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Introduction
Microglia are the immune cells of the brain and play an important
role in development, homeostasis, and response to injury (1-4). In
the healthy CNS, they continuously survey their microenvironment,
and their activation is a 2-step process, requiring loss of inhibitory
signals such as CD200 and CX3CL1 from neurons and the trigger-
ing of receptors by a range of stimuli (5). Activation is accompanied
by upregulation of cell surface receptors as well as production of
cytokines. An altered activation state called microglia priming is
observed under certain conditions (6); it is a sensitization state, in
which microglia have a lower threshold for activation, leading to a
stronger inflammatory response. A primed phenotype is observed in
the aging brain; consequently, microglia produce more inflammato-
ry cytokines such as TNF-o, IL1-B, and IL-6 in response to a peripher-
al challenge (7). Furthermore, microglia appear primed in neurode-
generative diseases (8-11). Indeed, the priming of microglia and the
resulting hyper-response to peripheral infection is thought to be an
important step in the initiation or progression of neuroinflammatory
diseases (9, 12). The causes of the primed phenotype remain unclear,
and little is known about what signaling pathways regulate it.
Different studies have assessed molecular changes in microg-
lia with age, including from different brain regions (13-16). New
studies using single-cell transcriptomics have highlighted microg-
lia heterogeneity at the steady state and in the aging brain, togeth-
er with the higher inflammatory potential of specific microglia
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Microglia maintain homeostasis in the brain. However, with age, they become primed and respond more strongly to
inflammatory stimuli. We show here that microglia from aged mice had upregulated mTOR complex 1 signaling controlling
translation, as well as protein levels of inflammatory mediators. Genetic ablation of mTOR signaling showed a dual yet
contrasting effect on microglia priming: it caused an NF-kB-dependent upregulation of priming genes at the mRNA level;
however, mice displayed reduced cytokine protein levels, diminished microglia activation, and milder sickness behavior. The
effect on translation was dependent on reduced phosphorylation of 4EBP1, resulting in decreased binding of elF4E to elF4G.
Similar changes were present in aged human microglia and in damage-associated microglia, indicating that upregulation of
mTOR-dependent translation is an essential aspect of microglia priming in aging and neurodegeneration.

clusters (17). However, insight into potential molecular mecha-
nisms regulating microglia priming remains limited.

mTOR is a serine/threonine kinase of the PI3-K-related
family, a central node that controls cellular growth and metab-
olism (18). It is also implicated in immune responses, such as T
cell differentiation, B cell activation (19, 20), and macrophage
polarization (16). Inhibition of mTOR by rapamycin was shown
to increase the inflammatory response of monocytes and macro-
phages through increased activation of NF-kB (21, 22). However,
other studies have pointed to an antiinflammatory effect of mTOR
inhibition, especially in aging (23-25). Inhibition of mTOR has
many important biological effects: long-term inhibition increases
lifespan (26, 27), reduces tumor incidence (27), delays neurode-
generation (28-30), and promotes tolerance in transplant patients
(20). On the other hand, short-term inhibition increases immune
responses in the elderly (31), highlighting a critical role for mTOR
in aging that warrants further investigation because the mode and
length of inhibition appear to result in different outcomes.

One of the main functions controlled by mTOR complex 1
(mTORC1) is mRNA translation: mTORCI regulates cap-dependent
translation through its downstream targets, eukaryotic translation
initiation factor 4E-binding proteins (4EBP1, 4EBP2, 4EBP3, differen-
tially expressed in different tissues) and S6 kinase, which phosphory-
lates the ribosomal protein S6. The 4EBPs bind the eukaryotic transla-
tion initiation factor 4E (eIF4E) and prevent its binding to the mRNA
cap and components of the elF4F initiation complex, such as the
scaffold protein eIF4G and the RNA helicase eIF4A (32). Phosphory-
lation of the 4EBPs by mTORCI leads to eIF4E release and initiation
of translation. Although all eukaryotic mRNAs have a cap, they are not
all equally sensitive to eIF4E, and therefore mTORC], regulation (33).

In particular, mRNAs involved in proliferation, cell growth, and
immune responses are more sensitive to eIF4E activity (34-38), for
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reasons not fully elucidated (39-45). Overall, translation can regu-
late immune responses (38, 46) and CNS functions (47, 48); how-
ever, how microglia inflammatory responses are regulated transla-
tionally remains to be further clarified.

