) and A2 and are indicated on the left; mon, month;
normcount, normalized count. b, Heat maps showing k-means clustering (k =5)
of dynamically expressed LTRs and non-LTRs in microgliaisolated from 3- to
24-month-old mouse brains (data from ref. 33; n = 4 mice for 3and 12 months,
n=2mice for 6 months, n=3 mice for 9 and 24 months, n=5mice for 16 months).
Clusters arenamed as C1, C2, C3, C4 and C5 and are indicated on the left. ¢, Heat
map showing the relative expression of RTE repressor genes across major brain
celltypes (datafromref. 34). d, Heat maps showing the relative expression of RTE
repressor genes in microglia across embryonic (E), postnatal (P), adult and aging
stages (datafromrefs. 30,33). e, Western blots and quantification analysis of
DAXX expression in whole-brain lysates from 2-, 9- and 25-month-old mice (n=3
mice for each age; data were analyzed by ordinary one-way analysis of variance
(ANOVA), F=5.812, P=0.0395; Tukey’s multiple comparisons test, Po onchversus 2month =
0.5353, Pss monthversus 2month = 0-0355, Pss monthversusomontn = 0-1449) and in isolated
microglia from brains of 4-, 9- and 24-month-old mice (n = 3 mice for each age;
datawere analyzed by ordinary one-way ANOVA, F=57.81, P=0.0001; Tukey’s
multiple comparisons test, Py monehversus 4 month = 0-0005; Py monchversus 4 monch = 0-0001;
P54 monthversusomonth = 0-1213). B-Actin served as a loading control; Fold ch., fold
change. f, Volcano plots showing the association between expression levels

of DAXX (on a continuous scale) and those of RTE subfamilies (N=2,922) ina
human cohort using multivariable linear regression models, while applying false
discoveryrate (FDR) correction to account for multiple comparisons; Model 1

(adjusted for age and sex): higher expression levels of DAXX were associated with
lower expression levels of 782 (of 795) RTE subfamilies (FDR-adjusted two-sided
P<0.05); Model 2 (adjusted for age, sex and white and red blood cell counts):
higher expression levels of DAXX were associated with lower expression levels
of 785 (0f 795) RTE subfamilies (FDR-adjusted two-sided P < 0.05). Each dot
represents one RTE subfamily, with statistically significant associations (that s,
FDR-adjusted two-sided P < 0.05) marked in red. The x axis shows the regression
coefficients for the association of DAXX with each RTE subfamily, while the
dashed red line represents the threshold for statistical significance. g, Volcano
plots showing the association between expression levels of DAXX (categorized
into low-DAXX versus high-DAXX groups based on the expression levels of DAXX
falling within the 20% lowest or highest range of the population distribution,
respectively; N=1,170), using multivariable linear regression and applying FDR
correction to account for multiple comparisons; Model 1 (adjusted for age and
sex): the expression levels of 423 RTE subfamilies were higher in the low-DAXX
group thanin the high-DAXX group (FDR-adjusted two-sided P < 0.05); Model

2 (adjusted for age, sex and white and red blood cell counts): the expression
levels of 467 RTE subfamilies were higher in the low-DAXX group thanin the
high-DAXX group (FDR-adjusted two-sided P < 0.05). Each dot represents one
RTE subfamily, with statistically significant associations (that is, FDR-adjusted
two-sided P < 0.05) marked in red. The x axis shows the regression coefficients
for the association between DAXX expression group and each RTE subfamily,
while the dashed red line represents the threshold for statistical significance.
Abbreviations: Astr, astrocyte; Ctx, cortex; Endo, endothelial cells; GC, glial
cells; Hipp, hippocampus; MGL, microglia; MOG, mature oligodendrocyte;
OPC, oligodendrocyte progenitor cells; Sp, spinal cord. Data are presented

as mean +s.e.m. Asterisks (*) indicate statistical significance: *P < 0.05 and
**P<0.001; P,q;, adjusted Pvalue.
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To assess the impact of Daxx loss, we generated a tamoxifen
(TAM)-inducible conditional knockout mouse line (Cx3crI-Cret";
Daxx™) for Daxx ablationin tissue-resident macrophages and micro-
glia®*. Incubationwith 4-hydroxytamoxifen for 24 hled to Daxx recom-
bination and reduced protein levels in Cx3crI-Cre™"; Daxx" primary

1092 (fold Change) z score of normcount

microglia (Fig. 2a,b and Extended DataFig.3a), associated with induc-
tion CD68, a phagolysosome marker indicative of amicrogliareactive
state (Fig.2c,d). RNA-seq analysis showed pronounced changes in gene
expression in unstimulated cells (Fig. 2e and Extended Data Fig. 3b),
with most deregulated genes representing loci upregulated by LPS in
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Fig. 2 |Loss of Daxx in primary microglia triggers RTE activation and ISGs

at steady state and prolongs expression upon stimulus. a,b, Representative
confocal images of IBA1, DAXX and DAPlimmunostaining (a) and quantification
(b) of DAXX intensity in primary microglia isolated from Cx3cr1-Cre®*™?;
Daxx"and Cx3crI-Cre™™; Daxx*""" mice (n = 3 independent preparations

per genotype; data were analyzed by two-tailed unpaired Student’s ¢-test,
P=0.02); Rel,, relative. c¢,d, Representative confocal images of IBA1, CD68 and
DAPlimmunostaining (c) and quantification (d) of CD68 intensity in primary
microgliaisolated from Cx3crI-Cre™ "% Daxx"" and Cx3cr1-Cre™®"%; Daxx VW'
mice (n =3 independent preparations per genotype; data were analyzed by
two-tailed unpaired Student’s t-test, P= 0.0467). e, Heat map representing

the top 100 differentially expressed IFN pathway genes in DAXX-deficient and
control primary microglia under basal conditions or following 6-,24-and 48-h
LPS stimulation. f, Left, heat map representing the overlap between genes
upregulated in DAXX-deficient microglia at steady state and genes induced by
LPS stimulation in control microglia. Right, selected inflammatory genes from
the overlapping gene set. g, Volcano plot showing differentially expressed genes
in Cx3cr1-Cre™™; Daxx™" versus Cx3crl-Cre™™"%; DaxxV""' primary microglia.
Differential expression analysis was performed using DESeq2 with a two-sided
Wald test. Pvalues were adjusted for multiple testing using the Benjamini-
Hochberg procedure. The vertical and horizontal dotted lines show the cutoff of
fold change = +1.5 and adjusted P = 0.01, respectively. h, IFNf secretion measured
by enzyme-linked immunosorbent assay (ELISA) in ex vivo cultured Cx3crI-Cre®*™?;

Daxx""microgliaand Cx3cr1-Cre™"%; Daxx"""" microglia under basal conditions
or following 24 h of LPS treatment (n = 3 independent preparations per group;
datawere analyzed by ordinary two-way ANOVA, F=251.4, P < 0.0001; Sidak’s
multiple comparisons test, Ppgs > 0.9999; P, < 0.0001). i, GO analysis for
upregulated genes in Cx3cr1-Cre™"%; Daxx™" microglia compared to control
microglia. Enrichment was assessed using a one-sided hypergeometric test with
aBenjamini-Hochberg FDR correction for multiple comparisons; Neg., negative;
Pos., positive; prod., production; replic., replication; Reg., regulation; Resp.,
response. j, Heat map showing k-means clustering (k = 5) of LPS-responsive LTR
elements according to their expression in Cx3cr1-Cre®™"%; Daxx™" and Cx3cr1-
Cre™®"2; Daxx""WT primary microglia under basal conditions or following 6, 24
and 48 h of LPS stimulation. Clusters are named C1, C2, C3,C4 and C5and are
indicated on the left. k, GO analysis for genes neighboring LTR elementsin C2 and
C4identified inj. Statistical significance was determined using Genomic Regions
Enrichment of Annotations Tool (GREAT), which applies a two-sided binomial
test over genomic regions. I, Heat map showing gene expression neighboring

the top 30 overexpressed intergenic LTRs in DAXX-deficient microglia at steady
state and in LPS-stimulated control microglia; Nan, not applicable. m, Heat

map showing expression of RTE repressor genes in Cx3crI-Cre®®"; Daxx""and
Cx3cr1-Cre™®™%; Daxx"""T primary microglia under basal conditions or following
6,24 and 48 h of LPS stimulation. Data are presented as mean + s.e.m. Asterisks (*)
indicate statistical significance: *P < 0.05 and ***P < 0.001; NS, not significant.

control microglia (Fig. 2f,g). IFNB levels were higher in DAXX-deficient
microgliafollowing LPS treatment, but not at steady state (Fig. 2h), sug-
gesting that gene expression alterations are IFN3 independent or rely
onundetectable IFN levelsinthe absence of a stimulus. Gene Ontology
(GO) analysisrevealed that genes upregulated in DAXX-deficient micro-
glia at steady state were enriched in antiviral response and immune
IFN processing terms (Fig. 2i).

Daxx loss in Rosa-Cre®™™"%; Daxx"" BMDMs also led to increased
expression of ISGs, such as Statl and Mdas, the latter a gene encod-
ing an RNA-sensing protein, without discernable effects on viability
(Extended Data Fig. 3c—f). As in microglia, IFN secretion was more
pronounced in Rosa-Cre™™; Daxx"" BMDMs following poly(I:C) or
LPS treatment (Extended Data Fig. 3g). Pretreatment with a STAT1
pharmacological inhibitor reduced IFNf secretion in both geno-
types (Extended Data Fig. 3g). While STAT1 protein expression was
higher in Rosa-Cret®%; Daxx"" BMDM s at both steady state and fol-
lowing stimulation, there was no net induction of STAT1 phospho-
rylation (Extended Data Fig. 3h,i). IFNp secretion remained higher in
DAXX-deficientcellsthanincontrol cellsup to24 h (Extended Data Fig. 3j).
Finally, TNF was augmented only at 24 h, suggesting an effect of DAXX
loss on NF-kB-mediated transcription (Extended Data Fig. 3j).

Next, we assessed the impact of DAXX depletion on RTE expres-
sion. While LTR-RTEs peaked at 6 h and then returned to steady state
levels in 4-hydroxytamoxifen-treated Cx3crI-Cre™%; Daxx """ micro-
glia (Fig. 2j), in Cx3cr1-Cre™; Daxx™" microglia, a subset of RTEs dis-
played prolonged expression (C2 and C4 clusters; Fig. 2j). By combining
locus-specific analysis and GO analysis, we revealed that RTEsin C2 and
C4 displayed coordinated induction with ISGs in response to inflam-
matory stimuli (Fig. 2k). Interestingly, anumber of the RTE-ISG pairs
induced by LPS in Cx3cr1-Cre®™"; Daxx"""T cells were derepressed at
steady state following Daxxloss (Fig. 2k,1). Finally, DAXX depletion cor-
related with the induction of other RTE repressors, including Chaf1b,
Setdb1, Dnmt1, Dnmt3a, H3f3a and H3f3b (Fig.2m), suggesting potential
compensation for RTE silencing in Cx3crI-Cref®"%; Daxx"" microglia.

Together, these findings suggest that DAXX ensures RTE and ISG
repression in unstimulated cells, while its IFNB-dependent induction
contributes to resolution of the inflammatory response.

Loss of Daxx in vivo causes altered microglial morphology,
microglia depletion and astrogliosis

Toinvestigate theimpact of Daxxlossinmicrogliainvivo, Cx3cr1-Cre®™";
DaxxV"and Cx3crI-Cre™™; Daxx"""T mice were treated with TAM and

Fig. 3 | Deletion of Daxxin microglialeads to areactive phenotypein vivo.

a, Representative confocal images of DAXX and IBA1 double immunostainingin
brain sections from Cx3crI-Cre™ " Daxx¥""" and Cx3cr1-Cre™ " Daxx"" mice
(n=3miceforeach genotype),at1w.p.i. b, Western blot and quantification of
DAXX, TRIM28 and H3.3 in microglia isolated from Cx3cr1-Cre®™"; Daxx"V/"T
and Cx3cr1-Cre™™; Daxx"" mice at 1 w.p.i. B-Actin served as aloading control
(n=3micefor each genotype; data were analyzed by two-tailed unpaired
Student’s t-test, Ppaxx = 0.0094, Prpis = 0.0011, Pyy; ;= 0.0029). ¢, Western blots
for DAXX expression in microgliaisolated from Cx3crI-Cre®™®"; Daxx"""" and
Cx3crl-Cre™ Daxx" mice at 0 d.p.i.and 8 w.p.i. (n = 3 mice for each genotype).
B-Actinserved as aloading control. d, Representative confocal images of IBA1
immunostaining in brain sections from Cx3crI-Cre®™™; Daxx"""" and Cx3crl-
Cre®®2; Daxx"" mice at 3 d.p.i. e, Quantification of IBA1" cells in the hippocampus
of Cx3crI-Cre™™; Daxx"™ " and Cx3cr1-Cre®™™; Daxx" mice at 3 d.p.i. (n =8 mice
for Cx3cr1-Cre™™; Daxx"""T and n =10 mice for Cx3crI-Cre®™®"?; Daxx""), 1 w.p.i.
(n=9 mice for Cx3cr1-Cre®™™; Daxx"""" and n =13 mice for Cx3crI-Cref*™?;
Daxx"M), 3 w.p.i. (n =5mice for Cx3cr1-Cret™"™; Daxx""""and n = 7 mice for Cx3crI-
Cre™2; Daxx™"), 8 w.p.i. (n = 4 mice for Cx3cr1-Cre®™™; Daxx""" and n = 5mice
for Cx3cr1-Cre™"; Daxx™™) and1y.p.i. (n = 3 mice for Cx3cr1-Cret™®"; DaxxV""T
and n = 5 mice for Cx3crI-Cre®®"?; Daxx""; data were analyzed by ordinary two-
way ANOVA, F=7.177, P< 0.0001; Sidak’s multiple comparisons test P values

for Cx3cr1-Cre™™; Daxx"" versus Cx3crl-Cre®™" Daxx""™": ;. ,, = 0.0037,
Py,5:.<0.0001,Ps,,,; =0.0318, P, ,; = 0.4425,P,, ,; =0.9669).f,g, Representative
confocal images of IBAlimmunostaining (f) and morphological quantification
(g) of IBAT" cells in the CAlregion of the hippocampus from Cx3crI-Cre™'%;
Daxx"""T and Cx3cr1-Cref™™?; Daxx"" mice at 3 d.p.i. (n =4 mice per group),
1w.p.i. (n=4mice per group), 3 w.p.i. (n =4 mice per group), 8 w.p.i. (n = 6 mice
for Cx3crI-Cre™%; Daxx*""" and n = 8 mice for Cx3crI-Cre™'%; Daxx™™) and 1y.p.i.
(n=5mice per group; datawere analyzed by ordinary two-way ANOVA witha
Sidak’s multiple comparisons test; Pvalues for Cx3crI-Cre®™™"?; Daxx"" versus
Cx3cr1-Cre™™; Daxx""™': ramification index: P; 4,,; < 0.0001, P, ,; <0.0001,
P31 <0.000L, P, ,; =0.2834, P, ,; = 0.3752; number of branches:
Py4pi.=0.0457, Py, = 0.001L, Py, < 0.000L, P, ,; = 0.0007, P, ,; = 0.2958;
number of junctions: P; 4 ,,; = 0.0267, P,,,,,; =0.0005, P;,, ,; < 0.0001,
Pg\.,5.=0.0005, P, ,; =0.2962). h,i, Representative confocal images (h) and
quantification (i) of IBA1and CD68 immunostaining in the hippocampus from
Cx3cr1-Cre™™"; DaxxV""T and Cx3crl-Cre™%; Daxx™" mice at 3 w.p.i. (n =8 mice
for each genotype; data were analyzed by two-tailed unpaired Student’s ¢-test,
Pepssintensity = 0:024, Ppearsoncorrelation = 0-0125). The images on the far right in h show
three-dimensional reconstructions of IBA1" microglia with IBA1'CD68* double
immunostaining. Data are presented as mean + s.e.m. Asterisks (*) indicate
statistical significance: *P < 0.05, **P < 0.01and ***P < 0.001; AU, arbitrary units.
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assessed at O days post-TAM treatment (d.p.i.), 1d.p.i., 3 d.p.i., 1week
post-TAM treatment (1w.p.i.), 3 w.p.i., 8 w.p.i.and 1year post-TAM treat-
ment (1y.p.i.). Cre-mediated Daxx recombination was observed in
column-isolated Cx3crI-Cre™%; Daxx""microgliaat 3 w.p.i., but notin
thebone marrow, inaccordance with the rapid turnover of peripheral
macrophages (Supplementary Fig. 1a,b). DAXX downregulation was
demonstrated across the entire time course from TAM treatment, cor-
relating with reduced expression of two DAXX-interacting proteins,
H3.3 (Fig.3a-c), as we have previously shown”, and TRIM28 (Fig.3a-c).

Following Daxxloss, the number of IBA1" microglia was reduced at
3 d.p.i.and1w.p.i.butthenrecovered from 3 w.p.i. onward (Fig. 3d,e).
Concomitantly, microglia morphology acquired reactive features
alongwithincreased CD68 (Fig. 3f-iand Supplementary Fig. 1e), more
markedlyin the ventral CA1 (Supplementary Fig.1d,e). Microgliamor-
phology and numbers were unaffected at O d.p.i. in both genotypes
(SupplementaryFig. 1c), excluding an effect of Cre or TAM treatment.
Correlating with decreased microglia cellularity, the percentage of
cleaved caspase-3‘IBA1’ cells was increased following Daxx loss at
3 d.p.i. but not later (Supplementary Fig. 1f-i). Finally, the number of
Ki67°IBA1" proliferating microglia was also increased at the early time
points (Supplementary Fig. 2a-c).

In accordance with the reported association between microglia
activation and astrogliosis*°, glial fibrillary acidic protein (GFAP)
immunoreactivity was increased in Cx3crI-Cre®™®™; Daxx™brains from
1w.p.i.onward, corroborated by western blots on whole-brain lysates
(Supplementary Fig. 2d-f). Finally, the number of NeuN" neurons, the
area coverage of myelin basic protein (MBP) and the neurofilament
marker SMI31 were not altered in the CAl of Cx3cr1-Cre™™; Daxx™?
hippocampi at 3 w.p.i.and 8 w.p.i. (Supplementary Fig. 2g-j).

Collectively, Daxx loss leads to induction of a microglia reactive
state and astrogliosis, which are associated with cell death and entry
into the cell cycle.

Mice lacking microglial Daxx display reduced synaptic
markers/punctaand behavioral alterations

Because reactive microglia may mediate synapse pruning and
remodeling", we assessed Bassoon"Homer1* synaptic puncta and
found atransient reduction following microglial Daxxloss (Fig.4a,b),
correlating with decreased synaptic protein expressioninwhole-brain
lysates (Supplementary Fig. 2f). We then assessed whether these
changes correlated with behavioral perturbations, given that dysfunc-
tional microglia have been linked to altered behavior in mice, including
anxiety-like phenotypes***, We then performed a panel of tests to char-
acterize different domains of mouse behavior at 8 w.p.i., when micro-
glia numbers had recovered to control levels. Cx3crI-Cre®c"%; Daxx™1
micetraveled longer distancesin the open-field arena and spentslightly

reduced time exploring the center of the arena (Fig. 4c), suggesting
increased anxiety. This is in agreement with the more pronounced
changesinmicroglial morphology in the prefrontal cortex (Fig. 4h,i),
aregion implicated in fear and anxiety****. Results from the elevated
plus maze test also indicated anxiety-like behavior (Fig. 4d), with lack
of discernible defectsinlocomotion (Fig. 4e). Finally, Barnes maze tests
for spatial learning and memory function suggested that the motiva-
tion of Cx3cr1-Cre®™™"%; Daxx™" mice to search for another escape of the
maze declined, indicating a potential stress-response search strategy
or executive dysfunction. While the escape latency as well as the num-
ber of serial errors were unchanged (Fig. 4g), Cx3cr1-Cre™™; Daxx"™
mice spent more time in the target hole at probe day 14 (Fig. 4f,g),
suggesting that they remember the target location more effectively,
whereas their search strategy may result from anxiety-driven avoid-
ance of alternative holes.