In this study, we set out to characterize the signaling pathways
controlling the microglia-aged phenotype. Our RNA-Seq showed
control of translation and the mTOR pathway to be dysregulated
with age; this was accompanied by increased mTOR downstream
signaling and production of inflammatory cytokines upon periph-
eral LPS challenge, only at the protein level. Genetic inhibition
of mTOR led to an NF-kB-dependent increase in inflammatory
and priming mRNAs. In contrast, however, mice showed signs of
reduced systemic and microglia-specific inflammation: decreased
4EBP1 phosphorylation prevented the translation initiation factor
eIF4E from interacting with eIF4G, leading to diminished transla-
tion of inflammatory mediators.

Results

The microglia aging phenotype already starts by middle age. In order
to study microglia age-dependent changes, cells were purified
from the brains of C57BL/6] female mice at 6 months (young), 15
months (middle age), and 23 months (old) of age by FACS (Sup-
plemental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI132727DS1) and subjected
to RNA-Seq (full list of rlog norm counts is available in the NCBI’s
Gene Expression Omnibus [GEO] database: GSE156762). Microglia
preparations had high expression of microglia-specific transcripts,
with little or no expression of transcripts specific to other brain cells
(Supplemental Figure 1B). Principal component analysis (PCA)
showed clustering of samples in an age-dependent manner, with
microglia isolated from young, middle-aged, and old mice cluster-
ing separately from each other (Figure 1A). We found a number of
differentially expressed genes (Figure 1, B and C, and Supplemental
Table 1): 805 genes were significantly different specifically between
old and young mice, 60 genes between old and middle-aged mice,
and 572 genes between middle-aged and young mice (Figure 1B).
Interestingly, 344 genes were shared between old and young and
middle-aged and young comparisons, highlighting similarities
between the middle-aged and old groups (Figure 1B). Many gene
expression changes behaved in a monotonic fashion, whereby most
were upregulated or downregulated by middle age and then further
increased or decreased in old mice (Figure 1, C and D).

Next, we examined genes involved in neuroinflammation,
such as cytokines, chemokines, and receptors involved in sensing
the neuronal environment. A number of inflammatory genes were
upregulated in microglia with age, including the proinflammatory
cytokines Csfl, Tnf, Illa, and Il1b; cytokine receptors such as IlIr
and Ii2rb2 receptor subunit (Figure 1D); and chemokines (Sup-
plemental Figure 1C). Furthermore, genes involved in microglia
priming such as Anxa5, Cd52, Apoe, Axl, Lgals3bp, Tlr2, Clec7a
(dectin-1), Cd1lc, Cst7, and Sppl (8), were significantly increased
in microglia at 15 months of age, suggesting that microglia were
already primed by the middle of the lifespan, with the phenotype
becoming more defined by 23 months (Figure 1D). We validat-
ed gene expression by qPCR (Supplemental Figure 1D) and flow
cytometry (Figure 1F), which showed inflammatory receptors and
mediators to be upregulated from as early as 11 months of age,
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further indicating that microglia priming occurred at an earlier
time point than originally reported. Our results are consistent
with other transcriptome studies of microglia from the aging
brain (13, 17, 49); however, they suggest that the aging phenotype
starts even before mice reach the middle of their lifespan.

The mTOR pathway is upregulated in microglia with age. Ingenui-
ty Pathway Analysis (IPA) of differentially expressed genes between
young and aged microglia showed the top 3 dysregulated pathways
were related to protein synthesis and mTOR: (a) elF2 signaling, (b)
mTOR signaling, and (c) regulation of eIF4 and p70S6K signaling
(Figure 2A). A number of genes were shared across the 3 pathways,
such as ribosomal subunit genes and components of the eIF3 initia-
tion complex, all upregulated with age (Figure 2B and Supplemental
Table 2). Regarding eIF2 signaling, eIF2¢ itself was not upregulated
and its kinase eIF2akl was mildly upregulated (1.4-fold increase);
however, downstream transcription factors such as Atf4 and Ddit3
(coding for CHOP protein) were unaltered (Supplemental Figure
2A). Nonetheless, old microglia showed a mild upregulation of the
unfolded protein response (Supplemental Figure 2B). This, together
with the small upregulation of eIF2ak1 (Supplemental Figure 2A and
Supplemental Table 2), suggested aged microglia can more readily
inhibit protein synthesis in response to ER stress; however, no stress
response was taking place at the steady state. IPA indicated addi-
tional pathways were dysregulated to a smaller extent, confirming
an increased inflammatory or primed phenotype (Supplemental
Figure 2B and Supplemental Table 3).