Overall, our findings suggest that altered microglia function fol-
lowing Daxxloss has implications for brain function and behavior.

Daxxloss causes early RTE upregulation and a biphasic gene
expression response

Given the impact of microglial Daxx loss on tissue homeostasis
and behavior, we decided to explore potential perturbations of the
microglia transcriptome and chromatin landscape. Bulk RNA-seq data
obtained from column-isolated microglia showed clear separation
between control and DAXX-deficient cells by principal component
analysis (PCA) across the different time points (Supplementary Fig. 3a).
By performing k-means clustering, differentially expressed LTR-RTEs
were separated into five clusters (C1-C5; Fig. 5a), with LTR-RTEs within
Cland C3 being induced starting from O d.p.i. and peaking at 3 d.p.i.,
whilein C2,C4 and C5, LTR-RTEs were gradually inhibited until 3 d.p.i.,
followed by an increase at later stages. Of note, intergenic Cl and C3
LTR-RTEswere already upregulated at O d.p.i.in DAXX-deficient micro-
glia (Fig.5b). The gradual downregulation of RTEs at later stages after
Daxx loss correlated with induction of the RTE repressors ChafI and
Dnmtl1 (Supplementary Fig. 3c), as also observed in vitro (Fig. 2m).

In contrast to RTE induction, alterations in endogenous gene
expression were observed only from 1d.p.i. and peaked at 3 d.p.i.
and 1w.p.i. (Fig. 5c and Supplementary Fig. 3b), suggesting that the
primary effect of Daxx loss is on RTE expression. Data integration
using published datasets* showed an overlap between differen-
tially expressed genes in DAXX-deficient microglia and signatures
characterizing embryonic and early postnatal microglia (C3 and Cé6;
Fig. 5d and Supplementary Fig. 3d). Genes found in C6 embryonic
microglia also contained canonical DAM genes, like Apoe and AxI[*
(Fig.5d).Furthermore, differentially expressed genesin DAXX-deficient
microglia overlapped with aging-dependent microglia signatures

Fig. 4| Mice lacking microglial Daxx display synapse punctareduction and
alterations of behavior. Behavioral characterization of Cx3cr1-Cre®™ ™ Daxx™"""
and Cx3cr1-Cre™™™; Daxx™" mice at 8 w.p.i. Each data point represents one animal.
a,b, Representative confocal images (a) and quantification (b) of Bassoon and
Homerlimmunostaining in the prefrontal cortex of Cx3cr1-Cre®™*"%; Daxx"" and
Cx3cr1-Cre®™t™; Daxx*"W" mice at 3 d.p.i. (n = 5mice for each genotype), 1 w.p.i.
(n=5miceforeachgenotype), 3 w.p.i. (n=5mice for each genotype), 8 w.p.i.
(n=5miceforeachgenotype) and1y.p.i. (n =4 mice for each genotype; data
were analyzed by ordinary two-way ANOVA with a Sidak’s multiple comparisons
test; Pvalues for Cx3cr1-Cre®™™; Daxx™" mice versus Cx3crI-Cre™"; DaxxV""T,
presynaptic puncta: Py, ,; = 0.0301, P, ,; = 0.0015, P;,, ,; =0.006, P, ,; = 0.9238,
Pyy,5.=0.6803; postsynaptic puncta: Py 4 ,; = 0.0049, P, ,; =0.0226, P, ,; = 0.408,
Pg\pi.=0.3306, P,,,,; = 0.9975; colocalized puncta: P 4,; = 0.0023, P,,,,; = 0.0134,
P;ypi=0.0254, P, ,; =0.5976, P, ,; = 0.7808). ¢, Open-field test with travel
distance and quantification of time spent in the center zone and in the perimeter
zone (n =12 mice for each genotype; data were analyzed by two-tailed unpaired
Student’s t-test, Ppiseance = 0.0452, Poyrationcenter = 0-1595, Poyration perimeter = 0.1595);
Cum., cumulative. d, Elevated plus maze test showing time spentin the closed
and open arms (n =14 mice for each genotype; data were analyzed by two-tailed

unpaired Student’s £-test, Pjosedarms = 0-0073, Popenarms = 0.0108). €, Rotarod test
assessed by latency to fall from the accelerating rotarod (n = 14 mice for each
genotype; datawere analyzed by two-tailed unpaired Student’s t-test, P= 0.5425).
f, Representative tracking plots from the Barnes maze probe trails on days 7 and
14. g, Barnes maze test showing escape latency, number of error trails and time
spent at the target hole and target zone (n = 14 mice for each genotype; data

were analyzed by two-way repeated-measures ANOVA with a Sidak’s multiple
comparisons test; Pvalues for Cx3crI-Cre™™™; Daxx"" mice versus Cx3cr1-Cret*'%;
Daxx"""T: escape latency, Py, ;= 0.9069, Py, 14 = 0.9999; number of error trails,
Pyay7=0.9374, Py,1, = 0.3888; target hole, Py,,, = 0.7754, Py,1, = 0.0115; target
zone, Py,,;=0.7816, Py, 1, = 0.9218). h,i, Representative confocal images (h) and
quantification (i) of IBA1 cells in the prefrontal cortex of Cx3cr1-Cre™2; Daxx""
and Cx3cr1-Cre™™; Daxx""" mice at 1 w.p.i. (n = 4 mice for each genotype),

8 w.p.i. (n=3 mice for each genotype), 12 w.p.i. (n = 7 mice for each genotype) and
1y.p.i. (n =5 mice for each genotype; data were analyzed by ordinary two-way
ANOVA, F=8.386, P=0.0003; Sidak’s multiple comparisons test Pvalues for
Cx3crl-Cre®™; Daxx" versus Cx3crl-Cre®™™; Daxx""" " mice: P, ,; = 0.0011,
Pg\pi.=0.0809,Py,,,,,; =0.0117, P, ,; = 0.0333). Data are presented as

mean +s.e.m. Asterisks (*) indicate statistical significance: *P < 0.05 and **P < 0.01.
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(Supplementary Fig. 3d)*. GO analysis showed that cell division/mito-
sistermswere enriched in DAXX-deficient microglia (Fig. 5e) but were
restricted to 3 d.p.i. and 1 w.p.i. (Fig. 5e), in accordance with the peak
in Ki67 positivity (Supplementary Fig. 2a-c). By contrast, immune

response/inflammation terms remained stable throughout the entire
time course (Fig. 5e).

Wethenaddressed whether DAXX-deficient cellswouldbetranscrip-
tionally similar to reconstituting microglia following CSF1R inhibition®*
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Fig. 5| Loss of Daxx in microgliain vivo causes derepression of RTEs and
marked changes of the microglia transcriptome. a,b, Heat maps showing k
component Gaussian mixture model clustering (k = 5) of differentially expressed
LTRs (a) and intergenic LTRs (b) in microgliaisolated from Cx3crI-Cre®®"?; Daxx""
mice compared to Cx3crI-Cre™"%; Daxx"""" mice from O d.p.i.to 1y.p.i. Clusters
areindicated on the left. ¢, Volcano plots showing the differentially expressed
genes in in vivo microgliaisolated from Cx3crI-Cre™"; Daxx™" mice compared
to Cx3cr1-Cre™™™; Daxx"""T mice from O d.p.i. to 1 w.p.i. Differential expression
analysis was performed using DESeq2 with a two-sided Wald test, and Pvalues
were adjusted for multiple testing using the Benjamini-Hochberg procedure.
The vertical and horizontal dotted lines show the cutoff of fold change = +1.5
and anadjusted Pvalue of 0.01, respectively. d, Heat map showing changes
ingene expression associated with the developing microglial phenotype
(named C6, according to published datasets in Hammond et al.*’) in Cx3crI-
Cre™2; Daxx™" microglia compared to in Cx3cr1-Cre™™; Daxx" """ microglia
from0d.p.i.toly.p.i.e, GO analysis of differentially expressed genes (DEGs)

in Cx3cr1-Cre™™™; Daxx"" microglia compared to Cx3crI-Cre®t™; Daxx"V7"T
microgliafrom1d.p.i. to1y.p.i. Differential expression analysis was performed
using atwo-sided hypergeometric test via the clusterProfiler::compareCluster
package, and Pvalues were adjusted for genome-wide multiple comparisons
using the Benjamini-Hochberg FDR method; comp., compound; ext., external;
med., mediated. f, Heat map showing TF motif enrichment in open and closed
differentially accessible regions (DARs) identified by ATAC-seq in Cx3crl-
Cre™2; Daxx™" microglia at 3 d.p.i. Regions are classified as intergenic (IR) or
nonintergenic (NIR). Differential expression analysis was performed using a
one-sided hypergeometric test against an automatically generated background

set of genomic sequences via HOMER software. g, Heat map showing TF motif
analysis in LTR-overlapping DARs located in intergenic (interg) regions of Cx3crlI-
Cre™™; Daxx™" microgliaat3 d.p.i. The color grade represents —log,, (P value)

for each motif. Differential expression analysis was performed using a one-sided
hypergeometric test against an automatically generated background set of
genomic sequences via HOMER software; Decre., decreased; Incre., increased.

h, GO analysis of genes near opened chromatin regions at 3 d.p.i. overlapped with
LTRsinintergenic regions. Differential expression analysis was performed using
atwo-sided binomial test over genomic regions; Adap., adaptive; Def., defensive;
mol., molecule; oxyg.containing, oxygen-containing; recomb., recombination.

i, Heat map showing overlap between differential ATAC-seq peaks in Cx3crlI-
Cre™™; Daxx"" microgliaat 3 d.p.i. and enhancer regions associated with
developmental microglial states (data fromref. 30). Differential expression
analysis for each pairwise genomic intersection was performed using a two-
sided Fisher’s exact test via the ‘bedtools fisher’ command. j, Genome browser
tracks showing ATAC-seq and RNA-seq signal at the Apoelocus in Cx3cr1-Cre®™';
Daxx*"""and Cx3crI-Cre™™; DaxxV" microglia at 3 d.p.i. Highlighted regions
indicate developmental microglial enhancers (yellow) and the Apoe gene locus
(purple); cCREs, candidate cis-regulatory elements. k, Heat map showing relative
expression of gene signatures associated with distinct microglia states, including
homeostatic, cell cycle, developmental (C6)*, DAM™ and IFN response. Datasets
include Cx3cr1-Cre™™; Daxx™" (Daxx KO) from O d.p.i. to1y.p.i., SallI-Cre®®"?;
Sall1" (Sall1 KO)*, poly(I:C)-stimulated wild-type microglia (p(IC)>", p(IC)2")
and poly(I:C)-stimulated /fnar-KO microglia (/fnar KO + p(IC)). Abbreviations: Al,
adult microglia cluster 1; A2, adult microglia cluster 2; E1, early microglia cluster 1;
P, premicroglia; YS, yolk sac.

(Supplementary Fig. 3d). Repopulation-associated signatures were up
mostly before the observed replenishment detected at 3 w.p.i., sug-
gesting a potential regenerative state of DAXX-deficient microglia. We
also assessed whether Daxxloss recapitulated an exhausted microglia
phenotype following three rounds of depletion/reconstitution (3xDR)
described ina previous study®’, which, unlike our current work, was run
using female mice due to limited changes in the microglia transcrip-
tome in male mice. Most of the differentially expressed genes from
3xDR female microglia displayed an opposite direction of change in
DAXX-deficient microglia, while conversely a subset of 3xDR downregu-
lated genes was upregulated in Daxx-KO microglia. Finally, differentially
expressed genes that followed the same direction of change were mostly
enriched at early time points (Supplementary Fig.3d), before microglia
poolreplenishment. Finally, the genes from 3xDR that remained up until
8 w.p.i. and 1y.p.i. mostly belonged to the DAM category. These find-
ings suggest that DAXX-deficient microglia fail to clearly recapitulate
exhausted microglia.

Because enzymatic digestion during microglia preparation
induces stress and causes an aberrant transcriptional response®,
we performed microglia isolation using an inhibitor cocktail to

prevent transcription and translation*” and assessed the expres-
sion of a number of homogenization-induced genes and DAM genes
(Supplementary Fig. 3e). The inhibitor cocktail downregulated the
expression of the artifactual signature genes only in control micro-
glia and not in DAXX-deficient microglia, whereas in untreated
DAXX-deficient cells, these genes were as low as in inhibitor-treated
wild-type cells. DAM genes were induced following Daxx loss, but
they were unaffected by the inhibitor cocktail, overall indicating that
transcriptome perturbations following Daxx depletion are predomi-
nantly caused by Daxxloss rather thancellisolation-induced artifacts.

Together, our data show that microglial Daxx loss leads to early
RTE upregulation, followed by loss of homeostatic gene expression,
a transient reactive/developmental state and stable induction of
DAM genes.

Increased chromatin accessibility at RTEs as well as
developmental and aging-associated enhancers following
Daxxloss

To assess the effect of Daxx depletion on the chromatin landscape,
we performed assay for transposase-accessible chromatin using

Fig. 6 | Daxx deletion causes reduced H3K9me3 at LTR-RTEs in adult
microglia. a,b, Average H3K9me3 (a) or H3.3 (b) read depth across transposable
element subfamilies in microglia isolated from Cx3crI-Cre®®"?; Daxx"""" mice
(n=2mice for H3K9me3 and 3 mice for H3.3) and Cx3cr1-Cre™"%; Daxx"" mice
(n=3mice for H3K9me3 and 2 mice for H3.3). Read depth was quantified by

1x normalization (reads per genomic content) using University of California,
Santa Cruz (UCSC)-tools bigWigAverageOverBed (v2). For each transposable
element subfamily, the mean of meanO (average over bases, with noncovered
bases counting as zeroes) was calculated and visualized as box plots. Analysis
included the 20 most abundant transposable element subfamilies in the

mm39 UCSC RepeatMasker annotation, together with LTR subfamily Gypsy

and IAP elements. Subsequent analysis focused on the transposable element
subfamilies that were more prominently altered (inbold; Pvalues were calculated
using unpaired two-sided Student’s ¢-tests for Cx3crI-Cre™™; Daxx"" versus
Cx3cr1-Cre™ % Daxa ™, Pgy; = 0.0075, Pepyy = 0.0122, Piyp = 0.0273, Pyg resty =
0.0349 and Pg, e = 0.0344). Box plots show the median and first and third
quartiles (hinges), and whiskers extend from the hinge to the smallest/largest
value at most 1.5 the interquartile range. c,d, Heat maps and aggregate

profiles of H3K9me3 and H3.3 enrichment across LTR subfamilies, including

ERV1(n =69,131), Gypsy (n = 3,440), AP (n=30,005), ERVK (n =370,031), ERVL
(n=113,067), ERVL-MaLR (n =534,111) and LTR (rest; n =15,284). IAP elements
exhibited the strongest H3K9me3 enrichment and a marked reduction of
H3K9me3 signal in Cx3crI-Cre™ "%, Daxx™" microglia (Daxx KO) compared to
Cx3cr1-Cre™™; Daxx¥""T microglia (control (Ctrl)). Different color keys show
different marks (for example, H3.3, H3K9me3); TE, transposable element.

e, MA plots showing binding changes using DiffBind. Top, IAP elements
(n=30,005) displaying a reduction in H3K9me3 (not H3.3) in Daxx-KO microglia
versus control microglia. Bottom, human microglia-specific enhancers and
promoters (data fromref. 54). Differential binding changes of homologs were
assessed using DiffBind (FDR < 0.05; strict settings). Statistical analysis was
performed using a Wald test on generalized linear model coefficients (from the
DESeq2 package). f, Heat maps and profiles of H3K9me3 and H3.3 enrichment
across LTR clustersidentified in Fig. 5a. g, Bar plot showing the proportion

of differentially bound H3K9me3 peaks overlapping TSSs of individual
transposable element subfamilies. Percentages are calculated relative to the total
number of TSSs in each subfamily. h, Genome browser views of representative
loci showing reduced H3K9me3 enrichment and H3.3 occupancy at RTEs in
Daxx-KO microglia. Asterisks (*) indicate statistical significance: *P < 0.05.