Although the RNA-Seq data indicated an effect on mTOR
regulation of translation (mTOR signaling, regulation of eIF4 and
p70S6K signaling), IPA could not predict whether the pathways
were upregulated or downregulated (z score <2 [*], Figure 2A). To
clarify this point, we assessed the phosphorylation of the 2 known
mTORC1 targets that regulate translation, 4EBP1 and the ribo-
somal protein S6, the substrate for the direct mTOR target p70S6
kinase. Phospho-flow cytometry showed an increase in the phos-
phorylation of 4EBP1 at threonine 37/46 (human nomenclature) in
microglia with age (Figure 2C), accompanied by a milder increase
in S6 phosphorylation at serine 240/244, which showed very high
levels in young mice already (Figure 2D). In order to understand
what could be causing the activation of mTOR in microglia with
age, we measured changes in growth factor concentrations in young
and aged brains. Of 30 epithelial and immune-related growth fac-
tors, only IGF1 was significantly upregulated in the aging brain,
accompanied by a smaller upregulation of the IGF1 binding protein
3 that almost reached statistical significance (Supplemental Figure
2C). Given that IGF1 is a major activator of the mTOR signaling
pathway, we speculated that this may account for at least part of
the mTOR activation observed in microglia with age.

Phosphorylation of 4EBPI and S6 are upregulated in microglia
from aged mice upon LPS challenge and correlate with increased protein
production ofinflammatory cytokines. In order to understand wheth-
er the age-dependent increase in phosphorylated 4EBP1 (p-4EBP1)
and p-S6 affected microglial priming and activation, we challenged
young (3 months) and old (16 months) mice with a sublethali.p. dose
of LPS and assessed the microglia phenotype after 4 hours. LPS
treatment caused an increase in Thr37/46 4EBP1 phosphorylation
and Ser240/244 S6 phosphorylation in aged microglia (Figure 3A).
Given the role of mTORCI signaling in regulating translation, we
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Figure 1. Microglia phenotype changes by middle age. (A) PCA of RNA-Seq of microglia isolated from young (6 months), middle-aged (15 months), and old
mice (23 months). (B) Venn diagram showing genes differentially expressed across the age groups, based on DESeq2 FDR-corrected P values. (C) Heat map
showing all significant differentially expressed genes identified by DESeq2. (D) Rlog-normalized counts of cytokines, cytokine receptors, and activation
and priming genes, based on DESeq2 analysis of RNA-Seq data. (E) Protein validation of genes upregulated in old microglia, measured by flow cytometry
and shown as the median fluorescence intensity (MFI). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; 1-way ANOVA (n = 3 for all groups).

investigated transcription and translation of inflammatory genes in
isolated microglia from young and aged mice after LPS challenge.
We found a robust induction of cytokine mRNAs after LPS; how-
ever, there were no differences between young and aged microglia
at this dose of LPS (Figure 3B, left panels). On the other hand, we
found a significant increase in cytokines at the protein level in old
microglia (Figure 3B, right panels, and Supplemental Figure 3A).
Furthermore, measurement of circulating cytokines showed a sim-
ilar upregulation in aged mice after LPS injection (Supplemental
Figure 3B). In order to exclude that decreased cytokine degradation
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rather than increased protein output was responsible for the effect,
we assessed the autophagy pathway in our RNA-Seq data set and by
LC3 staining in microglia from young and aged brains. Our RNA-
Seq data showed no dysregulation of the autophagy pathway with
age (Supplemental Figure 3C and Supplemental Table 3). Further-
more, LC3 staining showed a similar number of puncta in microg-
lia from young and aged brains (Supplemental Figure 3D). Taken
together, our data suggest that heightened mTOR signaling is
present in aged microglia and mediates an increase in their inflam-
matory response through regulation of translation.
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Figure 2. The mTOR pathway is dysregulated in microglia with age. (A) IPA based on all differentially expressed genes between young and old microglia
RNA-Seq data, showing the 3 most significantly dysregulated pathways. Data shown in green are -log(P value) with Benjamini and Hochberg correction
for multiple comparisons. For each pathway, the z score is shown in orange. (B) Heatmap showing genes differentially expressed in at least 1 of the 3 most
significant IPA pathway hits in middle-aged versus young and old versus young microglia, n = 3 for both groups. (C and D) Flow cytometry analysis of (C)
p-4EBP1 Thr37/46 and (D) p-S6 Ser240/244 in microglia isolated from 3-, 11-, 15-, and 20-month-old female mice shown as MFI. *P < 0.05, **P < 0.01;
1-way ANOVA; n = 3 for all groups. Panels on the right-hand side are representative histograms for p-4EBP1 and p-S6.