Nature Neuroscience | Volume 29 | October 2026 | 2480-2498

2489



Article

https://doi.org/10.1038/s41593-026-02404-y

a [ Cx3cr1-CrefR™2; DaxxWT/WT b I Cx3cr1-CrefR™2; DaxxWT/WT
W Cx3cr1-Cre™R™2; Daxx™! Il Cx3cr1-Cre™R™2; Daxx™!
&
34
7.5 i
£%E £
Qo m ol
[T o c
T £ T 0
o oE
S € 504 g€ 2
o O O =
E o ! ES
w Q L .
o £ o™
co 8 * cm
o X * o T L
Q™ 25 * — = 0= - by
=T - &= = = = 14 o
= L= *ﬁ B & e - -
- : 7y R
C - i - 9 e h
T ST L - = e S R e oL ®
o T T T T T T T T T T T T T T T T T T T T 1
SN YTESY¥XJdexr>000a05 2N>Tx 0EE 29T ES¥Xde 00005 2N>Dx 08
<B838zzz3852¥° 8 ¢8558 3 IEIFEZ2IE$85°°§92%3825 8
Wiiws2 382 s 8 = s g0 Whwszao < Q= 3 52
SO06F par S x 5 2= L9 06F o S g =
> = £ K » o5 > = = £ K n o5
& < S s 2 & < S s 2
ui = o £ 3 ui = < 3} €3
: 5 : 5 °
— -
TE families TE families
€ Compari f f
parions of IAP-TSS peaks H3K9
me3 H3.3
H3K9me3 H3.3 H3K9me3 H3.3 Daxx KO versus Daxx WT
cul  DaxKO  Cul _ DaxxKO cul  DaxxKO  cul  DawkO (993 P < 0.050) Crl  Daxxko Gl Daxko
,M - ’tm /\ o 3
AR & L] e ' e @, 2 oellsnsnM | parteann | | aineis
st s 23 aems  ms2s astes s 2s aams | T zsWh  asts  Tszs zates  Tazs oams | Tezs 2sr T 2sm) < TEs 2525155 TEs 2525755 TS 25()
_ ©
5}
[ 5
k]
o
X =
z =3 &
i o =
- ]
g 3
i 0123456789 b
g log (concentration) §
a
[T S S—
- T . . %
o Microglia enhancers “;.
3 (59 FDR < 0.050) =
> 3 .o
[5) =]
x - c
a T % 2 " o
< = S Q
a 2 E
2 i 2
2 2
= =
o o _ s
Low ——===mm High Low ———==mm High Low —====mm High |ow —====mm High -3 Low —===mmm High Low ———==mmm High
0 4 8 0 2 4 0 4 8 0 2 4 012345678 0 4 8 0 2 4
Binding Binding Binding Binding log (concentration) Binding Binding
g h 50 kb ——————————— mm39 50 kb hg38
[ Cx3cr1-Cre™R™2; DaxWT/WT 33- .
ERT2 il Cx3crl-Cref™2; Daxx"™!
[l Cx3cri1-Cre™"'%; Daxx’ o [ e — ' FGF23 e
Py b abil ik L s i btk il L L ENSG00000305724
@38 ERT2 AUt
I5 Cx3cr1-Cre™'%; Daxx
o “ ‘ ENSG00000285901
>4 g kel bk Liks TR VTIPS YT TV SR
2 - Cx3ert-Cref™; Daxx /T ENSG00000296658 * I v oo TIGAR
= j=]
c Q@
£ =
o w $%|2s . IV DO T A ST enconE " Wi
L5 23 Cx3crl-Cre™"; Daxx™" cCREs
E 2 I
© sie | | LR 1 T O TR
w« 3 2 il M et b bk st s une || I ) | |
g 2 Tigar Cend2 iR [ |l
59 o T " : ‘ on
g ! Vo simple I AR ni i
£ . IR o TR i towcomplody
g2 1 uwco@g'giﬁlg satellite
E «©
ST
. 20 kb ————————— mm39 20 kb ———————————— mm39
(o] o Cx3cr1-Cre™™2; Daxx" T ” Cx3cr1-Cre % paxx VT
23888 E0IT8IRBBII2IFT o TV VY PR Y Y P T PR T ..mMimeh-. (YT WPRTN PR R PP R ..Mwm.x i
Caoggsroaogdirg2dsage  25/% —— ] BT
E g % % gﬁ) g 3 ? &% g 8 s 5 ? E ? & o 3 8 3 Cx3cr1-Cre™'%; Daxx Cx3cr1-Cre™'; Daxx
TG sSn sl Slle letslice 152 kit b bbb oo Lk ko ik R TN T T Y T T um “J il ok
N e S Pt Pt e P Y] Cx3cr1-Cre®™™%; Dax T 100 = Cx3er-Cret™™; Daxd M
DPHEBONDDDDDFZ bR RSH ) ; )
BRIEERLRBE PR o R B8R
TETEZL%35040859%F2258  S@lm. : Al “
L E E 2% 2 553388 §3 Cx3crl-Cret®'2; Daxx/! Cx3crl-Crett'2; Daxx/!
s Sy 28 893 il dud
z =2 3 s 2 — - - . doins
o< 8 23 Mki67 AP PINLYD = et XICG]
H £ = SINE [ e wll I Xreet T T AP " Zfp575
= @ oA ' d n —— R SINE 1100 TR TR LRI o TR
. Smele |1 o (NN | LNe M 1 [ —
owcomplihy E |
Simple (R} I I I I 1
Low complexity
Satellite | 1 I

Nature Neuroscience | Volume 29 | October 2026 | 2480-2498

2490



Article

https://doi.org/10.1038/s41593-026-02404-y

sequencing (ATAC-seq) at 3 d.p.i. to capture early changes in chro-
matin accessibility. PCA revealed clear clustering according to
genotype (Supplementary Fig. 3f), whereas motif enrichment anal-
ysis showed that regions that gained accessibility were enriched in
AP-1-related motifs (Fig. 5f), consistent with a microglia reactive
state*®* (Fig. 5f). By contrast, intergenic LTR-RTEs gaining accessi-
bility were enriched in the PU.1 motif (Fig. 5g), as in DAXX-deficient
hematopoietic progenitors”. GO analysis indicated that intergenic
LTR-RTEs gaining accessibility were in close proximity to immune
regulation genes and ISGs (Fig. 5h). By accessing published data®,
we showed that a subset of developmental enhancers (YS/E1 cluster)
showed increased accessibility in DAXX-deficient microglia (Fig. 5i) and
were close to deregulated ISGs and DAM genes, including regulatory
regions within the Ceacam19 locus downstream of Apoe (Fig. 5j and
Supplementary Fig. 3g). By contrast, enhancers losing accessibility
were associated with adult microglia (A1/A2 clusters) and in proximity
to downregulated homeostatic genes, suchas Salll, P2ry12, Cx3cr1 and
Mafb (Supplementary Fig. 3h), correlating with Salll super enhancer®™
reduced accessibility (Supplementary Fig. 3h).

By accessing published data on aged microglia®’, we found
that a subset of open promoter regions in aged microglia showed
increased accessibility also in DAXX-deficient microglia (Supplementary
Fig. 4a), whereas over 60% of intergenic regions gaining accessibility
in DAXX-deficient microglia were also openin 24-month-old microglia
(Supplementary Fig. 4b). Although ETS motifs were mainly enriched
in aged microglia (Supplementary Fig. 4c), DAXX-deficient micro-
glia presented enrichment in AP-1 motifs (Supplementary Fig. 4c),
including in the above-mentioned intersected intergenic regions
(Fig. 5f).

Collectively, these data suggest that DAXX-deficient microglia
acquire a chromatin state compatible with both developmental and
aging-associated cell identities.

Loss of Sall1 or viral mimicry signaling recapitulates some
changes observed in DAXX-deficient microglia

Given the downregulation of homeostatic genes in DAXX-deficient
microglia, we sought to examine potential transcriptional similarities
between DAXX-deficient microglia and Salll super enhancer-deficient
microglia® (germline Salll heterozygous endogenous KO (EKO) and
Salll EKO; Supplementary Fig. 4d). Indeed, we could demonstrate a
significant overlap in gene expression between DAXX-deficient and
SalllI-EKO microglia (Supplementary Fig. 4d,e). We then integrated
our datawith bulk RNA-seq data from Cx3crI-Cre™"; Sall1"" (Sall1-KO)
mice® and from in-house poly(l:C)-stimulated wild-type or Ifnar-KO
microglia. We showed that the increase in cell cycle genes (1d.p.i.
to1w.p.i.) and C6/DAM signatures (3 d.p.i. to 1y.p.i.), ISG induction
(Fig. 5k) and downregulation of homeostatic genes in Daxx-KO micro-
gliawere in part recapitulated following deletion of Salll itself*' or
poly(I:C) treatment. Loss of [fnar rescued homeostatic gene expression
and reduced ISGs, whereas cell cycle genes were unaffected, and the
gene encoding Ki67 and most C6/DAM genes were further upregulated
(apart from Apoe, Axl, Cd74 and Ms4aé6).

Intersection of differentially upregulated and downregulated
RTEs in microglia following LPS (ex vivo) or poly(I:C) (in vivo) treat-
ment identified commonly upregulated and downregulated RTEs
across conditions and time points (Supplementary Fig. 4f). Notably,
alarge proportion of these RTEs was upregulated in Daxx-KO micro-
glia starting from 1d.p.i. and peaking at 3 d.p.i. A similar induction
was observed in SallI-KO microglia as well as in poly(l:C)-stimulated
control microglia (Supplementary Fig. 4g). However, most of these
inflammation-related RTEs were not affected by Ifnar loss following
poly(I:C) treatment.

These dataindicate that gene and RTE expression changes caused
by Daxxloss arein partrecapitulated followingloss of Salll expression
or poly(l:C) treatment.

Daxxloss leads to reduced H3K9me3 at LTR-RTEs but no
changes in H3.3 enrichment
Previous studies showed that the DAXX-TRIM28-SETDB1 complex
plays a critical role in RTE silencing through induction of H3K9me3
(refs. 4,52,53) but that binding of DAXX to H3.3, rather than H3.3
depositionitself, appears to be required for this function, potentially
via reciprocal regulation of their respective protein levels* (Fig. 3b).
CUT&Tag experiments on column-isolated Cx3cr1-Cre™™; Daxx"7/WT
and Cx3cr1-Cre®™™™?; Daxx"" microglia (Fig. 6) revealed that Daxx loss
reduces H3K9me3 at several LTR-RTEs, most prominently atintracister-
nal particles (IAPs; Fig. 6a). Although H3.3 was found at LTR-RTEs and
oftentogether with H3K9me3, it was mostly unaffected following Daxx
loss (Fig. 6b—d). MA plot analysisillustrated two groups of differential
IAP-transcription startsite (IAP-TSS) peaks between DAXX-deficient
and control microglia, with a wider distribution in the control group
(Fig. 6e). Furthermore, we found differentially reduced H3K9me3
deposition at enhancers conserved between mice and humans® in
DAXX-deficient microglia (Fig. 6e). Importantly, by replotting deregu-
lated LTR-RTEs (Fig. 5a), we observed reduced H3K9me3 marks at C1
inDAXX-deficient microglia (Fig. 6f), while H3.3 remained unchanged
(Fig. 5a). By assessing the overall percentage of all LTR-RTEs, several
subfamilies, including IAPs, displayed reduced H3K9me3 following
Daxxloss (Fig. 6g). Interestingly, Ccnd2 (encoding cyclin D2), Mki67 and
Xrcclwere upregulated following Daxxloss (Fig. 5k) and were foundin
proximity to H3.3/H3K9me3-marked LTR-RTEs, with H3K9me3 being
reduced following Daxxloss (Fig. 6h). Motif analysis for IAP peaks with
higher H3K9me3 binding showed enrichment in several specific motifs
(Supplementary Fig. 5a).

Together, these findings suggest that DAXX regulates RTEs via
H3K9 trimethylation without clear effects on H3.3 deposition.

Gene expression changes caused by Daxx loss are in part
recapitulated in H3.3- and TRIM28-deficient cells
Our findings suggest that DAXX interaction with H3.3, rather than
its loading, is critical for RTE silencing in microglia, as previously
reported*. Thus, we decided to investigate the overall effects of Hira
or H3f3loss in microglia using TAM-inducible H3f3a/H3f3b and Hira
conditional knockout mice. While microglial soma size was increased
inthe brains of Rosa-Cre™"; H3f3a""H3f3b™~ mice compared to those
in H3f3a""H3f3b™" control mice, microglianumbers were unchanged
(Supplementary Fig. 5b,c). By contrast, microglia-specific loss
of Hira had no effect on either microglia morphology or number
(Supplementary Fig. 5d,e). Bulk RNA-seq data® from the H3f3a/H3f3b
double knockout (H3.3-DKO) RAW264.7 macrophage cell line
(Supplementary Fig. 5f-h) showed that a number of genes that were
altered in DAXX-deficient microglia were similarly affected in H3.3-DKO
cells (Fig. 5¢,kand Supplementary Fig. 5i,j). Interestingly, anumber of
ISGs were downregulated in H3.3-DKO cells (Supplementary Fig. 5j),
suggesting that they may require H3.3 loading for expression. Finally,
based on existing datasets®***, TRIM28-deficient neural progenitor
cells (NPCs) and lymphocytes also showed a partial overlap with genes
altered in DAXX-deficient cells (Fig. Sk and Supplementary Fig. 5k).
In conclusion, our data suggest a functional interaction with
H3.3 and the TRIM28-SETDBI1 complex, as previously reported in
other models.

DAXX-deficient microglia enter into an aberrant state
compatible with increased plasticity and DAM-like/Apoe
features

To address whether the different signatures arising following Daxx
loss define specific microglia subpopulations and/or coexist in the
same microglia cell, we performed longitudinal single-cell RNA-seq
(scRNA-seq) of microglia following Daxx loss. We first removed clus-
ters containing either mixed cell populations or nonmicroglial/non-
macrophage gene signatures and retained 13 clusters, of which only

high
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Fig. 7| DAXX-deficient microglia enter into a transient state ofenhanced
plasticity, followed by acquisition of DAM-like features. a, Uniform manifold
approximationand projection (UMAP)and graph-based clustering of in vivo
microgliaisolated from Cx3crI-Cre™"; Daxx*"W' and Cx3cr1-Cre™"; Daxx™" mice at
3d.p.i., 1w.p.i.and 8 w.p.i.b, A microgliatrajectory was constructed using 7,878 of the
8,922 total cells, focusing on the 10 most interconnected clusters. Each cluster was
identified and color coded. ¢, Trajectory analysis of Cx3cr1-Cref"%; Daxx V7™t

and Cx3cr-Cre™™; Daxx™ microglia. d, Bar graphs showing the percentage of
microgliabearingsingle or double phenotypes (homeostasis, C6, IFN response,
proliferation and DAM) in Cx3crI-Cre™2; Daxx¥"™T and Cx3cr1-Cre™™; Daxx™ mice
at3d.p.i.,1w.p.i.and 8 w.p.i. e, Violin plots showing gene expression of Apoe, ADrisk,
DAM-like, white matter injury and aging microglia signatures (OA2 and OA3)*in
invivomicrogliaisolated fromthe brains of Cx3crI-Cre™2; Daxo " and Cx3crl-
Cre™™2; Daxx™ mice at 3d.p.i.,, 1w.p.i.and 8 w.p.i. The black line indicates the median
expression/module score calculated using the AddModuleScore() function in Seurat.
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Statistical significance was assessed using pairwise two-sided Wilcoxon rank-sum
testsand the geom_signif function (ggsignif R package) for the given comparisons,
no correction for multiple testing; for Apoe, Py, ,; = 0.0021, P, ,; <2.22x 107,

Py, pi <2.22x107 for ADriskgenes, Py ,; = 0.12, Py, ,; =29 %107, Py <2.22x 107
for DAM-likemarkers, Py ,; <2.22x107%,P,,, ,; <2.22x107, Py, ,; <2.22x107%;

for white matterinjury microglia, P4 ,; <2.22x107, P, ,; <2.22x107%,

Paups <222x107%for OA2, Py, ,; <222 X107 Py, ,; <222 X107, Py, < 2.22%107%
for OA3, Psq,; <2.22X107%, Py, <222 %107, Py, . <2.22x107%).£, Heat map of

the top 50 age-associated markers calculated from a published aging microgliadata
set> across all cells of our scRNA-seq dataset (n =10,172 cells). The overlap of all
age-associated markers with the markers from Cx3cr1-Cre™"%; Daxx™ versus Cx3cri-
Cre®™% Daxx™ microglia (n=492 cells; 68.05%; adjusted P< 0.05; average log, (fold
change > 0))is highly significant: P=2.2 x 107%; odds ratio =16.42 (two-sided Fisher’s
exact test for count data). Asterisks (*) indicate statistical significance: **P< 0.0l and
***P<(0.001; MT, mitochondrial; WM, white matter.

Nature Neuroscience | Volume 29 | October 2026 | 2480-2498

2492



Article

https://doi.org/10.1038/s41593-026-02404-y

C6 showed a nonmicroglial macrophage-like signature (Fig. 7a and
Extended Data Fig. 4a,b). DAXX-deficient microglia clustered sepa-
rately from wild-type microglia at all time points, whereas 3 d.p.i. and
1w.p.i. DAXX-deficient microglia clustered together but separately from
8 w.p.i. DAXX-deficient microglia (Fig. 7a). To further assess the dynam-
ics of transcriptional changes, we constructed a microglia trajectory
focusing onthe mostinterconnected clusters (CO-C5,C7-C9 and C12;
Fig.7b) and built separate trajectories for control and DAXX-deficient
cells (Fig. 7c) as the cell distribution within each cluster for the two
genotypes, using root clusters based on the highest percentage of
cells at 3 d.p.i. (Extended Data Fig. 4c,d). When cells were organized
alongeachtrajectory (pseudotime; Fig. 7c), DAXX-deficient microglia
followed a trajectory starting from ISG"e" cells, which first branched
offtoward Ki67"'e" cells (C8) and then toward P2ry12"€"Sall1"e" cells (C1
and C12). This was followed by another bifurcation in C12, with cells
either remaining P2ry12"e"Sall1"e" (C9, C4, CO and C3) or becoming
Apoe"€'H2"eh (C2 and C7). By contrast, control microgliaretained mostly
homeostatic features (P2ry12""Sall1"e"), with a subset of cells following
atrajectory either toward Ki67"¢"IFN"&" (reactive) or Apoe"s"H2"e" cells
(DAMs). In line with bulk RNA-seq data, 3 d.p.i. and 1 w.p.i. microglia
displayed loss of homeostatic markers and gain of ISG and proliferation/
regeneration signatures (Extended Data Fig. 4e-g).Finally, 3 d.p.i.and
1w.p.i. DAXX-deficient microgliaresembled embryonic day 14.5 (E14.5)
microglia®® and were enriched in G2/M phase genes, compatible with
cell cycle arrest or enrichment in this phase (Extended Data Fig. 4f,h).

Although most DAXX-deficient microglia displayed reduced
expression of homeostatic genes at 3 d.p.i. (84%), which were par-
tially restored at 8 w.p.i., acquisition of the C6 signature was detected
in most cells (92%) and was stable over time (Fig. 7d). The percent-
age of cells positive for the IFN signature was 77% at 3 d.p.i. and 37%
at 1 w.p.i. in Cx3cr1-Cre™™; Daxx"" mice (Fig. 7d). Approximately
30% of total DAXX-deficient microglia displayed coexistence of C6/
proliferation signatures at 3 d.p.i. and 1 w.p.i. (Fig. 7d). Furthermore,
we found that the percentage of DAM*C6* microglia increased from
17% at 3 d.p.i. to nearly 66% at 8 w.p.i. in Cx3crI-Cre™%; Daxx"" mice,
with 8 w.p.i. DAXX-deficient microglia also showing upregulation
of major histocompatability complex class Il (MHC II)-related genes
(Fig. 7d and Supplementary Fig. 6a). Via integration of published
data*®, we showed that 3 d.p.i. and 1 w.p.i. DAXX-deficient micro-
glia resembled injured white matter microglia and aged microglia
(OA2 and OA3; Fig. 7e). Additionally, DAXX-deficient microglia also
expressed C6 embryonic microglia genes, which comprise DAM
and brain border-associated macrophage progenitor markers
(Supplementary Fig. 6b). Of note, DAXX-deficient microglia progres-
sively upregulated Apoe expression and the expression of other AD
risk genes (Fig. 7e and Extended Data Fig. 5a). Based on pseudotime

analysis (Extended Data Fig. 5b,c), reduced Apoe expression drove
the trajectory toward P2ry12Me"Sqil1"e" cells (CO), whereas higher
Apoe expression drove the trajectory toward H2"e" cells (C2 and C7;
Extended Data Fig. 5¢). Finally, we found that the top 50 microglial
genes from 24-month-old mice* were enrichedinthe 3 d.p.i.and 1 w.p.i.
DAXX-deficient microglia, of which some (for example, Apoe and H2)
remained up until 8 w.p.i. (Fig. 7f).

Overall, these datasuggest that DAXX deficiency leads to acquisi-
tion of anaberrantstate displaying coexistence of reactive and DAM sig-
natures, followed by the emergence of a stable DAM-like/Apoe"®" state.
Daxx downregulation leads to enhanced lysosomal ApoE
expression and dystrophic neurites in older mice
To validate APOE induction at the protein level, we performed immu-
nostaining and found that 1y.p.i. DAXX-deficient microglia showed
accumulation of structures containing ApoE and LAMPlinboth the cell
bodyandprocesses (Extended DataFig.5d,eand SupplementaryFig.7a),
indicating alterations in phagocytosis. ApoE accumulation was not
observed in GFAP’ cells (Supplementary Fig. 7b). We also showed SMI31*
aggregated neuritesinthe CAlat1y.p.i. (Extended DataFig. 5f). Finally,
DAXX-deficient microglia displayed a transcriptional profile similar
to amyloid plaque-associated microglia (XO4")*® and late-onset AD
microglia (Supplementary Fig. 7c).