mTORCI inhibition by genetic deletion of Rhebl leads to an upreg-
ulation of mRNA of inflammatory and priming genes in microglia with
aging. In order to assess whether mTORC1 controls the expression
of inflammatory and priming genes observed in the aging brain,
we used Rheb1"! Csf1r®* mice (called Rheb-KO for simplicity), in
which the GTPase Rhebl, an upstream activator of mTORCI1 (50,
51), is deleted in cells expressing CsfIr, resulting in RHEBI loss in
the immune system and tissue-resident macrophages, including
microglia, as it affects early hemopoietic progenitors (52). Rhebl
deletion was confirmed by recombination of genomic DNA in neo-
natal microglia (Supplemental Figure 4A), by Western blot in bone
marrow-derived macrophages (BMDMs, Supplemental Figure 4B)
and neonatal microglia (Supplemental Figure 4C, left and right
panel), and by qPCR in cultured neonatal microglia (Supplemen-
tal Figure 4D). No effect on Rheb2 (Rhebll) mRNA expression was
observed (Supplemental Figure 4D). Furthermore, Rhebl loss was
confirmed in isolated adult microglia (Supplemental Figure 4E),
which also showed reduced p-4EBP1 and p-S6 (Supplemental Fig-
ure 4F). Rheb-KO mice were viable, showed no overt phenotype at
the steady state, and aged normally (data not shown). They had nor-
mal brain and spleen weight (Supplemental Figure 4G) and com-
parable numbers of all immune cells investigated (Supplemental

:

Figure 4H), including microglia cells in adult and aged brains (Sup-
plemental Figure 4, I and J). This indicated that Rheb1 loss did not
affect immune cell proliferation in vivo, although we observed
defective proliferation in vitro (Supplemental Figure 4K). Nonethe-
less, cell size appeared normal, except for a very minor decrease in
bone marrow cells (Supplemental Figure 4L).

Previously, it was reported that RHEB1 played a role in mitochon-
drial clearance through mitophagy (53). In order to assess whether
this affected microglia from Rheb-KO mice, we measured mitochon-
drial mass and intracellular ROS levels. As shown in Supplemental
Figure 4M, mitochondrial content and ROS levels were comparable
between WT and Rheb-KO microglia from young and old mice. Fur-
thermore, RHEBI has been implicated in supporting inhibition of
protein synthesis upon ER stress by supporting eIF2a phosphorylation
by the kinase PERK (54). In order to assess whether eIF2a phosphor-
ylation was diminished in Rheb-KO cells during an LPS response,
we stimulated BMDMs for the indicated time points (Supplemental
Figure 4N). Steady-state elF2a phosphorylation was low in WT and
Rheb-KO cells, and it further decreased upon LPS treatment. None-
theless, no differences could be detected between WT and Rheb-KO
BMDMs. These data together confirmed the main defect in Rheb-KO
cells is impairment of mTORCI signaling, as previously shown (51).