We found that 34 upregulated genes were shared across
DAXX-deficient microglia, NPCs and bone marrow (KLS) progeni-
tors” (Extended Data Fig. 6a,b), including Apoe, Lamp1 and Cdknla
(Extended Data Fig. 6¢), supported by GO analysis revealing vacu-
olar transport, cell cycle and immune terms (Extended Data Fig. 6d).
Reintroduction of wild-type Daxx into DAXX-deficient NPCs led to
reduced Apoe expression (Extended Data Fig. 6e). Finally, a number
of cis-regulatory elements in the Apoe locus displayed increased
acetylated H3K27 following Daxx loss in KLS progenitors
(Extended Data Fig. 6e).

Together, these results suggest a potential direct role for DAXXin
regulation of Apoe expression and a phagocytic gene program across
celltypes.

Daxxloss causes induction of DNA damage markers, p53
targets and a senescence program

We sought to explore the potential association between the cell death
phenotype andloss of genomicintegrity. Indeed, Cx3crI-Cre®c"; Daxx™"
microglia displayed increased DNA damage response (DDR)/p53/
Cyclin-dependent kinase inhibitors (Cdkis) signatures between1d.p.i.
and 1w.p.i. (Fig. 8a), whereas p53 target genes involved in apoptosis
(Bax and Bak), growth arrest/senescence (Cdknla and Pml) and the
senescence-associated secretory phenotype wereinduced from1d.p.i.

Fig. 8| DAXX-deficient microglia present DNA damage and PML-dependent
cellular senescence. a, Heat map showing the relative expression of gene
signatures associated with distinct microglia states, including DDR, p53/

Cdkis and senescence-associated secretory phenotype. Datasets include
Cx3cr1-Cre™™; Daxx™™ (Daxx KO) from O d.p.i. to 1y.p.i., SallI-Cre®®"?; Sall1""
(Sall1 KO)*, poly(I:C)-stimulated wild-type microglia (p(IC)*", p(IC)2") and
poly(1:C) stimulated /fnar-KO microglia (Ifnar KO + p(IC)). b, Western blot

and quantification of DAXX, PML, phospho-p53 (p-p53), YH2AX and H2AX in
microgliaisolated from Cx3crI-Cre®™*™; Daxx""™7 (control) and Cx3cr1-Cre**™?;
Daxx"" (Daxx-KO) mice at 3 d.p.i. B-Actin served as the loading control (n=4
mice per group; datawere analyzed by two-tailed unpaired Student’s ¢-test,

Poaxx =0.024, Py = 0.0054, P, 53= 0.0365, Pyypax = 0.0197, Pyjypy = 0.2824,

Pp.cin = 0.9935); FC, fold change. ¢,d, Representative confocal images (c)

and quantification (d) of co-staining for SA-B-Gal activity and IBAlin the
hippocampus of Cx3cr1-Cre™™; DaxxV"™T and Cx3cr1-Cre™™; Daxx™" mice from
3d.p.i.to8 w.p.i. (3 d.p.i.and 1 w.p.i.: n =3 mice for each genotype; 8 w.p.i..n=4
mice for each genotype; data were compared by two-tailed unpaired Student’s
t-test, Py 4, =0.0086, Py, ,; =0.0094, Py, .. = 0.0495). e.f, Representative confocal
images of IBAlimmunostaining (e) and morphological quantification (f) of IBA1*

cellsin the hippocampus of Cx3crI-Cre™; DaxxV"“" mice (n = 3 mice), Cx3crl-
Cret™2; Pmi™ mice (n = 4 mice), Cx3cr1-Cre™"%; Daxx™" mice (n =3 mice) and
Cx3crl-Cre™%; Daxx™"Pmi™" mice (n = 3 mice) at 8 w.p.i. (data were analyzed by
ordinary one-way ANOVA with a Tukey’s multiple comparisons test; for number
of IBA1 cells: F=19.10, Pyryersus pmiko = 0-9207, Pyt versus paxx/pminko = 0.0012,

Pemiversus paxpmioko = 0-0025, Ppaexoversus paxxemipko = 0-0012; for ramification:
F=14.62, PWTversusanxKO =0.0281, PWTversusDaxx/Pm[DKO =0.0011, PPmIversusDaxx/Pm[DKO =
0.0023, Ppayrkoversus paxxeminko = 0.1563; for number of branches: F = 8.073, Py yersus
paxxpmipko = 0-0114, Ppyyyersus paxxipmipko = 0-0107, Ppaexoversus paxxemipko = 0-3785).

g, h, Representative confocal images (g) and quantification (h) of co-staining

for B-galactosidase activity and IBAlin the hippocampus of Cx3cr1-Cre®%;
Daxx*""T mice (n =3 mice), Cx3cr1-Cre™™, Pm{"" mice (n = 4 mice), Cx3crI-
Cre™™; Daxx™" mice (n = 3 mice) and Cx3crI-Cre™®"%; Daxx""Pmi" mice (n=3
mice) at 8 w.p.i. (data were analyzed by ordinary one-way ANOVA, F = 6.6,
P=0.0119; Tukey’s multiple comparisons test: Py yersus pmiko = 0-754, Py versus paxxko =
0.0142, PWTversusDaxx/Pm[DKO =0.9843, PDaxxKOversustlKO =0.0415, PDaxxKOversusanX/Pm[DKO =
0.0237). Dataare presented as mean * s.e.m. Asterisks (*) indicate statistical
significance: *P < 0.05,**P < 0.01and **P < 0.001.
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and remained higher until 1 y.p.i. (Fig. 8a and Extended Data Fig. 7a).
Similar changes were observed following SallIloss or poly(I:C) stimula-
tion, but most of the DDR genes and p53 targets were not affected by
Ifnarloss. Accordingly, our scRNA-seq data also showed higher levels
of cell cycle, apoptosis and DNA repair genes (Extended Data Fig. 7b).
Increased expression of YH2AX, phosphorylated p53 and the prosenes-
cence and type 11IFN/p53 target PML protein were detected in 3 d.p.i.

a P R C
=Ea0 205
O a =¥
DaxxKOvsCtrl 7 ¢ 2 8F
. . = = t 4
== 2T S 20 S ] :
i33addiLshht SA-p-Gal
RS N ~*  3dpi
Ocmcmos naagel F
e, ‘o3
i <
[ 3t
s 1 <%
oo o ®
DD‘ Yea vl Q
fis e :
e i 3 _ © 100 pm -
i 4 8 —
w | N
2| s 3 SAB-Gal
3| % z sdpi. 2
© s ] 0 2
CANE = o+
6oz _ ¥
gﬁcéi 2 g 5
G 1
oo 1
e 3
o 3
& s
-1 £ .
o S | SA-B-Gal
o 3 X .
i X 1w.p.i.
s 1
e Q]
rene o 5
k &
b 2
Ctrl KO‘Ctrl KO ‘Ctrl KO‘Ctrl KO kDa LFC 5
i i i -
DAXX = :+ :. i - _ gg | 0.39* g
| | | 3N
I I I 3.40%% Q —
PML— & .1 R e SA-B-Gal ;
| | | ;
R 8 w.p.i. L
p-p53 = 3 - i i w72 |75 2
| | | T
YH2AX = - - (- — 411 T
: : : y
HOAX Do S o o S S —— 0.91 -
I I I g
| | | ’
B-ACHIN M sl v - - 42 | 0.99
e f g ]
SA-B-Gal ;
o ' 8 w.p.i. -
% . O Cx3crl-Cre™™: paxx™ ™" E —
QE B Cx3cr1-Cre™™; pm{™" QE
Oz ‘ Oz
7% <%
5 fé O Cx3cri-Cre™™ Daxx™™ 5 S
g Q =] Cx30r1-CreEm; g Q ey
Daxxﬂ/ﬂPmlﬂ/ﬂ : }06 um
| — K
SA-B-Gal
o 500 o 8 W.p.i.
% * & ;
[OFS] = 400 0=
= 5 52
IE = € 300 %
5 =€ 5
N o5 200 &
3 4 3
§ 100
o ;
SA-B-Gal
" : -~
L BwRL L
"o c i} ¥
sy RS <
O x 9 ‘-E ~A e *
<3 b= Q%
g Q 2 =8 i
el = cQ
% £ @
Q X
g (@)
. SA-B-Gal
= g AR
S @« 5w
(SN 2 S S
<= G O
o : =
V] o 3 I
3 8] a @R
s 3Q
=z

* SA-B-Gal

SA-BiGal

SA-B-Gal
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ogy (Extended DataFig. 7c-e).No DNA damage or DDR was observedin
either Cre" wild-type controls or DAXX-deficient cellsat O d.p.i. (Fig. 8a),
arguing against Cre or TAM artifactual effects. Finally, Daxx loss led
to an increase in senescence-associated $-galactosidase* (SA-B-Gal*)
microglia, substantiating our gene expression data (Fig. 8c,d).
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Induction of senescence following Daxx ablation is dependent
onthe nuclear scaffold protein PML
We next sought toinvestigate potential mechanisms underlying induc-
tion of cellular senescence following Daxxloss. PML, a DAXX interactor
involved in regulation of senescence and the essential component
of PML nuclear bodies*” ", was induced following Daxx ablation in
microgliaand BMDMs (Fig. 8b and Extended Data Fig. 7a,f,g). While
Cx3cr1-Cre®™™-mediated deletion of Pmlalone did not alter microglial
number or morphology (Fig. 8e,f and Extended Data Fig. 8a,b), the
hippocampus of TAM-treated Cx3crI-Cret®"?; Daxx"", Pmi™ (Daxx/Pml
DKO) mice at 8 w.p.i. showed increased numbers of microgliaand CD68
expression and reduced ramification index, suggesting a more reac-
tive phenotype (Fig. 8e,f and Extended Data Fig. 8a,c-e). Moreover,
Ki67* microglia were increased in Daxx/Pml DKO mice compared to
inother genotypesat1w.p.i., but notlater (Supplementary Fig. 8a-d).
Finally, at 8 w.p.i., the number of SA-B-Gal’ cells in Daxx/Pm{DKO mice
was reduced compared to in Cx3cr1-Cre™"%; Daxx"" mice (Fig. 8e-h).
These findings suggest that PML limits the expansion of
replenishing microglia following Daxx loss via maintenance of a
senescence phenotype.

Daxx overexpression inhibits ApoE expression and cellular
senescence in areplicative senescence model
We decided to explore whether DAXX is sufficient to inhibit cellular
senescence using a replicative senescence model based on extended
culturing of embryonic NPCs infected with a Daxx lentiviral vector
(Daxx-OENPCs) or anempty vector (EVNPCs; Extended Data Fig. 9a,b).
DAXX levels decreased with increasing passagesinboth EV and Daxx-OE
NPCs but remained higher in Daxx-OE cells (Extended Data Fig. 9a,b).
While the percentage of SA--Gal” cells, yH2AX intensity and ApoE
expression gradually increased in EV NPCs through passaging, these
markers were reduced in Daxx-OE NPCs from postnatal day 13 (P13)
onward (Extended Data Figs. 9c,d and 10a-d), along with Apoe and
Cdknla (Extended Data Fig. 10e).

Collectively, these data indicate that overexpression of Daxx is
sufficient to inhibit cellular senescence in NPCs and to suppress Apoe
expressioninareplicative senescence model.

Discussion

Inthe present study, we link maintenance of chromatin compactionat
RTEs by the H3.3 chaperone DAXX to regulation of microglia identity
and functionin the adultbrain. Aninverse correlation between DAXX
and RTE expression was demonstrated in peripheral blood samples
of alarge group of community-dwelling individuals, validating the
RTE-repressive role of DAXX in human settings. Longitudinal assess-
ment of these individuals displaying increased RTE levels would be an
obvious future development.

We advance amodel whereby DAXX represses RTE repression at
steady state in microglia, whereas following exposure to activating
stimuli, DAXX is induced in an IFN-dependent manner to re-silence
RTEs and restrict the inflammatory response. In agreement with this
model, loss of DAXX causes chronic RTE derepression and aberrant
proinflammatory signaling, with implications for immune cell func-
tion and tissue homeostasis. Furthermore, we propose that DAXX
contributes to the epigenetic barrier insulating microglia cell iden-
tity in the adult. In this respect, Daxx loss leads to a transient state,
where multiple gene expression signatures coexist within the same
cell, potentially reflecting enhanced plasticity. In agreement with
our findings, recent studies suggest that replenishment of micro-
glia in depletion models is due to reversion to a state permissive for
expansion®. How proliferation and cell death are functionally related
in adult microglia remains poorly understood. Based on our find-
ings, we envision that microglia carrying chromatin decompaction
lose homeostatic features via lowering of the epigenetic barrier and
entryintoadevelopmental-like state characterized by cell cycle entry.

However, most of these microglia would be unable to complete cell
division due to induction of DNA damage, leading to cell death or
cellular senescence, as observed in the context of replication/mitotic
stress following oncogenic activation®. One could also speculate that
duetoaging-associated loss of heterochromatin, microgliawould be
more susceptible to DNA damage, especially when they respond to
stimuli such as inflammation, which would promote cell cycle entry.
Notably, cellular senescence has been associated with microglia dys-
function during aging also in other studies®**, whereas loss of het-
erochromatin itself can induce cellular senescence®. Finally, HERVK
elements have been suggested to reinforce cellular senescence during
aging®. What remains to be understood is what the source of replen-
ishment of the microglia pool is following Daxx loss. In this respect,
we cannot exclude that migration of microglia from other regions
contributes to this phenomenon, as suggested by others with respect
to border-associated macrophages®’.

We then showed that the DAXX-interacting and IFN-responsive
factor PML is responsible for sustained maintenance of the senes-
cence phenotype following Daxx deletion. In agreement with this,
concomitant DAXX and PML inactivationin microglialed toincreased
microglia cell numbers after the replenishment phase. However, fur-
ther, potentially intertwined, mechanisms might also be involved. In
this respect, recent studies showed that secreted ApoE induces senes-
cenceinneurons and neutrophils, potentially viaa TREM2-dependent
mechanism®*®, Notably, ApoE promotes degradation of TRIM28 and
destabilization of heterochromatin for induction of senescence®.
Further investigation is required to explore the functional involve-
ment of ApoE in regulation of microglial heterochromatin, as well as
its potential interplay with PML.

Would the acquisition of DAM-like and senescence features in our
model have adetrimental or protectiveimpact onbrain homeostasis?
Ononehand, microglial DAXX loss leads to changes in mouse behavior,
which are compatible with an anxiety-like phenotype. This is consist-
ent with a recent report implicating DAXX as risk factor for anxiety
disorders in humans®. With respect to aging and aging-associated
diseases, ApoE protein colocalized with the lysosomal marker LAMP1in
DAXX-deficient microglia, aphenotype also observed around plaques
in an AD model. These structures may also constitute phagocytosed
dystrophic neurites, which have been shown to be positive for LAMP1
in AD models®®. These changes are associated with the presence of what
appear to be axonal aggregates positive for phosphorylated neurofila-
ment, suggesting altered protein quality control and/or phagocytosis.
Furthermore, a previous study showed that microglia positive for ARG1
and ApoE also display phagocytic inclusions, like in DAXX-deficient
cells®. Interestingly, we observed induction of LAMP1 along with genes
involved in vesicle trafficking following Daxx loss also in NPCs and
hematopoietic progenitors, suggesting that altered phagocytic func-
tion is a key consequence of DAXX impairment. A DAXX-lysosome
molecular axis is of interest considering that alterations of lysosomes
are fundamental events in aging and aging-associated conditions™.
Finally, the emerging role of both DAXX and PML”"” in inhibition of
proteinaggregation might also contribute to maintenance of (nuclear)
proteostasisin microglia duringaging, afurther line of research arising
fromour study.

Overall, our work provides evidence for heterochromatin mainte-
nance and RTE silencing as epigenetic barriers against perturbations
of microglial cell identity and induction of senescence, with implica-
tions for our understanding of microgliabiology in healthand disease.
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Methods

Measurements of DAXX and RTEs levels in humans

Study population. We used data from participants of the Rhineland
Study, an on-going population-based cohort study in Bonn, Germany.
Invitations to participate in the Rhineland Study are extended to all
inhabitants of two geographically defined areas of Bonn who meet the
inclusion criteria: aged 30 years and older and sufficient command of
the German language to give informed consent. The mean (s.d.) age
was 55.40 (14.48) years, and 45.4% were men (see Source Data Fig. 1).
The study was approved by the ethics committee of the University of
Bonn, Medical Faculty. The Rhineland Study is carried out in accord-
ance with the recommendations of the International Conference on
Harmonization Good Clinical Practice standards. Written informed
consent was obtained from all participants in accordance with the
Declaration of Helsinki.

Whole-blood RNA isolation and sequencing. Total RNA was isolated
from 3,480 peripheralblood samples. The blood was collected in PAX-
gene Blood RNA tubes (PreAnalytix/Qiagen) and processed inaccord-
ance with the manufacturer’s instructions. Total RNA was extracted
following the manufacturer’s guidelines using a PAXgene Blood miRNA
kit. The integrity and quantity of RNA were assessed using a TapeSta-
tion RNA assay on a4200 TapeStation system (Agilent Technologies).
We used 750 ng of total RNA to generate next-generation sequencing
libraries using the TruSeq stranded total RNA kit (Illumina) following
the manufacturer’s instructions with Ribo-Zero Globin reduction.
Library size distribution was assessed viaD1000 ScreenTape assay on
a Tapestation 4200 system (Agilent), and library quantification was
performed using a Qubit HS dsDNA assay (Invitrogen). The libraries
were clustered at a final concentration of 250 pM on a NovaSeq6000
instrument using NovaSeq S2 v1 chemistry (Illumina) in XP mode for
thefirst batch of 3,000 samples and NovaSeq S4 v1.5 chemistry for the
last batch of 480 samples. Paired-end sequencing with 2 x 50 cycles was
conducted before demultiplexing using bcl2fastq2 v2.20. Quality con-
trol of the sequencing data was performed through FastQC (v0.11.9).

RTE subfamily and loci profiling. Expression levels of RTEs in the
RNA-seq data were quantified using the Software for Quantifying
Interspersed Repeat Elements (SQUIRE) pipeline”. The sequencing
reads were aligned to the hg38 human reference genome obtained
from UCSC, and the RTEs were annotated using RepeatMasker. The
SQUIRE pipeline generates read counts and fragments per kilobase
transcript per millionreads (FPKM) for RTE subfamilies. In our analysis,
weincluded RTE subfamilies expressed in at least 5% of the participants
with anaverage of mapped reads equal or greater than15. FPKM counts
were log transformed to conform the data to anormal distribution.

Gene expression profiling. We obtained gene expression levels in the
RNA-seqdatabyaligning the sequencingreadsto the GRCh38.p13human
reference genome provided by Ensembl using STAR v2.7.1. We obtained
the count matrix through the STAR command -quantMode GeneCounts
using the GRCh38.101 human gene annotation. Genes expressed in at
least 5% of the participants and withan overall mean expression greater
than15readswereincludedintheanalysis. Last, we applied the varianceS-
tabilizingTransformation function from DESeq2 v1.30.1 on the counts
tonormalize for library size and to log transform the data.

Demographic and biochemical variables. Age, sex and smoking
status datawere derived from self-reports. Smoking status was catego-
rized asabinary variable (for example, current smoker and not-current
smoker). We imputed missing smoking status values using cotinine
metabolite levels, measured through the Metabolon HD4 platform’.
Differential blood cell counts were measured at the Central Laboratory
ofthe University Hospital in Bonn using EDTA-whole-blood samples on
ahematological analyzer Sysmex XN900O.

Statistical analysis. Before conducting statistical analyses, we z
standardized all continuous variables to enable comparisons among
variables with different units of measurement. To assess the asso-
ciation between DAXX (main independent variable) and each RTE
subfamily (dependent variable), we performed a multivariable
regression analysis, while adjusting for age, sex, smoking status and
batch effect (Model 1) and additionally for white and red blood cell
counts (Model 2). The FDR method was used to correct for multiple
comparisons, with the threshold for statistical significance set at
FDR < 0.05. A sensitivity analysis was performed on a subset of the
Rhineland Study population. This subset comprised participants with
the lowest 20% of DAXX expression levels (low-DAXX group) and those
with the highest 20% of DAXX expression levels (high-DAXX group).
Subsequently, we assessed the association between DAXX groups
and each RTE subfamily, while controlling for the same covariates
as described above.

Tointerpret the biological role of DAXX, we first assessed its cor-
relation with all genes available in the Rhineland Study dataset. Next,
we conducted arank-based gene set enrichment analysis, ranking the
genes in descending order according to the Spearman’s correlation
of their expression levels with that of DAXX. Specifically, a GO analysis
for the correlation of DAXX expression with the expression levels of
12,167 other genes measured in the Rhineland Study (N =2,966) was
performed. Allgenes were first ranked in descending order according
to the Spearman’s correlation of their expression levels with that of
DAXX, followed by arank-based gene set enrichment analysis, applying
FDR correction to account for multiple comparisons (all P values are
two-sided and based ona permutation test using aweighted Kolmogo-
rov-Smirnov-like statistic’’, as implemented in the clusterProfiler R
packagev.3.18.1).

Animals

All experimental procedures were approved by Landesamt fiir Ver-
braucherschutzund ErndhrungNordrhein-Westfalen (formerly Lande-
samt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen)
under protocols 81-02.04.2016.A486, 81-02.04.2020.A346
and 81-02.04.2021.A019.

Mice were maintained on a 12-h light/12-h dark cycle with ad
libitum access to regular chow food (ssniff Spezialdidten). The fol-
lowing mice were used in this study. Daxx-floxed mice” were gener-
ated by Taconic Artemis. The targeting vector contained aneomycin
(NeoR) gene surrounded by flipase sequences (FRT) and a puromy-
cin (PuroR) gene surrounded by F3 sites, which were removed by
in vivo FIp-mediated recombination. In the resulting strain, exons
2-7 of Daxxwere flanked by loxP sequences. C57BL/6N floxed Hira
mice (Hira"") were provided by P. Adams (Sanford Burnham Prebys
Medical Discovery Institute)’®. The brain sections of Rosa26-Cre®'2;
H3.3A""H3.3B”~ mice were provided by S. Rafii (Department of
Medicine, Weill Cornell Medicine)”. Ifnar-KO mice (028228),
Cx3cr1-Cre®™™ mice (021160), Rosa26-Cre™ ™ mice (008463), MxI-Cre
mice (003556) and APP/PS1 mice (034823) were purchased from
TheJackson Laboratory. The following genotyping primers for the
Daxx-floxed allele were used: 5-AGATCCTGTCTCTCCTGTCTATCC-3’
(Daxx forward) and 5-CACTGGGTAGACTAGACTG-TGGC-3’ (Daxx
reverse). To check for recombinationinduced by Cre recombinase,
we used the following primers: 5’-GGAGGGAGTCGAAGAGTTGG-3’
(Daxxforward), 5-TGCGTTTCCTGTCTTTCGG-3’ (Daxxreverse) and
5’-GCTCACGCCTTTAGTCCGAA-3’ (Daxx recombined). To induce
Cre activation, Rosa26-Cre™ - or Cx3cri-Cre®*™-positive mice
were treated with 80 mg per kg (body weight) per day TAM (T5648,
Sigma-Aldrich) via oral gavage for five consecutive days. Both
sexes were tested and used in most experiments. Behavioral analy-
ses were performed on 4- to 5-month-old male mice. The n val-
ues in the figure legends reflect the number of mice analyzed in
each experiment.

Nature Neuroscience



Article

https://doi.org/10.1038/s41593-026-02404-y

Behavioral tests

Open field. To assess their exploratory and locomotor behavior, mice
were placed in a lighted 25-cm-wide box with no escape for a single
10-min session. The box itself was divided into a central zone and a
peripheral zone. The distance and/or the movement within the zones
was recorded to calculate the fear versus exploratory behavior®.

Elevated plus maze. To investigate anxiety- and fear-associated
behavior®, the animals were placed for 5 min in the center of a
cross-shaped maze composed of two open arms (no walls) and two
closed arms (with walls). Their anxiety was triggered by the height of
the 1-m-high platform, prompting the animals to seek protectionin the
closed arms. As ameasure of this anxiety, the time spentin the closed
armswasrecorded.

Rotarod. To assess their motor coordination and balance, the mice
were placed on an accelerating rotarod for 5 min, which increased in
speed from 4 to 40 rpm over time. The test was repeated four times
per day for 4 consecutive days. The duration of their stay on the rod
was recorded®.

Barnes maze. Spatial learning and memory were tested using the
Barnes maze test®. Briefly, animals were trained to locate a 1-m-high
circular platform with 20 equally sized holes along the perimeter. An
escape platform (circle, 10 cmindiameter) was placed 1.0 cmbelow the
water surface (hidden) in a pool 120 cm in diameter. Each mouse was
placed in the center of the maze covered by a dark start box for 10 s.
After 10 s, the mouse was allowed to freely explore the platform for a
limited time period (90to 180 s). The test consisted of three different
phases: (1) habituation (the first day with one trial per mouse), (2)
acquisition (5 consecutive days with two trials per mouse) and (3) probe
test (ondays 7 and 14 with one trial per mouse). During the habituation
phase, the mouse could explore the platform for only 1 min and was
then led to the escape hole, where it remained in the escape box for
another 2 min. However, during the acquisition phase, the mouse had
3 min per trial to explore the maze and find the escape hole/box. In case
offailure, the mouse was led again to the escape hole, where it remained
foranadditional 2 min. Last, the final probe tests were performed 24 h
and 7 days after thelast acquisition. During the probe tests, the escape
hole was plugged, and the mouse was allowed to explore the maze for a
total time period of 120 s. The latency toreach the plugged escape hole
and the cumulative duration spent in the target area were measured
for the 2 probe days.

Primary cell culture
For primary microglia culture, cortical hemispheres from newborn
mice (P2) were cleared of meninges and homogenized inice-cold DMEM
supplemented with 20% FBS and 1% penicillin/streptomycin. After
filtration through a 70-um cell strainer, the cell suspensions were
centrifuged at 700g for 5 min, followed by resuspension. The cells
were then plated ina poly-L-lysine-coated T25 flask and maintained in
a 37 °Cincubator with 5% CO,. After 24 h, half of the culture medium
was replaced with fresh medium supplemented with10% L929 super-
natant. The medium was changed every second day for 7-10 days, until
the coculture of microglia and astrocytes had reached the desired
confluence. The cultured microgliawere detached from the astrocyte
layer by ‘shaking’ the flask and were replated for further experiments.
For primary BMDM cultures, the hind legs of 3-month-old mice
were collected. After separating the tibiae and femurs, the bone mar-
row was flushed through a 70-pum cell strainer. In total, 1.4 x 10° cells
were plated per 150-mm nontreated dish into DMEM (11960, Gibco)
supplemented with10% FBS, 1% penicillin/streptomycin, 1x GlutaMAX
(35050061, Gibco) and 20% freshly added L929 supernatant. After
4 days in cell culture, half of the medium was replaced with fresh
10% supplemented medium. At day 6, the cells were detached using

cell dissociation buffer (13151-014, Gibco), counted and replated for
further experiments.

To induce Daxx deletion in Cx3cr1-Cre®™"%; Daxx"™ microglia or
Rosa26-Cre™; Daxx"" BMDMs, the cultured cells were treated with
5 UM 4-hydroxytamoxifen (SML1666-1ML, Sigma-Aldrich) for 24 h.
The culture medium was then replaced with fresh medium, and the
cellsstayedin culture foratotal period of 5 days to obtainacompleted
Daxx deletion.

NPCs wereisolated from E13.5mouse cortex. Cells were cultured
in Neurobasal medium containing 10% supplement (proliferation),
1% penicillin/streptomycin, 10 ng ml™ epidermal growth factor and
10 ng mI* fibroblast growth factor in a 37 °C incubator with 5% CO,.
To overexpress Daxxin NPCs, 150,000 cells per well were seeded in
six-well plates with 2 ml of DMEM and incubated overnight at 37 °C.
On the second day, the medium was replaced with fresh medium1h
beforetransduction. The volume of the virus per well was calculated ata
multiplicity of infection of 7 (volume = (multiplicity of infection x num-
ber of cells / total). Empty vector (pHIV-dTomato) and Flag-DAXX
(Flag-DAXX-pHIV-dTomato) lentiviruses were mixed into the medium
and added to the cells for lentiviral transfection, followed by an 8-h
incubation at 37 °C. After 8 h, the medium was replaced with fresh
medium, and the cells were further incubated for another 48 h. Trans-
duced NPCswere then prepared for fluorescence-activated cell sorting
in a concentration of 10 x 10° cells per ml. The tdTomato* cells were
sorted and plated in 24-well plates and T25 flasks for further expansion.
The expanded cells were subsequently used forimmunohistology and
immunoblotting assays.

ELISA

Forthe quantification of secreted proinflammatory cytokines (IFNf and
TNF)inBMDM supernatants, ELISAs were performed using Mouse IFN-f3
DuoSet (DY8234, R&D Systems) and Mouse TNF ELISA Set 11 (558534,
BD OptEIA) ELISA kits, according to the manufacturers’ guidelines.

Microgliaisolation from adult mouse brains
Microgliawereisolated from adult mouse brains using the Adult Brain
Dissociation kit from Miltenyi Biotech according to the manufacturer’s
instructions. In brief, after euthanasia, mouse brains were mechani-
cally and enzymatically digested at 4 °C. Fully digested tissue suspen-
sions were filtered with a 70-pum cell strainer, followed by subsequent
removal of myelin, celldebris and erythrocytes. The cell suspension was
thenincubated with CD11b MicroBeads (MiltenyiBiotech) for 15 min at
4 °C, followed by a separation in MS columns (Miltenyi Biotech) using a
magnetic field ona MACS MultiStand and QuadroMACS (Miltenyi Bio-
tech). Theisolated microglia were collected for further experiments,
such as protein extraction or RNA isolation.

Immunohistochemistry and image analysis

Brains were collected from mice and fixed overnight in 4% paraformal-
dehydein 0.1 M PBS. The fixed brains were placed in a mixture of 20%
glycerol and 2% dimethyl sulfoxidein 0.4 M PBS for 24 hfor cryoprotec-
tion. Brain sections (40 pum) were collected in 0.1 M PBS. Primary mouse
or ratmonoclonal, rabbit, guinea pig or chicken polyclonal antibodies
to ApoE (ab183597, Abcam), bassoon (ADI-VAM-PS003-F, Enzo), CD68
(137001, Biolegend), cleaved caspase-3 (9661, Cell Signaling), DAXX
(sc-7152,Santa Cruz), GFAP (ab4674, Abcam), yH2AX (9718, Cell Sign-
aling), Homer1 (160006, Synaptic Systems), IBA1 (234004, Synaptic
Systems), Ki67 (ab16667, Abcam), LAMP1 (ab25245, Abcam), MBP
(ab7349, Abcam), NeuN (ab134014, Abcam), SMI31 (801602, Biolegend)
and SOX9 (ab185230, Abcam) were used. Sections were washed three
timesin PBS (3 x 15 min each), followed by washing several timesin PBS
containing 0.3% Triton X-100 (9 x 20 min each). Sections were prein-
cubated with PBS containing 5% normal goat serum and 0.3% Triton
X-100for1htoblock nonspecificbinding and subsequently incubated
with primary antibody at 4 °C for 48 h. Sections were then washed nine
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times for 20 mineachin 0.3% Triton X-100in 0.1 MPBS and incubated
with Alexa-conjugated secondary antibodies (1:500) for 2 h using
standard techniques. Finally, sections were mounted on gelatin-coated
glassslides and coverslipped in Immu-Mount. Co-staining of SA-3-Gal
activity and IBA1 protein in brain sections was performed by staining
for SA-B-Gal first using the Senescence B-Galactosidase Staining kit
(9860, Cell Signaling). Subsequently, sections were processed for
immunofluorescence staining as described previously. Fluorescence
was imaged under a confocal microscope (Zeiss, LSM900). Digital
images were analyzed with Fiji/Image]J.

For microglial morphology analysis, fluorescence emission sec-
tions were scanned at a resolution of 1,024 x 1,024 pixels with 8-bit
sampling in sequential scanning frame-by-frame mode using a x20
Plan-Apochromat objective. Analysis of microglial morphology was
performed using the Image] MotiQ plugin, as previously described®*®.
For high-resolution three-dimensional analysis, samples were scanned
using a Plan-Apochromat x63/1.32-NA oil DIC objective at a resolu-
tion 0f 1,024 x 1,024 pixels with 8-bit sampling in sequential scanning
frame-by-frame mode. Single optical sections were acquired using iden-
tical acquisition settings, with a pinhole of 1 Airy unit. Stacks of 20-29
optical sections yielded voxel dimensions between 100 and 400 nm
for the x, y and z planes. Three-dimensional reconstructions were
generated with Imaris v9.8 software (BitPlane, Oxford Instruments).

Western blotting

Total protein from brain tissue or microgliawas lysed with freshly pre-
pared modified RIPA buffer (50 mM Tris pH 8, 0.5 mM EDTA, 150 mM
NaCl, 0.5%SDS, 1% Triton X-100). The lysates were quantitated using a
Pierce BCA Protein Assay kit (23225, Thermo Fisher Scientific). Equal
amounts of protein (10-30 pg) were separated by SDS-PAGE elec-
trophoresis, transferred to a PVDF membrane and blocked in 2.5%
skim milk in Tris-buffered saline with Tween-20 (TBST). Membranes
were thenincubated overnight with primary antibody solution at4 °C
followed by a 2-h incubation with secondary antibody at room tem-
perature. Proteins were detected using the Odyssey Infrared Imaging
System (LI-COR Biosciences). The following primary and secondary
antibodies were used in this study: ApoE (ab183597, Abcam), 3-actin
(A5541, Sigma-Aldrich), CD68 (137001, Biolegend), DAXX (sc-7152,
SantaCruz), DAXX (ab32140, Abcam), GAPDH (ab8245, Abcam), GFAP
(ab4674, Abcam), H2AX (2595, Cell Signaling), YH2AX (9718, Cell Signal-
ing), H3.3 (09-898, Millipore), TRIM28 (ab10484, Abcam), MDAS (PA5-
20337, Thermo Fisher), MBP (ab7349, Abcam), p53 (NCL-L-P53-CM5P,
Leica Biosystems), p-p53 (9284, Cell Signaling), PML (05-718, Milli-
pore), STAT1(9172S, Cell Signaling), p-STAT1 (91675, Cell Signaling),
synaptophysin (4329, Cell Signaling) and Alexa Fluor 680- or IRDye
800-labeled goat anti-rabbit, mouse, rat and chicken IgG antibodies.
GAPDH or -actin was used as aloading control. Blots were quantified
using ImageJ (National Institutes of Health, https://imagej.nih.gov/ij/).

RNA extraction and gene expression analysis

Total RNA was extracted from brain-isolated cells or primary cultured
cells using the RNeasy Mini kit (Qiagen) according to the manufac-
turer’s instructions. RNA concentration was quantified using an
ND1000 Spectrophotometer (NanoDrop), followed by reverse tran-
scription using the High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems). Quantitative real-time PCRwas performed ona
7500 Fast Real-Time PCR system (Applied Biosystems) using Fast SYBR
Green Master Mix (Applied Biosystems). Relative abundance of the
specific transcripts was normalized to Gapdh mRNA and calculated
using the 2-24¢ method. The housekeeping gene Gapdh was used as
an internal control for mRNA expression. The following primer
sequences were used: 5'-GATGACTATAGGCCAGGCGT-3’ (Daxx for-
ward),5-TCGTCTCTTCTGTCTCTCGC-3’ (Daxxreverse),5-CTCCACT
CACGGCAAATTCAA-3’ (Gapdhforward), 5-GATGACAAGCTTCCCATT
CTCG-3’ (Gapdhreverse),5-ACAGATCAGCTCGAGTGGCAAA-3’ (Apoe

forward), 5’-ATCTTGCGCAGGTGTGTGGAGA-3’ (Apoe reverse),
5’-CCTGGTGATGTCCGACCTG-3’ (Cdknlaforward) and 5’-CCATGAGCG
CATCGCAATC-3’ (Cdknlareverse).

Bulk RNA-seq data processing and analysis

Bulk RNA-seq library preparation. For RNA-seq, the extracted RNA
was resuspended in RNase-free water, and RNA quantity and quality
(RINe) were assessed via the HS RNA analysis ScreenTape assay on a
4200 TapeStation system (Agilent Technologies). Libraries were pre-
pared using the SMARTer Stranded Total RNA-Seq Kit v3 according to
the manufacturer’s instructions (Takara Bio). Briefly, total RNA was
reverse transcribed into cDNA using N6 random primers, and adapters
for Illumina sequencing were added through PCR via a limited-cycle
PCRprogram. The PCR products were purified using AMPure XP beads
and further amplified via a limited-cycle PCR program to generate
multiplexed sequencinglibraries. Library concentration was measured
using the Qubit dsDNA HS Assay kit (Thermo Fisher Scientific), and
size distribution was assessed using the HS D5000 ScreenTape assay
on a4200 TapeStation system (Agilent Technologies). Libraries were
sequenced on an Illumina NextSeq 500 or lllumina NovaSeq 6000
according to the manufacturer’sinstructions.

RNA-seq analysis. For coding genes, FASTQ fileswere adaptor trimmed
using TrimGalore with default parameters, aligned to genome build
mm10 by STAR, filtered by mapq > 10 using SAMtools and deduplicated
using Picard (https://broadinstitute.github.io/picard/). A count matrix
was assembled using featureCounts. DESeq2 was then used to perform
rlog/vst transformation, generate PCA plots, acquire the normalized
counts and identify differentially expressed genes.

For repetitive elements, SQUIRE” was used to handle genome
alignment, count matrix generation and identify differentially
expressed repetitive elements. Subfamily counts from all samples
were assembled, rounded tointegers and supplied to DESeq2 for nor-
malization. The adjusted Pvalues from DESeq2 were used for volcano
plots and selection of differentially expressed genes.

Clustering of RTE subfamily expression in GSE79819. Normalized
subfamily counts were averaged across replicates, log, transformed
and splitinto twotables for LTRs and non-LTRs. Subfamily expression
ineachtable was z-score transformed across samples, and subfamilies
containing any ‘NA’ values were removed before clustering using the
KMeans method from the sklearn Python package.

Clustering of RTE subfamily expression in GSE208386. Samples
from both sexes were selected. RTE analysis and normalization fol-
lowed the same procedures as described earlier. Subfamilies were
filtered outif their normalized expression had avalue of 0in more than
half of the total samples. Normalized subfamily counts were averaged
across replicates without distinction of sex. The averaged counts were
log, transformed, split into two tables for LTRs and non-LTRs, z-score
transformed across all ages and clustered by k-means =5 using the
sklearn package.