J Clin Invest. 2021;131(1):e132727 https://doi.org/10.1172/)C1132727
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Figure 3. Microglia from LPS-challenged aged mice show increased
phosphorylation of 4EBP1 and S6, together with increased cytokine pro-
duction only at the protein level. Female mice, 3 and 16 months old, were
i.p. injected with 5 mg/kg LPS (or PBS control) and euthanized 4 hours
later. (A) Flow cytometry of p-4EBP1Thr37/46 (upper panels) and p-S6
Ser240/244 (lower panels) in microglia isolated from 3- and 16-month-old
mice after LPS or PBS treatment (n = 3-4). (B) Gene expression and protein
levels of inflammatory cytokines in microglia after in vivo LPS challenge.
Left panels: Gene expression measured by gPCR, reported as fold change
relative to Hprt expression. Right panels: Protein levels assessed in microg-
lia protein lysates, probed with the Legendplex assay system (n = 4-10).

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; 2-way ANOVA.

In order to test whether mTORCI signaling was involved in
microglia priming, young and old WT and Rheb-KO mice were i.p.
injected with LPS and culled 4 hours later. Quantitative PCR from
microglia-derived mRNA showed increased transcription of inflam-
matory genes, such as Tnf, Il-1b, -6, Spp1, Clec7a (dectin-1), and Cst7,
after LPS stimulation in vivo in Rheb-KO microglia, further increas-
ing with age (Figure 4A). It has been reported that mTOR inhibi-
tion with rapamycin leads to an NF-kB-dependent upregulation of
inflammatory genes in human monocytes and mouse macrophages
(21). In order to assess whether NF-kB was also hyperactivated in
the absence of RHEBI, we stimulated WT, Rheb-KO, and rapamy-
cin-treated WT BMDMs with LPS and measured nuclear transloca-
tion of the NF-«xB subunit p65/RelA. Indeed, we found an increase in
the translocation of p65 in Rheb-KO cells comparable to rapamycin
treatment, suggesting that NF-xB activation might be responsible
for the upregulation of cytokine genes in Rheb-KO cells (Figure 4B).
Indeed, NF-kB-independent genes, such as Gpnmb and Ccl25, were
not upregulated (Figure 4C). To further corroborate this finding, we
treated macrophages with the NF-«kB peptide inhibitor SN50 and
found that it abrogated the increased expression of Tnfin Rheb-KO
cells, further indicating that NF-kB activation was responsible for the
increase in cytokine mRNAs in the absence of RHEBI1 (Figure 4D).

mTORCI controls microglia priming by regulating translation of
inflammatory mediators. In order to investigate whether cytokine
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and receptor mRNA upregulation observed in Rheb-KO mice were
translated into proteins, we measured protein levels of factors asso-
ciated with the priming phenotype from WT and Rheb-KO mice
upon LPS challenge, such as microglia activation markers (Figure 5A
and Supplemental Figure 5A) and systemic inflammatory cytokines
(Figure 5B and Supplemental Figure 5B) from young and old mice.
In microglia from young mice, we found reduced levels of CLEC7A
(DECTIN-1) and SPP1 (Figure 5A), in contrast to their mRNAs (Fig-
ure 4A), together with reduced expression of CD11b, CD11c, and
TLR2 (Figure 5A). Rheb-KO microglia from aged mice also showed
downregulation of inflammatory receptors (Supplemental Figure
5A). Furthermore, plasma levels of inflammatory cytokines, such as
TNF and IL12p70 (Figure 5B), IL-1B, IL-1A, and GM-CSF (Supple-
mental Figure 5B), were diminished in young Rheb-KO mice com-
pared with WT counterparts and even more so in old mice. This fur-
ther suggested that the transcriptional changes caused by mTORC1
inhibition were not translated into protein. To further clarify wheth-
er the net outcome was indeed reduced inflammation in Rheb-KO
mice and the potential implications for neurological function, we
measured sickness behavior with an open-field test in young mice,
monitoring mice behavior and distance traveled while exploring a
large empty cage. We found no difference between WT and Rheb-
KO mice at baseline in terms of locomotor activity or anxiety behav-
ior (Supplemental Figure 5C). However, male and female Rheb-KO
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Figure 4. mTORC1 inhibition by genetic deletion of Rheb1 leads to gene
expression upregulation of inflammatory and priming genes in microg-
lia. Young (2-6 months old) and aged (15-18 months old) WT and Rheb-KO
mice were i.p. injected with 5 mg/kg LPS or PBS control and euthanized
after 4 hours. (A) Expression of inflammatory and age-related genes