Selection of RTE copies that responded to LPS treatment at 6h
then subsided at later time points. Differentially expressed RTE
copiesinwild-type mice after LPS treatment were obtained using the
following comparisonsettings: (1) LPS 6 hversus untreated (Comp.A),
(2) LPS 24 h versus untreated (Comp. B) and (3) LPS 48 h versus
untreated (Comp. C). A preselected set of RTE copies was identified
as any RTE copy having an adjusted P value of <0.05 in at least one
comparison among Comp. A, Comp. B or Comp. C. The preselected
RTE copies were further filtered by (log, (fold change) Comp. A > 0)
AND (log, (fold change) Comp. B < log, (fold change) Comp. A) AND
(log, (fold change) Comp. C <log, (fold change) Comp. B) to get the
targeted RTE copies.
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Heat map of RTE expression in LPS-treated ex vivo dataset. Locus-
specificRTE counts for LPS-treated ex vivo wild-type and Daxx-KO sam-
ples were normalized using the same procedure applied for subfamily
counts. The normalized transposable element counts for targeted RTE
copies were extracted, averaged acrossreplicates, z-score transformed,
splitinto two tables for LTRs and non-LTRs and clustered using the
KMeans method from the sklearn package. Clusters of RTE copies that
did not show reduced expression at 24 h compared to 6 hin Daxx-KO
mice were extracted, and their loci were supplied to GREAT (http://
great.stanford.edu/) for GO analysis using default settings.

Analysis of neighboring genes for the top 30 overexpressed inter-
genic LTRs in ex vivo LPS treatment. Locus-specific differential RTE
expression from SQUIRE was filtered to keep intergenic LTRs. Inter-
genic LTRs were identified by the locus not overlapping with known
genicregions (downloaded by Table Browser from the UCSC Genom-
eBrowser), whichincluded upstream 5-kb and downstream 1-kb exten-
sions. Theintergeniclocus-specific SQUIRE resultsin each comparison
were first filtered by anadjusted Pvalue of <0.05, and the lociin the top
30log, (fold change) were collected from each comparison. The top 30
locifrom each comparison were pooled, and their neighboring genes
were obtained by using the annotatePeakInBatch function from the
ChIPpeakAnno package with maxgap =20,000. The log, (fold change)
and adjusted Pvalues for the neighboring genes in the Daxx-KO versus
control DESeq2results were retrieved for PBS and 6-,24-and 48-h LPS
treatment. A heat map was produced by color codinglog, (fold change)
and printing the adjusted Pvalue inside the grid.

Clustering of locus-specific RTEs in in vivo samples. Differentially
expressed RTEs between Cx3crI-Cre™™; Daxx"V""T and Cx3crI-Cre™™?;
Daxx"" microglia at various time points were selected by an adjusted
Pvalue of<0.1and pooled. Unique RTEs were identified from the pooled
set, and the log, (fold change) values from various time points were
assembled for the unique RTEs. The assembled log, (fold change) table
was splitaccording to LTRsand non-LTRs. Each table for LTRs/non-LTRs
was clustered using a Gaussian mixture model from the sklearnlibrary
into five clusters.

Statistical analysis of overlaps among peak sets or gene sets. The
R package SuperExactTest® was used to calculate the significance of
overlapping among multiple gene sets, and the fisher function from
bedtools was used for overlapping between two peak sets.

ATAC-seq data processing and analysis

ATAC-seq library preparation. For ATAC-seq, approximately 50,000 to
100,000 isolated microglia were processed immediately for library con-
struction. The cells were spun down at 500g for 5 minand washed with
cold PBS. Thereafter, cells were resuspended into a mix of nuclease-free
water, 1% digitonin and 10% Tween-20, mixed by vortexing and spun
down briefly. The tagmentation reaction was performed by adding
Nextera’s Tn5 Transposase (TDE1) in the reaction buffer. The transposi-
tion reaction mix was incubated for 30 min at 37 °C, followed by DNA
purification using aMinElute PCR purification kit (Qiagen). ATAC-seq
libraries were generated from the tagmented DNA by PCR amplifica-
tionusing Nexteraindex primers (Illumina) according to the manufac-
turer’sinstructions. ATAC-seq libraries were then purified usinga PCR
purification MinElute kit (Qiagen) and quantified using KAPA library
quantification kits (Kapa Biosystems) and a D1000 ScreenTape assay
onaTapestation4200 system (Agilent). Libraries were sequenced onan
IlluminaNovaSeq 6000 according to the manufacturer’s instructions.

ATAC-seq analysis. The FASTQ files were directly submitted to the
atacseq pipeline (version 1.2.2) from nf-core (https://github.com/nf-
core/atacseq) with arguments ‘~genome GRCm38’, ‘~keep_multi_map’
and ‘-min_reps_consensus 2",

Motif search over DARs and overlap with microglia developmental
enhancers. DARs were defined as an adjusted Pvalue of <0.05or <0.1
in some situations, which were later split into increased/decreased
accessible regions according to log, (fold change) and annotated
using the “annotatePeak’ function from the ChiPseeker R package
with ‘TxDb = TxDb.Mmusculus.UCSC.mm10. knownGene’ and ‘tss-
Region =¢(-3000,3000)". DARs were defined as being intergenic if
ChlIPseeker annotated it as ‘Distal Intergenic’and being nonintergenic
otherwise. Motif search using findMotifsGenome.pl from HOMER
was performed on DARs with feature combinations between (open;
close) and (intergenic; nonintergenic; intergenic and nonintergenic
combined). The Pvalues from HOMER ‘knownResults’ files were used
inheat map plotting.

Loci of LTRs in RepeatMasker data were downloaded from
Table Browser on the UCSC Genome Browser. LTRs that overlapped
with intergenic DARs were supplied to ‘findMotifsGenome.pl’ from
HOMER for motif discovery. LTR loci overlapping with intergenic open
regions were supplied to GREAT for GO analysis with default settings.

To calculate the significance of overlapping between differen-
tially increased/decreased accessibility and microglia developmen-
tal enhancers, the differentially increased/decreased accessibility
regions (adjusted P < 0.05) from Cx3crI-Cre™"; Daxx™" microglia at
3 d.p.i. were used as input to the ‘bedtools fisher’ command together
with mouse microglia developmental enhancer regions identified in
Matcovitch-Natan et al.*.

CUT&Tag data processing and analysis

CUT&Tag library preparation. CUT&Tag for H3K9me3 was performed
according to previously described protocols®”®, In brief, around
50,000 nuclei per reaction were extracted from isolated microglia
using NE1 buffer and incubated with activated Concanavalin A beads.
Beads were then incubated with anti-H3K9me3 (Active Motif 39062,
1:50 dilution) at 4 °C overnight, followed by incubation with second-
ary antibody for 60 min. The transposase reaction was performed
with pA(G)-Tn5 (1:20 dilution) in 300-wash buffer for 60 min at room
temperature. Tagmentation was performed for1hin300-wash buffer
supplemented with 10 mM MgCl, in a 50-pl volume. After tagmenta-
tion, the beads were washed in 50 pl of TAPS buffer and resuspended
in5 pl of SDS release buffer for 60 min at 58 °C. Transposed DNA frag-
ments were amplified using NEBNext High-Fidelity PCR Master Mix
(New England Biolabs) and dual-indexed primers from IDT for lllumina
Nextera DNA UD Indexes Set A (Illumina). Gap filling and 14 cycles of
PCR were performed, followed by clean-up with 65 pl of SPRIselect
beads (Beckman Coulter).

CUT&Tag for H3.3 was performed using an Active Motif
CUT&Tag-IT Assay kit (53160, Active Motif). Briefly, 150,000-200,000
isolated microglia per reaction were bound to activated Conca-
navalin A beads. After successive incubations with H3.3 (Millipore
09-898,1:20, overnight at 4 °C) and secondary (60 min) antibodies in
Dig-wash buffer, the beads were washed and resuspended in pA-Tn5
transposomes (1:100 dilution) in Dig-300 buffer for 60 min at room
temperature. The samples were thenincubated in Tagmentation buffer
for 60 min at 37 °C. After tagmentation, DNA fragments were further
extracted and purified using a DNA purification kit. Subsequently, PCR
amplification was performed using i7 and i5 primers for 14 cycles, fol-
lowed by clean-up with 65 pl of SPRIselect beads (Beckman Coulter).

Quality check and measurement of the CUT&Tag libraries were
performed using an HS D1000 DNA assay on a 4200 TapeStation sys-
tem (Agilent Technologies). Libraries were sequenced as paired-end
2 x75bpreadsonaNovaSeq X Plus system (Illumina). The experiments
were runinduplicate or triplicate.

Data preprocessing. CUT&Tag reads were aligned using Bowtie2
(v2.2.1)* to the GRCm39/mm39 (or mm10 for the cluster analysis in
Fig.5a,b) reference genome with settings ‘--local --very-sensitive-local
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--no-unal--no-mixed --no-discordant --phred33-110 -X 700". BAM files
were then created and sorted using SAMtools (v1.11)°°, before removing
PCRduplicatesusingPicard (v2.20.4; http://broadinstitute.github.io/pic
ard/) subroutine MarkDuplicates. ATAC-seq reads were aligned using
BWA-MEM (v0.7.8-r455)”' to the GRCm39/mm39 reference genome
with default settings. BAM files were then created and sorted using
SAMtools (v1.11) before removing PCR duplicates using Picard (v2.20.4)
subroutine MarkDuplicates. Merged samples were created using the
SAMtools (v1.11) subroutine merge. Heat maps and profiles were plot-
ted using deepTools (v3.5.3). Transposable element coordinates were
extracted from the UCSC mm39 RepeatMasker (rmsk) file.

Differential binding. Human microglia-specific enhancers and pro-
moters were extracted from Nott et al.**. The coordinates were first con-
verted to the mm10 genome and subsequently to the mm39 genome
using UCSC-toolsliftOver with aminimum 50% sequence identity. Bind-
ing changes were assessed using DiffBind (http://bioconductor.org/
packages/release/bioc/html/DiffBind.html) with FDR < 0.05. While for
microglia-specificenhancers, strict settings were applied (bUseSum-
marizeOverlaps = TRUE; plotMA_bUsePval = FALSE), for IAP elements,
more lenient settings were used (bUseSummarizeOverlaps = FALSE,
plotMA_bUsePval = TRUE).

H3.3" subclustering. Profile plots of LTR subfamilies were assessed
to obtain potential subclusters of H3.3" sites following Daxx loss. To
deduct the small set of binding sites that exhibit higher H3.3 binding
in Cx3crI-Cre®™®™; Daxx"™ microglia, we used the k-means clustering
approach (nondeterministic; no seed) implemented in deepTools
(v3.5.3). For the IAP and ‘LTR (rest)’ subfamilies, we initialized with
increasing cluster sizes of 4, 6 and then 8 to observe whether the pat-
ternremained/narrowed down candidates far enough. For k-means =8,
we obtained the clusters 8 (n =10,821;36.06%) forIAPand 7 (n=2,293;
15.00%) for ‘LTR (rest)".

Motif search. Enriched de novo motifs were screened with HOMER
(v5.1)” using findMotifsGenome.pl with default settings (‘-size 200
-mask’) and the following input peaks: IAP-TSS peaks that were
found to be more differentially bound in wild-type microglia than
in Cx3crI-Cre™®"%; Daxx™" microglia (using DiffBind; P < 0.05; fold
change > 0).

LTR proximity analysis. To assess the statistical significance of deregu-
lated LTRs (belonging to ERV1, ERVK, ERVL, ERVL-MaLR, the IAP sub-
group or the ‘LTR (rest)’ subgroup) within a specified range (<50 kb)
of gene TSSs, we randomly selected 50 unique gene names associated
with a TSS (Ensembl GRCm39.v114) using the UNIX function shuf and
repeated this 100 times. The resulting mean value of enriched TSSs
was used ina contingency table for Fisher tests. For enrichment analy-
sis, we compared it to a preselected ‘Cell cycle’ gene list for strongly
deregulated LTRs within 50 kb. We also used the human cell cycle KEGG
pathway hsa04110 (accessed 2 October 2025; n =158 genes, 154 mouse
homologs) using the same approach.

scRNA-seq data processing and analysis

BD Rhapsody pipeline to prepare scRNA-seq libraries. Isolated
microglia were labeled with unique oligonucleotide sample bar-
codes conjugated to antibodies to mouse CD45 (BD Mouse Immune
Single-Cell Multiplexing kit, 633793), pooled in equivalent amounts
andloaded on aBD Rhapsody cartridge (BD Bioscience, 400000847)
using a BD Rhapsody Express Single-Cell Analysis System. Cell counting
was performed using a Countess 3 FL automated cell counter (Invitro-
gen). Pooled samples were diluted using BD Sample Buffer to a final
volume of 650 pl. Approximately 60,000 cells in total were loaded on
aBD Rhapsody cartridge. Cell and bead loading, cell lysis, recovery of
mRNA-boundbeads, reverse transcription and exonuclease treatment

were performed according to the manufacturer’s instructions (BD
Biosciences). Whole-transcriptome library preparation, based on the
random-priming strategy, and index PCR steps were performed using
the BD Rhapsody mRNA Whole Transcriptome Analysis and Sample
Tag Library Preparation Protocol, as per the manufacturer’s instruc-
tions (BD Biosciences), optimized based on ref. 93. Quantification
of the final libraries was performed using a Qubit Fluorometer with
the Qubit dsDNA HS kit (Thermo Fisher Scientific), whereas the size
distribution was assessed using the Agilent High-Sensitivity D5000
assay onaTapeStation 4200 system (Agilent Technologies). Paired-end
sequencing (2 x 75 bp reads) was performed onaNovaSeq 6000 System
(Illumina) using NovaSeq S1 Reagent Kit (200 Cycles) chemistry.

Preprocessing, quality assessment and control of single-cell tran-
scriptome data. Raw bcl files were demultiplexed using Bcl2fastq2
V2.20 from Illlumina, and the resulting paired-end scRNA-seq reads
were filtered after quality control and matching cell barcodes with
the barcode whitelist provided by BD. Subsequently, adaptors were
trimmed using Cutadapt 1.16, and reads with a PHRED score of >20
were retained®. Filtered reads were aligned using STAR 2.6.1b* to a
customized genome that contained boththe reference genome (mm10,
Gencode: GRCm38.p6) and multiplexing tag sequences for aligning
the transcriptome read and the sample barcode (hashtag oligonucleo-
tide (HTO)). Quantification of gene expression and unique molecular
identifier (UMI) count data matrix generation were performed using
the Drop-seq-tools 2.0.0 pipeline (https://github.com/broadinstitute/
Drop-seq/). Cells were assigned to the sample of origin by following
the HTO-demultiplexing workflow of Seurat4 (refs. 96,97).

Normalization, cell clustering and cell filtering. In contrast to the
Chromium 10x system, which uses water-in-oil droplets, the BD Rhap-
sody system applied here uses microfluidic chips consisting of micro-
wells to create a plate array where cells can be captured and lysed in
the presence of beads coated in oligonucleotides containinga poly(T)
region, cell-specific barcodes, UMIs and unique sequence regions that
facilitate molecular amplification. This results in lower doublet rates
at the same cell capture number?,

Our analysis implemented robust doublet correction through a
dualapproach.First,the BD Rhapsody systemincludes imaging quality
control during the capture process, which directly identifies potential
doublets at the hardware level. Second, we used molecular-based
doublet detection using sample-specific HTOs. Specifically, we used
the HTODemux function with a stringent positive.quantile threshold
0f 0.9999 to classify cells as singlets, doublets or negatives based on
HTO enrichment patterns. This approachresulted in the identification
andremoval of doublets from our dataset, leaving only high-confidence
singlets for downstream analysis. Additionally, standard quality con-
trol metrics were applied, removing cells with fewer than 250 genes or
morethan 500 UMIs per cell and cells with high mitochondrial content,
further ensuring the exclusion of low-quality cells and potential techni-
cal artifacts. This comprehensive approach to doublet identificationis
moredirectand reliable than computational inference methods used
innon-tagged single-cell systems.

scRNA-seqdatawere analyzedinR (4.1.1) using Seurat v4 (ref. 96).
The scRNA-seq data matrix was normalized using the NormalizeData
function, followed by identification of the top 2,000 most variable
features (genes) using the vst methodin the FindVariableFeatures func-
tion. Allgenes were scaled and centered using the ScaleData function.
PCA was performed on this centered expression matrix. The top 15
principal components (PC) were used to build ashared nearest neigh-
bor cell graph, which was then clustered using the Louvain algorithm
(resolution = 0.8) implemented in the FindClusters function. The PCs
were then mapped onto two dimensions using the UMAP algorithm.
Marker genes from Gerrits et al. were used to manually assign cell-type
annotations to each cluster”. Clusters not assigned as microglia or
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macrophage, including a mixed cluster, were removed from further
analysis. In addition, cells in clusters with a ‘microglia’ annotation
were removed if they expressed high levels of Ccr2 and Ly6c2. Finally,
the DecontX function of the Bioconductor package celda (1.10.0) was
used to estimate and remove contamination with ambient RNA. The
resulting decontaminated count matrix was used to rerun normaliza-
tion, feature selection, PCA, UMAP and clustering as described above.

Genesignatures for homeostatic, DAM-like, IFN, MHC and prolif-
erating microglia were obtained from Chenand Colonna'*’. Additional
gene signatures for microgliasubtypes were obtained from Hammond
etal.*. Gene signature enrichment scores were calculated and added
to the Seurat v4 object using the AddModuleScore function.

Trajectories of microglia cells were reconstructed separately for
wild-type and DAXX-deficient samples using monocle3 (1.0.0) and
its learn graph function with use partition = F. Ordering of cells along
pseudotime was done in a semisupervised manner by rooting the
trajectory inthe cluster where the majority of wild-type cells from the
3-d.p.i. time point fell (CO) or the majority of the DAXX-deficient cells
from the 3-d.p.i. time point (C5).

Aging/repopulation data sets. The processed scRNA-seq data from
Li et al.>> and Zhan et al.*®* were downloaded from GEO (GSE207932
and GSE150169) and respectively merged using Seurat v5.1.0 (ref.101)
in R-4.2.1. Cells were slightly filtered for outliers keeping only those
with nFeature_RNA > 500, nCount_RNA < 25,000, percent.mt < 20,
nFeature_RNA > 500, nCount_RNA < 20,000 and percent.mt <10,
respectively. Datawere thenlog normalized (scale.factor =10,000) and
scaled, and a PCA was conducted. For clustering, only the first 15 PCA
dimensions (according to the Elbow plot) were used. Age-associated
markers were calculated using the FindMarkers function with default
settings and with the F24 versus FO3 (one sample with LPS and PBS
each) comparison. Repopulation markers were calculated in same
manner in comparisons as indicated in Fig. 7e,f.

Statistical analysis

Allstatistical analyses were performed using Prism 10 software (Graph-
Pad Software). The numbers of experimental replicates and statistical
tests used are indicated in the figure legends. The datasets met the
assumptions of the statistical tests used. Sample allocation was ran-
dom, and mice for experiments were randomly chosen based on avail-
ability of theright genotypes. All results are presented as mean + s.e.m.
A Pvalue of less than or equal to 0.05 was considered statistically
significant. Statistical significance is denoted as follows: *P < 0.05,
*P<0.01and **P<0.001.

During animal studies, mice were labeled by animal identification
number, and the experimenter was blinded to genotype during testing.
For in vitro studies, genotypes were known to the experimenter due
to the limited number of biological replicates. All other analyses were
conducted with investigators blinded to the experimental condition.