in microglia assessed by gPCR, reported as fold change relative to Hprt
expression. Data shown were collected from 2 independent experiments (n
= 3-8). The results were normalized to young Rheb-KO microglia treated
with PBS. (B) Immunofluorescence staining of BMDMs differentiated from
WT and Rheb-KO mice for 7 days, then replated and treated with 100 ng/
mL LPS for 6 hours. Nuclei are DAPI stained (blue), NF-«B p65 is in green.
Scale bar: 10 um. Bottom panel: Integrated fluorescence signal of p65 colo-
calized with DAPI (n = 3-5). (C) Expression of NF-kB-independent genes
assessed by gPCR in microglia, reported as fold change relative to Hprt
expression. Data collected from 2 independent experiments (n = 3). (D) Tnf
expression as measured by qPCR from BMDMs pretreated with 18 uM of
the NF-«B peptide inhibitor, SN50, for 90 minutes and then treated with
100 ng/mL LPS for 3 hours. Data are shown as the fold change relative

to Hprt expression (n = 3). *P < 0.05, **P < 0.01, ****P < 0.0001; 3-way
ANOVA (A), Student’s t test (B), and 2-way ANOVA (D).

mice displayed milder sickness behavior, illustrated by a significant
increase in their locomotor capabilities compared with WT coun-
terparts after LPS injection, such as increased distance traveled and
number of rears (Figure 5C). There was no difference in anxiety
behavior, measured as time to reach central squares or time spent in
them (Supplemental Figure 5D). In order to assess the inflammatory
response in Rheb-KO microglia independently of systemic inflam-
mation, we dissected the brain of WT and Rheb-KO mice, in which
only microglia cells were KO for Rhebl, and stimulated acute brain
slices with LPS. We found a significant reduction in TNF protein in
response to LPS treatment in the absence of RHEB1 in microglia, as
measured by ELISA of the culture supernatant (Figure 5D), further
confirmed by costaining of the microglia marker IBA1 and TNF by
immunofluorescence (Figure 5E). Decreased TNF production was
also confirmed in acute brain slices from old mice (Supplemental
Figure 5E). Taken together, these results showed that Rhebl dele-
tion and consequently mTORCI inactivation led to a reduction in
protein levels of inflammatory mediators in microglia cells, despite
higher mRNA levels (Figure 4A). The contrasting effect on inflam-
matory gene transcription and translation caused by Rhebl loss was
also confirmed in BMDMs in vitro (data not shown). In order to
assess whether the translational defect was more global and affect-
ed cap-dependent translation more generally, we carried out a pro-
tein synthesis assay in macrophages using O-propargyl-puromycin
in the absence or presence of LPS stimulation. Rheb-KO BMDMs
displayed a significant reduction in overall translation 1 hour and 3
hours after LPS treatment compared with WT controls (Figure 5F);
however, no significant difference was detected in unstimulated
cells, suggesting that mTOR-dependent translation is particular-
ly important in regulating the increased protein output during an
inflammatory response. Treatment with cycloheximide, a known
inhibitor of translation elongation, completely inhibited protein
synthesis in WT and Rheb-KO cells (data not shown), further indi-
cating that loss of Rhebl resulted in a more selective inhibition of
translation upon cell stimulation.

Since the mTOR pathway also controls protein degradation
through autophagy, we carried out further experiments to assess
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whether impairment in protein degradation could account for
reduced protein levels of inflammatory mediators in Rheb-KO cells.
To this end, WT and Rheb-KO BMDMs were treated with cyclohex-
imide for different time points 90 minutes after LPS stimulation, in
order to assess changes in protein levels in the absence of new pro-
tein input. As illustrated in Supplemental Figure 6A, the degradation
rate did not differ between WT and Rheb-KO cells. In order to fur-
ther confirm that autophagy was not involved in the observed phe-
notype, LPS-stimulated WT and Rheb-KO BMDMs were cultured
in the presence of bafilomycin Al, an inhibitor of the autophagic
flux. No increase in cytokine levels was observed, rather a decrease
in both WT and Rheb-KO cells was observed (Supplemental Figure
6B). Interestingly, Rheb-KO cells showed no increase in autopha-
gy compared with WT counterparts (Supplemental Figure 6C), in
agreement with a previous report in cardiomyocytes (55). In conclu-
sion, our data indicate that mTORCI regulates the microglial prim-
ing response at multiple levels; however, its control of translation is
the critical step in determining the net inflammatory outcome.
Diminished phosphorylation of 4EBPI causes reduced binding
of the translational initiation factor eIF4E to its partner eIF4G in
Rheb-KO microglia, leading to impaired translation of cytokines.
Our data showed that loss of Rhebl caused a significant decrease
in the translation of inflammatory genes in microglia, on the oth-
er hand, rapamycin treatment caused an increase in IL-12p40
(Supplemental Figure 7, A and B), in line with previous publica-
tions (21). In order to assess whether this was due to differential
regulation of 4EBP1 phosphorylation, we compared the effect of
Rhebl loss, the ATP-competitive inhibitor Torinl (56), and rapa-
mycin on the main phosphorylation sites of 4EBP1 (Figure 6 and
Supplemental Figure 7, C-G). 4EBP1 Thr37/46 are the first sites to
be phosphorylated, followed by Thr70 and Ser65 (57). All phos-
phorylation sites are believed to be mTOR substrates (57, 58),
although they show different sensitivity to Torinl and rapamycin.
In particular, Thr37/46 are not sensitive to rapamycin in certain
cell types (56-62), whereas Thr70 can be phosphorylated by other
kinases, such as ERK2 (63). Western blot and relative densitometry
analysis showed a decrease in Thr37/46 in Rheb-KO cells (Figure 6,
A and B), whereas rapamycin did not cause a significant decrease
in Thr37/46 (Supplemental Figure 7, C and D). Thr70 phosphoryla-
tion appeared mildly downregulated by Rhebl genetic loss (Figure
6, A and C), whereas it did not decrease upon rapamycin treatment
at any time point investigated (Supplemental Figure 7, C and E).
On the other hand, phosphorylation at Ser65 was strongly inhib-
ited in Rheb-KO cells and rapamycin-treated WT cells (Figure 6,
A and D, and Supplemental Figure 7, C and F). Inhibition of mTOR
with Torinl reduced Thr37/46 phosphorylation more strongly than
Rheb1loss (Figure 6, F and G). Thr70 phosphorylation was not sig-
nificantly inhibited by Torinl (Figure 6, F and H), whereas Ser65
was strongly inhibited, as in the other 2 conditions (Figure 6, F
and I). Lastly, changes in phosphorylation levels correlated with
an upregulation of 4EBP1 levels in Rheb-KO cells (Figure 6, A and
E) and Torinl-treated cells (Figure 6, F and ]), whereas no differ-
ence in total 4EBP1 was observed in rapamycin-treated cells (Sup-
plemental Figure 7, C and G). In summary, Rhebl loss and Torinl
treatment caused quantitatively different but qualitatively similar
changes in 4EBP1 phosphorylation, accompanied by an increase
in 4EBP1 levels. On the other hand, rapamycin did not inhibit
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Thr37/46 nor Thr70 phosphorylation and did not cause an increase
in 4EBP1 levels. These results were confirmed by immunofluores-
cence staining for p-Thr37/46 4EBP1 (Figure 7A).

In order to correlate signaling alterations with changes in
cytokine production, we measured cytokine protein levels and
mRNA in Torinl-treated BMDMs. As shown in Supplemental
Figure 8, Torinl treatment caused a decrease in cytokine protein
levels (Supplemental Figure 8A), whereas mRNA levels remained
unaltered or were upregulated (Supplemental Figure 8B), further
indicating that Torin] treatment and genetic loss of Rhebl largely
overlapped in terms of phenotypic outcome.