Sample sizes for behavioral experiments were determined based
on the current standard, as the minimum number of mice required
to detect significance with an a rate set at 0.05 in a standard powered
experiment. No statistical methods were used to predetermine sam-
ple sizes for other samples, but our sample sizes are similar to those
reported in previous publication”. No animals and data points were
excluded from the analysis. Data distribution was assumed to be nor-
mal, but this was not formally tested.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Previously reported data were downloaded from Gene Expression
Omnibus and online public resources. Hammond et al.* (GSE121654),

Li et al.*® (GSE298386, GSE207932), Matcovitch-Natan®* (GSE79819),
Zhang et al.>* (GSE52564), Buttgereit et al.>! (E-MTAB-5077), Fixsen
et al.’® (GSE226092), Gerber et al.”” (GSE119309) and Zhan et al.*®
(GSE150169). Data generated by this study are accessible at GSE255329,
GSE267028, GSE276607, GSE272828 and GSE309782. The Rhineland
Study’s dataset is not publicly available because of data protection
regulations. Access to data canbe provided toscientistsinaccordance
with the Rhineland Study’s Data Use and Access Policy. Requests for fur-
therinformation or toaccess the Rhineland Study’s dataset should be
directed tors-duac@dzne.de. Source dataare provided with this paper.

Code availability

No custom software code was used in the data analysis for this paper.
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Extended Data Fig. 1| Assessing correlation between Daxx and gene
expressionin humanblood cells and its protein levelsinan AD model. a, Gene
ontology analysis for the correlation of DAXX expression with the expression
levels 0f 12167 other genes measured in the Rhineland Study (N =2966): all genes
were first ranked in descending order according to the Spearman’s correlation
of their expression levels with that of DAXX, followed by a rank-based gene set
enrichment analysis, applying false discovery rate (FDR) correction to account
for multiple comparisons (P-values are two-sided and based on a permutation
test using a weighted Kolmogorov-Smirnov-like statisticimplemented in

the clusterProfiler R packagev. 3.18.1). b-c, Representative confocal images
ofIbaland 6E10 immunostaining and quantification of 6E10 intensity in the
cortex of 12-month-old APP/PS mice (n = 4 mice) and wild type controls (n=3
mice) (comparison by two-tailed unpaired Student’s ¢ test, P¢g,o = 0.005,

Prearsoncorrelation = 0-0364).d, e, Representative confocal images of Ibal and Daxx
immunostaining and quantification of Daxx intensity in the A plaque® and
non-plaque-associated microglia from 12-month-old APP/PS mice (n =36 and
13 cells, respectively, from 4 mice) and microglia from age-matched wild type
controls (n=11cells from 3 mice) (Comparison by ordinary one-way ANOVA,
F=5.462, P=0.0068; Sidak’s multiple comparisons test, Py,que+areavswr = 0-0057;
Pron-plaqueareavswr = 0.0491). f, Western blots and quantification of Daxx and ApoE
inmicrogliaisolated from 12-month-old APP/PS1 mice and wild type controls
(n=3 mice per group, comparison by two-tailed unpaired Student’s ¢ test,

Ppaxx <0.0001, Py, = 0.0495). Data are presented as mean +s.e.m. Asterisks

(*) indicate statistical significance: *P < 0.05, **P < 0.01and **P < 0.001; n.s.
indicates not significant.
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Extended Data Fig. 2 | Stimulation with LPS or Poly I:Cincreases Daxx
expression in microgliaand BMDMs ex vivo. a, ¢, Representative confocal
images of Daxx and Ibalimmunostaining and quantification of Daxx intensity

in primary microglia following PBS or 100 ng/mL LPS stimulation for 2 h,

24 hand 48 h (n = 6 independent preparations per group, comparison by
ordinary one-way ANOVA, F=108.3, P< 0.0001; Tukey’s multiple comparisons
test, Prpgysipsan < 0.0001, Pegsys1ps2an < 0.0001, Pipsnysipsaan < 00001, PrpspanysLpsash =
0.0608).b, d, Representative confocal images of Daxx and Ibalimmunostaining
and quantification of Daxx protein intensity in primary cultured microglia upon
PBS or 10 pg/mL Poly I:C stimulation for 2 h,24 hand 48 h (n = 6 independent
preparations per group, comparison by ordinary one-way ANOVA, F = 94.36,
P<0.0001, Tukey’s multiple comparisons test, P values: Ppgs s poiyi.c2n = 0.9546,
Pegsyspolyic2an < 0.0001, P botyi.canvs poly:c 24n < 0.0001, Proiyi:caanvspolyic 4sh = 0.9937).

e, Volcano plots showing differentially expressed genes in primary microglia
isolated from wild type mice following 2h-, 6h-, 24h- and 48h-LPS stimulation
relative to PBS-treated controls. Differential expression analysis was performed
using two-sided Wald tests implemented in DESeq2 with Benjamini-Hochberg

correction. Dotted lines indicate fold-change and adjusted P-value thresholds.

f, Heatmap representing expression of RTE repressor and interferon-response
genes in primary microglia after LPS stimulation. g, h, Westernblots and
quantification of Daxx, p-Statl, Statlin BMDMs from interferon alpha receptor
knockout (/FNAR KO) mice and control mice (IFNARWT) following 6 h Poly I:C or
LPS stimulation. PBS: n = 4 independent preparations for each genotype; Poly
I:C:n=3independent preparations for FNARWT mice and n = 4 independent
preparations for FNARKO mice; LPS: n =4 independent preparations per group
(Comparison by ordinary two-way ANOVA with Sidak’s multiple comparisons
test: for Daxx, F = 4.449, Pogsenarwrsirnarko = 0-0919, Peoyyi.cimnarwrsirnarko < 0.0001,
Ppsienarwrusienarko = 0.0919; for Statl, F=8.321, Pygs pnarwrvsenarko = 0.0009,
Proyicienarwrvsienarko < 0-0001, Pipg ienarwrsienarko < 0.0001; for p-Statl, F=2.279,
Pogsienarwrvsienarko > 09999, Proiyicirnarwrvsirnarko = 0-0216, Pipg ipnarwrvsienarko =
0.0199; for p-Statl/Statl, F=2.907, Pogsjenarwrvsinarko > 0:9999, Proyicirnarwrvsienarko =
0.0072, Pipsienarwrvsirnarko = 0.0174). Data are presented as mean + s.e.m. Asterisks
(*) indicate statistical significance: *P < 0.05, **P < 0.01and ***P < 0.001; n.s.
indicates not significant.
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Extended Data Fig. 3| Genetic deletion of Daxx results in Statlinduction
and cytokine secretionin primary microgliaand BMDMs. a, Genotyping and
immunoblot in primary microglia from Cx3crI-Cre®™"%;Daxx“"** and Cx3crI-
Cre™%;Daxx ™ (n = 3 mice per genotype). Arrows indicate the wild-type

(226 bp), floxed (350 bp) and recombined (600 bp) alleles. Dayy protein

levels were quantified by western blots (Comparison by two-tailed unpaired
Student’s t test, P=0.0056). b, Volcano plot showing differentially expressed
genesin Daxx-deficient versus control primary microglia following 6 hor24 h
LPS stimulation. Differential expression analysis was assessed using two-sided
Wald tests implemented in DESeq2, Pvalues were adjusted for multiple testing
using Benjamini-Hochberg correction. ¢, Genotyping PCR confirming ex vivo
Daxx recombination in Rosa-Cre®™"%;Daxx™/"* BMDMs following 24 h 4-OH-
tamoxifen treatment. d, Real-time proliferation of Rosa-Cre™"%;Dax>™** and
Rosa-Cre®™"%;Daxx“”** BMDMs monitored for 6 days using IncuCyte S3 system
(n=3independent preparations per group, comparison by two-way RM ANOVA
with Sidak’s multiple comparisons test, F o (1,4) = 0.4210, Pyenorype = 0.5518).
e, f, Western blot and quantification of Daxx, Statl, p-Statl and MDAS in Rosa-
Cre™;Daxx>™* and Rosa-Cre*™®";,Daxx"“** BMDMs after 6 h Poly I:C or LPS
stimulation (n = 4 independent preparations per group, comparison by ordinary
two-way ANOVA with Sidak’s multiple comparisons test: for Daxx, F = 31.81,

PPBS Daxx WTvs DaxxKO — 0'0052' PPon[:C DaxxWT vs Daxxko < 00001' PLPSDaxxWTvsDaxx ko < O-OOOL
for StatlrF: 2316' PPBSDaxxWTvsDaxxKO < 00001' PPoly]:CDaxxWTvsDaxxKO < 00001'
Pipspaxxwrvspaxxko < 0-0001; for p-Statl, F=3.52, Pygs paxcwrvspaxxko = 0-6584,
Peoiyi:caxxwvspaxxko = 0:0354, Pips pawrvs paxxko = 0.0005,; for MDAS, F=5.178,

PPBS Daxx WTvs DaxxKO = 0'1522' PPoly]:C Daxx WTvs DaxxKO = 04146! PLPSDaxxWTvsDaxxKO = 0003)
g, IFN-B secretion measured by ELISA in Daxx WT and Daxx KO BMDM s after
6h-Poly I:C or LPS stimulation (left panel: n = 6 independent preparations

per group, comparison by ordinary two-way ANOVA with Sidak’s multiple
comparisons test: F=30.04, Ppspaxxwvsbaxcko > 0:9999, Proyyi.cpaxx wrvspaxxko < 0.0001);.
or following Statlinhibitor pretreatment for 24 h before Poly I:C stimulation
(right panel, n =3 independent preparations per group, comparison by

ordinary two-way ANOVA with Sidak’s multiple comparisons test: F = 93.72,
PPBSDaxxWTvsDaxxKO > 09999/ PS(a(linhADaxxWTvsDaxxKO > 0'9999' PPon[:CDaxxWTvsDaxxKO < 00001/
Prolyi:crstattinh. pasewTvspoaxcko < 0.0001). h, i, Western blot and quantification analysis
of Daxx, Statl, and p-Statl in Rosa-Cre®X"%;Daxx™°* and Rosa-Cre™*"%;Daxx"
BMDMs following LPS stimulation for the indicated times (n = 3 independent
preparations per group, comparison by two-way RM ANOVA with Tukey’s
multiple comparisons test: for Daxx, F =24.98, Py paxxwrvspaxxko = 0-6021,

PO.Sh Daxx WTvs DaxxKO — 0.0433, P3h Daxx WT vs DaxxKO = 0.0002, P6h DaxxWT vs Daxxko < 0.0001,
Panpacxwrvspaxxko < 0-000L, Py pavewrvsonpaxewt = 0.0003; for Statl, F=1.231,
Ponpaxcwrvspaxxko = 00003, Po s paxxwrvspaxxko = 0-027, Pat paxx wrvs baxxko = 0-003,
Pehpaccwtvspaxcko = 0.0002, Pyyhpawrvsparxko = 0.0017; for p-Statl, F = 5.179,
Psnpaacwrvspaxcko = 0.0001, Py paawtvs paxxko = 0-034, Pagp paxx wrvs 20axko = 0.3201;

for p-Statl/Statl, F = 0.05768, Ps; pacwvs paxxko = 0:5658, Pt paxx wrvs baxcko = 0.9001,
Pssnpaxxwvs baxxko = 0-8529).j, IFN- and TNF-a concentrations in the BMDM
supernatants measured by ELISA follwing LPS stimulation for the indicated
times (n =3 independent preparations per group, comparison by ordinary
two-way ANOVA with Sidak’s multiple comparisons test: for IFN-B, F=18.17,
Ponpaxcwrvspaxxko > 09999, Po shpaxwrvsbaxxko = 09975, Panpaxcwtvspaxxko < 0.0001,
Penpaxxwtvspaxcko < 0-0001, Py paewr vspaxxko < 0-0001; for TNF-at, F=9.169,

POh Daxx WT vs DaxxKO ~ 0.9999, PO,Sh Daxx WT vs DaxxKO — 0.9917, P3h Daxx WT vs DaxxKO — 0.1903,

P paxxwvspaxxko = 0:129, Posn baxxwivs paxxko < 0-0001). Data are presented as mean
+s.e.m. Asterisks (*) indicate statistical significance: *P < 0.05,**P< 0.01and
***P < (0.001; n.s. indicates not significant.
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Extended Data Fig. 4 | Single cell mRNA sequencing reveals distinct
subpopulation of microglia associated with Daxxloss. a, UMAP plot showing
13 distinct clusters of microglia cells (8922 cells) identified with different colors.
b, UMAP plot showing the distinct microgliaand macrophage clustersisolated
from Cx3cr1-Cre™"%;Daxx“”* and Cx3cr1-Cre™"%;Daxx™°* mice. ¢, Bar plot
showing percentage of microglia distributionin each cluster identified ina.

d, Bar plot showing percentage of microglia cells for each sample per cluster
identified ina; The root clusters were chosen based on the highest percentage
of cells at 3dpi - cluster O for Cx3cr1-Cre™%;Daxx“”** microglia and cluster

5for Cx3cr1-Cre®™™%;Daxx™* microglia. e, Dot plot showing homeostatic,
proliferative and INF-response gene signatures for microgliaisolated from each
genotype. f, Violin plots showing gene expression of homeostatic, proliferation,
INF-response markers and E14.5 cluster 3 signatures*® in in vivo microgliaisolated
from each genotype. The black line indicates the median expression/ module

score calculated using the AddModuleScore() function in Seurat; (Statistical
significance was assessed by pairwise two-sided Wilcoxon rank-sum tests using
the geom_signif function (ggsignif R package) for the given comparisons,

no correction for multiple testing; for Homeostatic microglia markers,

Pigpi < 2.22€-16, Py < 2.22€-16, Py, < 2.22€-16; for IFN-responsive microglia
markers, Py, < 2.22€-16, Py, < 2.22€-16, Py, < 2.22€-16; for proliferation
markers, Py, < 2.22e-16, Py, < 2.22e-16, Pg,,,; = 1.7€-05; for E14.5 microglia
cluster 3, Py < 2.22€-16, Py < 2.22€-16, Py, < 2.22€-16; for OA2, Py, < 2.22e-
16, Pyypi < 2.22€-16, Pey; < 2.22€-16; fOr OA3, Py < 2.22€-16, Py < 2.22€-16,

Py, =0.86). g, Feature plots showing Mki67 and Nestin gene expression in the
microglial cells across all clusters. h, Bar plot showing percentage of cell cycle
phases of microglia from Cx3cr1-Cre™%Daxx*"* and Cx3cr1-Cre™%;Daxx
mice at 3dpi, lwpi and 8wpi. Asterisks (*) indicate statistical significance:

***P < 0.001; n.s. indicates not significant.
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Extended Data Fig. 5| Loss of Daxxleads to lysosome-associated ApoE
expression and dystrophic neurites in older mice. a, UMAP showing Apoe
gene expression in the microglia across several clusters. b, Dot plot showing
cellsineach cluster ordered across Pseudotime and colored depending on their
Apoe expression. ¢, violin plot showing Apoe gene expression in the microglia
across all clusters. The black line indicates the median expression/ module
score calculated using the AddModuleScore() function in Seurat; (Statistical
significance was assessed by pairwise two-sided Wilcoxon rank-sum tests using
the geom_signif function (ggsignif R package) for the given comparisons, no
correction for multiple testing; P, o < 2.22€-16, P, s = 0.007, Py, s = 0.46,
Pyyysr<2.22e-16, Py, < 2.22e-16). d, Representative confocal images of Ibaland
ApoE doubleimmunostaining in the cortex of Cx3crI-Cre™";,Daxx""** and Cx3crlI-
Cre™2;Daxx* mice at 1ypi (n = 3 mice for each genotype); White arrowheads

indicate accumulated ApoE protein in microglia; yellow arrowheads indicate
accumulated ApoE in dendrite of microglia. e, Representative confocal images of
Ibal, ApoE and Lampl triple immunostaining in the hilus of Cx3crI-Cre™"%Daxx“
and Cx3crI-Creff"%;Daxx™° mice at 1ypi (n = 3 mice for each genotype); White
arrowheads indicate the colocalization of ApoE and Lamplin the cell body of
microglia; yellow arrowheads indicate the colocalization of ApoE and Lamplin
the dendrite of microglia. f, Representative confocal images of SMI31and NeuN
double immunostaining in hippocampus of Cx3crI-Cre®™"%,Daxx“"* and Cx3cr1-
Cre™f%;Daxx™** mice at 1ypi (n = 3 mice for each genotype); Dashed boxes in
the left panel identify high-magnification images of SMI31 staining (right panel);
Arrowheads indicate the axonal aggregates. Asterisks (*) indicate statistical
significance: **P < 0.01and ***P < 0.001; n.s. indicates not significant.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Changes ingene expression upon Daxxlossin
microglia, NPC and KLS cells. a, Left panel: Genotyping of wild type and Daxx-
floxed neuron progenitor cells (NPC) after transfection with the pMSCV-Cre
construct (Cre recombinase) ex vivo. Arrows indicate the wild-type (226 bp),
floxed (350 bp) and recombined alleles (600 bp); right panel: western blots
showing Daxx protein expression after Daxx deletion or restoration of Daxx

expression in Daxx-floxed NPCs (n = 3 independent preparations for each group).

b, Venn diagram showing the overlap of differentially upregulated genes (DEGs)
in Cx3cr1-Cre™®™, Daxx* microglia, Daxx knockout neuron progenitor cells
(NPC) and Daxx-deficient bone marrow multipotent progenitors” (KLS: c-kit",
Lin",Sca-1*); The overlap of gene sets was evaluated using two-sided generalized

hypergeometric testimplemented in the SuperExactTest R package (P =2.29e-15
for 34 upregulated genes). ¢, d, Heatmap and gene ontology analysis (GO) for 34
overlapping genes in ¢; Statistical significance of GO analysis was assessed using
atwo-sided hypergeometric testimplemented in the clusterProfiler R package,
and Pvalues were adjusted for multiple testing using the Benjamini-Hochberg
False Discovery Rate (FDR) procedure. e, Genome browser visualization of
ATAC-seq, RNA-seq and ChIP-seq in Daxx-deficient cells and control cells around
Apoeloci; Yellow region highlights the differential ATAC peaks and ChIP peaks
overlapping with candidate cis-Regulatory Elements (cCREs); Brown region
highlights Apoeloci.
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Extended DataFig. 7| Daxx deficiency causes upregulation of apoptotic
genes, elevated yH2AX and abnormal nuclear morphology in microglia.

a, Genome browser tracks of RNA-seq at gene loci for Bax, Bak1, Cdknla, Pmlin
microgliaisolated from Cx3crI-Cre®™";Daxx*"* and Cx3cr1-Cre™%Daxx o/

mice at 3dpi. b, Dot plot showing gene expression of Parpl, Rad50, Rps27l, Bakl,

Baxand Cdknlainmicrogliaisolated from each genotype. ¢, d, Representative
confocal images and quantification of Ibal and yYH2AX double immunostaining
in brain sections of Cx3crI-Cre™";Daxx** (n = 4 mice) and Cx3cr1-Cre™""%;
Daxx“’**mice (n =3 mice) at 3dpi (comparison by two-tailed unpaired
Student’s t test, P= 0.0453). e, Representative confocal images of DAPI and

Ibalimmunostaining display abnormal nucleus morphology in Cx3crI-Cre™";

time after LPS treatment

Daxx*"°* microglia (n = 3 mice for each genotype).f, g, Western blot and
quantification analysis of Daxx and Pml in Rosa-Cre®® "%, Daxx*/** BMDMs
(KO) and Rosa-Cre™";Daxx"“"** BMDMs (Ctrl) after 0.5h-, 3h-, 6h- and 24h-LPS
stimulation (n =3 independent preparations per group, comparison by
two-way RMANOVA F = 4.174, P= 0.0167, Tukey’s multiple comparisons test:
PonpaxcwTvsonpaxcko = 0-0448, Po st paxx wrvs 0.5hbaxxko = 0:0307, Pip paswT vs 3npaxxko =
0.1152, Péhl)zxxWTvséh DaxxKO = 0.5129, P24hDaxxWTv524h DaxxKO = 0.0449, Péh DaxxKOvs 24h DaxxKO —
0.0174). B-actin was used as an internal loading control. Data are presented as
mean +s.e.m. Asterisks (*) indicate statistical significance: *P < 0.05,**P < 0.01
and **P < 0.001; n.s. indicates not significant.

Nature Neuroscience



Article

https://doi.org/10.1038/s41593-026-02404-y

a
Cx3cr1-CretRT2;

Daxx“t

1wpi

N
o

15

Ramification
index
=

d Cx3cr1-Cre®<T; Cx3cr1-Cre=R2; Cx3cr1-Creez; Cx3cr1-CretRm2;

Daxx"twt

8wpi

Extended Data Fig. 8 | See next page for caption.

Cx3cr1-CretR"2;

Cx3cr1-CretR"2; Cx3cr1-CrefR™2; Cx3cr1-CretRm2;
D a. Xxﬂnx/ﬂox D a. Xxﬂox/ﬂox Pm ,Ilox/ﬂox D a. XXW!/wt

@ Cx3cr1-Cre®R%;
Pm ’ﬂox/flox

Cx3cr1-CrefR2;
D ax; flox/flox

Cx3cr1-CretR™;
Bpa xxToxfiox . Py Jrroxtfiox

Pm Iﬂox/ﬂnx

w

-

of CD68 (AU)

Relative intensity

o

=
o

factor
o
»

[
(Y

Pearson correlation

. Cx3cr1-CrefR2;
Daxxvi»t
Cx3cr1-CrefRm2;

Pm Iﬂox/flox
Cx3cr1-CrefR™2;

D a xxﬂox/ﬂox
Cx3cr1-CrefR™2;
Daxxﬂox/ﬂox, Pmlllox/ﬂox

N
(=
o

«» 400

-
o
o

£
S 300

ran

2 200

of
(4]
o

6 100

N

No. of Junctions
—
[=3
o

o

0

Pm|fiox/fiox Daxxfloxflox Daxxox/flox, ppp[floxttiox Cx3cri1-Cret2;
Daxx*twt
Cx3cr1-CrefR™2;

Pm Iﬂox/ﬂox
Cx3cr1-CrefRm2;

D a. xxﬂox/ﬂox
Cx3cr1-CretRm2;

D a. xxﬂox/ﬂox Pm Iflox/flox

=]

[m]

w

N

-

Relative intensity
of CD68 /microglia (AU)
o

Pearson correlation

Nature Neuroscience



Article

https://doi.org/10.1038/s41593-026-02404-y

Extended DataFig. 8| Effect of combined loss of Daxx and Pml on microglia
morphology and activation markers. a-c, Representative confocal images,
quantification of Ibal and CD68 immunostaining and morphological
quantification of Ibal* cells in the hippocampus of Cx3cr1-Cre™"%;Daxx"”"*

(WT, n=4mice), Cx3crI-Cre™"%;Pmix (Pml KO, n = 3 mice), Cx3crl-
Cre®2:Daxx™* (Daxx KO, n = 3 mice) and Cx3cr1-Cre™";Daxy™ox pmfoxsfiox
(DKO, n =3 mice) at lwpi (Comparison by ordinary one-way ANOVA with Tukey’s
multiple comparisons test: for CD68 intensity, F =19.57, Pyryspaxxko = 0-0013,
Pyr1vspko = 0.0029; for Pearson correlation, F = 9.74, Pyt s paxxko = 0.0337,
Pryrvspaxxpmiko = 0.0066); for Ibal” cells, F = 76.04, Py s paxxko < 0.0001,
Ppaxckovspro < 0.0001; for Ramification, F=9.952, Pyt s pasxko = 0-0042, Poakovs pmiko =
0.0245; for branches, F=8.925, Pyt s pascko = 0.0485, Ppmixovsoko = 0.0313; for

junctions, F=9.137, Pyryspaxxko = 0-037, Permikovs ko = 0-0305). d, e, Representative
confocalimages and quantification of Ibaland CD68 immunostaining in the
hippocampus of Cx3cr1-Cre®®"%;Daxx“" (n = 4 mice), Cx3cr1-CretR%,pmpo</ox
(n=3mice), Cx3crI-Cre™"%;Daxx % (n = 3 mice), and Cx3crI-CretR"%;Daxxox,
Pmi*"°* (n = 3 mice) at lwpi. Bottom panels showing high-magnification
images in dashed box. (Comparison by ordinary one-way ANOVA with Tukey’s
multiple comparisons test: for CD68 intensity, F = 9.915, Py1yspmiko = 0.3467,
Poasxovsoko = 0.0471; for Pearson correlation, F = 51.14, Pyt yspmiko = 0.0361,
Purvspacko = 0.0006, Py vorvsko = 00024, Porikovenko < 0.0001). Data are
presented as mean +s.e.m. Asterisks (*) indicate statistical significance: *P < 0.05,
**P<0.0land **P < 0.001; n.s. indicates not significant.
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Extended DataFig. 9 | Elevating Daxx expression in neural stem/progenitor
cellsinhibits cell senescence. a, b, Representative confocal images of Daxx

and quantification of Daxx intensity in the cultured neural stem/progenitor

cells (NPCs) transfected with empty vector (EV NPCs) or flag-Daxx lentiviruses
(Daxx-overexpression (OE) NPCs) at passage 5 (P5), P10 and P15 (n = 3independent
preparations per group, comparison by two-way RMANOVA F=2.574,P=0.1371;
Sidak’s multiple comparisons test:, Ppseyyspspaxx-or < 0-0001, Ppiopyvs pio passor = 0-0497,
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Porsevvspispaxcor = 0:0034, Ppspascorvs pispaxcor = 0-036). €, d, Representative confocal
images and quantification of beta-galactosidase activity in the NPCs at P5, P10,
P13 and P15 (n =3 independent preparations per group, comparison by two-way
RMANOVA, F=117.7, P< 0.0001; Sidak’s multiple comparisons test: Ppsy s pspaxx-or =
0.4226, Poioeyvspiopaxx-or = 04226, Peisyspiapaxor = 0002, Peiseyys pispaxc-oe = 0-0009).
Data are presented as mean +s.e.m. Asterisks (*) indicate statistical significance:
*P<0.05,*P<0.01and **P < 0.001; n.s. indicates not significant.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Exogenous Daxx reduces YH2AX, Apoe and Cdknla
expression in neural stem/progenitor cells. a, b, Representative confocal
images of yH2AX and quantification of yH2AX signal in the cultured neural
progenitor cells (NPCs) transfected with empty vector (EV NPCs) or flag-Daxx
lentiviruses (Daxx-OE NPCs) at passage 5 (P5) and P15 (for intensity of yH2AX,
n=3independent preparations per group, comparison by two-way RMANOVA
with Sidak’s multiple comparisons test: F =12.84, Ppsgy ys paxx.or = 0.-0443,
Ppysevvspaxcor = 0.0003; for yH2AX puncta, analysis included 172 nucleus (PSEV),
331 nucleus (P5 Daxx-OE), 1081 nucleus (P15 EV), and 433 nucleus (P15 Daxx-OE)
from 3independent preparations per group, comparison by two-way RM ANOVA
with Tukey’s multiple comparisons test: F = 35.89, Ppsgy vs paxx.or = 0.0407,
Ppisevyspascor < 0.0001). ¢, d, Western blot analysis and quantification of

Daxx and ApoE proteins expressionin lysates of cultured NPCs at P5

and P15 (n =3 independent preparations per group, comparison by two-way
RM ANOVA with Fisher’s LSD multiple comparisons test, for Daxx: F=13.82,
Posvvspaxcor < 0-000L, Poispyyspaor = 0.0098; for ApOE: F=5.853, Ppsgyyspaxx.or =
0.031, Ppyseyvspaxxoe = 0.0006). e, PCR for genes expressions in NPCs at P5S and
P15 (n =3 independent preparations per group, comparison by two-way RM
ANOVA with Fisher’s LSD multiple comparisons test, for Daxx: F = 36.28,
Pesevvspaxxor = 00069, Ppisey v paxx-oe = 0.001; for Apoe: F=1.709, Ppsey vs paxxor =
0.0005, Ppisvvepaccor < 0.0001; for Cdknla: F=0.56, Ppsgyyspaocor = 0.0481,
Ppyseves paxcoe = 0.0101). Data are presented as mean * s.e.m. Asterisks (*) indicate
statistical significance: *P < 0.05,**P < 0.01and ***P < 0.001; n.s. indicates
notsignificant.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Imaging data was collected using Zeiss 700 or Zeiss 900.
Blots was imaged using LICOR OXF-2068 or ChemiDoc XRS+ system
bulk RNA-seq, ATAC-seq, CUT&Tag and scRNA-seq data were collected by Illumina NexSeq 500, lllumina NovaSeq 6000, lllumina NovaSeq X
Plus system.

Data analysis All graphical and statistical analyses were performed using: ImageJ (v1.5e), ImageJ (v2.14), Imaris v9.8 software, Prism9 software (Graphpad
Software,USA) and microsoft Excel.
R package Seurat (v.1.1), Bcl2fastg2 (V2.20), STAR (v. 2.6.1b), STAR (v2.7.1), Dropseg-tools (v. 2.0.0), Bioconductor package celda (1.10.0),
monocle3 (1.0.0), DESeq?2 (ver. 1.34.0), TrimGalore(v. 0.6.10), Subread (v. 2.0.3), sklearn python package, ChIPpeakAnno (ver. 3.28.1),
atacseq pipeline (ver. 1.2.2), ChiPseeker R package (v. 1.26.2), SQUIRE pipeline (ver. 0.9.9.92), clusterProfiler R package (v. 3.18.1), deeptools
(v. 3.5.1) package , BWA-MEM (v0.7.8-r455), SAMtools (v1.11), deepTools (v3.5.3), HOMER (v5.1) were used for bio-informatic analysis.
Please see Methods section in manuscript for further detail.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Il original uncropped western blots in this study are provided in the Source Data as Source Data Raw blots. The raw and processed bulk RNA-Seq, ATAC-seq, SCRNA-
seq and CUT&Tag data are deposited on GEO (GSE255329, GSE276607, GSE267028, GSE272828,GSE309782). The following datasets containing expression analysis
from mice microglia and neuronal cells were re-analyzed for this study: GEO accession number GSE121654 (Hammond et al.), GSE207932 (Li et al), GSE298386 (Li et
al), GSE79819 (Matcovitch-Natan), GSE52564 (Zhang et al.), E-MTAB-5077 (Buttgereit et al.), GSE226092 (Fixen et al.), GSE119309 (Gerber et al), GSE150169 (Zhan
etal.). Other data generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex was used as a covariate in all statistical models.

Reporting on race, ethnicity, or The human study population was overwhelmingly of European descent (>95%). Therefore, meaningful race or ethnicity-

other socially relevant stratified analyses were not possible. Moreover, based on the animal findings, it was not expected that race, ethnicity or
; other social groupings would act as modifiers of the relation between DAXX and RTE expression levels.
groupings
Population characteristics The current analysis was conducted on a total of 2922 participants of the Rhineland Study. Age, sex and smoking status data

were derived from self-reports.

Recruitment The human data were derived from the Rhineland Study, an ongoing community-based cohort study in Bonn, Germany. All
inhabitants aged 30 years and above of two geographically defined areas were invited to participate in the Rhineland Study.
The sole exclusion criterion for participation in the Rhineland Study was insufficient command of the German language to
provide informed consent. For the present study we included the subset of all Rhineland Study participants in whom
transcriptomic data were available.

Ethics oversight The Rhineland Study was approved by the ethics committee of the University of Bonn, Medical Faculty. The Rhineland Study
is carried out in accordance with the recommendations of the International Conference on Harmonization (ICH) Good Clinical
Practice (GCP) standards (ICH-GCP). Written informed consent was obtained from all participants in accordance with the
Declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. Sample size was chosen based on our previous studies using the same types of
assays (Gerber et al. 2021, Nat Cell Biol.).
In vitro studies used a standard of at least N=3 independent experiments were always used.
Histology were performed on at least 3 mice per group.
Sample sizes for behavioral experiments were determined based on the current standard, as the minimum amount of mice required to detect
significance with an alpha rate set at 0.05 in a standardly powered experiment.

Data exclusions  No data was excluded from the analysis.

Replication Experiments run on the same day always included control and knock-out mice. Most experiments were performed on at least 3 independent
trails. The attempts of replication were successful and no experiment was excluded. All samples and mice were handled following the same
protocols. The number of biological replicates for Rose-CreERT;H3.3Afl/fl,H3.3B-/- mouse is limited to 2 mice per genotype, since tissues from
this mouse line were obtained from our collaborators at Cornell, who at the time had limited animal availability within the timeframe of our
study. Data from enzymatic dissociation-induced artificial genes were part of a control experiment suggested by the reviewer, which was
based on a limited number of biological replicates due to the turnaround time of our revision. Bulk RNAseq at 8wpi were run with 2 biological
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replicates per genotype/condition, and scRNAseq data were run with 2 biological replicates for 3dpi WT, 1wpi Daxx KO and 8wpi, and 1
replicate for 3dpi Daxx KO and 1wpi WT; CUT&Tag data were run with 3 biological replicates for H3K9me3 Daxx KO and H3.3 WT, and 2
biological replicates for H3K9me3 WT and H3.3 Daxx KO.

Randomization  Sample allocation was random and mice for experiments were randomly chosen based on availability of the right genotypes.

Blinding During all animal studies, animals are labeled by identification number and genotype is unknown to experimenter during testing. For all in
vitro studies, due to the relatively small number of biological replicates in each experiment, both control and KO groups are known to the
experimenter. For all other analyses, the experiments were blinded to the genotype or treatment until completion of statistical analyses.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Eukaryotic cell lines |Z| D Flow cytometry
Palaeontology and archaeology |Z| D MRI-based neuroimaging
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Plants

Antibodies

Antibodies used Mouse monoclonal anti-Beta Amyloid (1:1000, 6E10, Covance Cat#SIG-39300)
Mouse monoclonal anti-B-actin (1:1000, Sigma-Aldrich Cat#A1978)
Rabbit monoclonal anti-ApoE (1:1000, Abcam, Cat#AB183597)
Mouse monoclonal anti-Bassoon (1:800, Enzo Cat#ADI-VAM-PS003-F)
Rat monoclonal anti-CD68 (1:200, Biolegend, Cat#137001; FA-11)
Rabbit polyclonal anti-Cleaved Caspase-3 (Cell Signaling, Cat#9661)
Rabbit polyclonal anti-Daxx (1:300, Santa Cruz Biotechnology, Cat#sc-7152)
Rabbit polyclonal anti-Daxx (1:1000, Abcam, Cat# Ab32140)
Chicken polyclonal anti-GFAP (1:300, Abcam, Cat#ab4674)
Rabbit polyclonal anti-yH2AX (1:1000, Cell Signaling, Cat#9718)
Rabbit polyclonal anti-H2AX (1:1000, Cell Signaling, Cat#2595)
Rabbit polyclonal anti-H3.3 (1:20, Millipore Cat#09-898)
Rabbit polyclonal anti-H3k9me3 (1:50, Active Motif, Cat#39062)
Chicken polyclonal anti-Homer1 (1:500, Synaptic Systems, Cat#160006)
Guinea pigs polyclonal anti-lbal (1:500, Synaptic Systems, Cat#234004)
Rabbit monoclonal anti-Ki67 (1:300, Abcam, Cat#ab16667)
Rat monoclonal anti-Lamp1 (1:300, Abcam Cat#ab25245)
Rat monoclonal anti-MBP (1:300, Abcam Cat#ab7349)
Rabbit polyclonal anti-MDAS5 (1:1000, Thermo Fisher Scientific, Cat#PA5-20337)
Rabbit polyclonal anti-Mavs (1:1000, Abcam, Cat# Ab31334)
Chicken polyclonal anti-NeuN (1:500, Abcam, Cat#ab134014)
Mouse monoclonal anti-Pml (1:1000, Sigma-Aldrich, Cat#05-718)
Rabbit polyclonal anti-p53 (1:1000, Leica Biosystems, Cat#NCL-L-P53-CM5P)
Rabbit polyclonal anti-p-p53 (1:1000, Cell Signaling, Cat#9284)
Rabbit polyclonal anti-PSD95 (1:500, Synaptic Systems, Cat#124003)
Rabbit polyclonal anti-Stat1l (1:1000, Cell Signaling, Cat#9172S)
Rabbit polyclonal anti-p-Stat1 (1:1000, Cell Signaling, Cat#9167S)
Mouse monoclonal anti-SMI31 (1:200, Biolegend, Cat#801602)
Rabbit monoclonal anti-Sox9 (1:300, Abcam, Cat#ab185230)
Rabbit polyclonal anti-synaptophysin (1:500, Cell Signaling, Cat#4329)
Rabbit monoclonal anti-Trim28 (1:1000, Abcam Cat#ab10484)

Validation All antibodies used are commercially available antibodies and detailed validation information of each antibody can be found
from the manufacturer.
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

C57BL/6 Daxx-floxed mice and PML-floxed mice were generated by Taconic Artemis (Cologne, Germany). IFNAR KO mice were
purchsed from The Jackson Laboratory (stock no. 028228). Floxed Daxx mice were crossed with C57BL/6J Cx3cr1CreERT2 mice (JAX
020940), C57BL/6J Rosa26CreERT2 mice (JAX 008463). C57BL/6N floxed Hira mice were crossed with C57BL/6J Cx3cr1CreERT2 mice
(JAX 020940). Floxed H3.3A,H3.3B-/- mice were crossed with C57BL/6J Rosa26CreERT2 mice (JAX 008463). To induce Cre activation,
Rosa26-CreERT2 or Cx3crl1-CreERT2 positive mice at 6-7-week-old age was administrated with 80 mg/kg/day tamoxifen (T5648,
Sigma-Aldrich) via oral gavage for five consecutive days. For polyinosinic-polycytidylic acid stimulation, mice were injected by i.p. with
300 pg of polyinosinic-polycytidylic acid (Poly I:C) for 5 or 12 hours. Mice were maintained on a 12-hour light/dark cycle with ad
libitum access to regular chow food (ssniff Spezialdidten GmbH).

The study did not involve wild animals

Mice of both genders were used in this study. Data of in vitro microglia or BMDM isolated from both male and female were pooled.
Behavior tests were performed only on male mice.

The study did not involved field-collected samples.
All experimental procedures were approved by Landesamt flr Verbraucherschutz und Ernahrung Nordrhein-Westfalen (LAVE)

(formely Landesamt fur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen (LANUV)) under protocols 81-02.04.2016.A486,
81-02.04.2020.A346 and 81-02.04.2021.A019.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

This study did not involve plants

This study did not involve plants

This study did not involve plants
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