Phosphorylation of 4EBP1 is necessary to release the initiation
factorelF4Etostarttranslation(33).Reduced4EBP1phosphorylation

at Thr37/46 and increased protein levels suggested that the defect
in Rheb-KO microglia and macrophage cytokine production was
due to a block in translation caused by persistent binding of 4EBP1
to eIF4E, inhibiting its interaction with eIF4G and therefore trans-
lation initiation. In order to test whether eIF4E and eIF4G bind-
ing was impaired in the absence of RHEB1, we carried out a prox-
imity ligation assay, which is able to detect proteins only when in
close proximity to each other (schematic, Figure 7B), in primary
microglia cultures stimulated with LPS. Staining for eIF4E and
elF4G showed significantly fewer proximity ligation assay dots/
cell in Rheb-KO versus WT microglia (Figure 7B), indicating dimin-
ished interaction of eIF4E with eIF4G in the absence of RHEBI.
This was not due to diminished eIF4E and eIF4G protein levels,
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Figure 7. In Rheb-KO cells, diminished binding of elF4E to its partner elF4G
results in diminished translation of cytokines. (A) Immunofluorescence
staining of p-4EBP1Thr 37/46 (green) and F4/80 (macrophage marker, red)

in WT, Rheb-KO, or WT BMDMs pretreated for 90 minutes with 100 nM
rapamycin and stimulated with 100 ng/mL LPS for 1 hour (not shown) and

6 hours. Scale bar: 10 um. Bottom panel: p-4EBP1 Thr37/46 quantification

(n = 3). (B) Proximity ligation assay (PLA) of elF4E and elF4G1in neonatal
primary microglia cultures from WT and Rheb-KO brains. The schematic
represents mTOR modulation of translation and the principle of PLA. Bottom
panel: Quantification of elF4E/elFAG binding (PLA events, red dots). Scale
bar: 25 pm (objective 40x). n = 3 biological replicates, each with 4 technical
replicates. (C) Western blot and densitometry analysis of elF4E and elF4G1
from WT and Rheb-KO microglia (n = 6 for elF4G1, n = 4 for elF4E) and from
WT and Rheb-KO BMDMs stimulated with 100 ng/mL LPS for the indicated
time points (n = 5 for elF4G1, n = 3 elF4E). (D) TNF measured by ELISA of
culture supernatant from WT and Rheb-KO primary microglia. Cells were
pretreated for 90 minutes with 25 uM of the elF4E/elF4G inhibitor 4EGI-1and
then stimulated with 200 ng/mL LPS for 3 hours (n = 3). (E) TNF measured by
ELISA of culture supernatant from acute brain slices of WT mice, pretreated
for 2 hours with either 100 uM ribavirin, 40 pM cycloheximide, or vehicle and
then stimulated with 2 pg/mL LPS for 6 hours. Data are represented as the
fold change normalized to LPS samples; n = 6 from 2 independent experi-
ments. *P < 0.05, **P < 0.01, ***P < 0.007; 2-way ANOVA (A, C [BMDMs], and
D; Student’s t test (B, C [microglial, and E). For A, P = 0.0041 for WT versus
Rheb-KO and NS (P = 0.1465) for WT versus rapamycin; 2-way ANOVA.

which were comparable between WT and Rheb-KO cells, in
microglia and macrophages (Figure 7C). In order to confirm that
the decreased binding of eIF4E to eIF4G was the critical event
responsible for the Rheb-KO phenotype, we used the pharmaco-
logical inhibitor 4EGI-1, which disrupts the binding of eIF4E to
elF4G and consequently inhibits translation (64, 65). Pretreatment
of WT microglia with 4EGI-1led to a reduction of TNF protein to a
level comparable to Rheb-KO microglia; however, it did not cause
a further reduction in Rheb-KO microglia (Figure 7D). Additional
cytokines/chemokines were also diminished by 4EGI-1in WT cells
but were already downregulated in Rheb-KO cells (Supplemental
Figure 7C). This further confirmed that eIF4E/eIF4G binding was
already impaired in the absence of RHEBI, and it was responsi-
ble for the observed effect on cytokine translation. Accordingly,
elF4E phosphorylation at Ser209 was also impaired (Supplemen-
tal Figure 7D). This phosphorylation is mediated by ERK-activated
kinases MNK1 and MNK2 (66-68); nonetheless, it requires eIF4E
to be bound to eIF4G because eIF4G functions as a docking site
for MNKs (66, 69). The defect in eIF4E Ser209 phosphorylation
correlated with partially reduced ERK activation (Supplemental
Figure 7E). Taken together, these results further confirmed that
Rheb-KO cells had an impairment in mRNA translation due to
diminished activation of eIF4E.

In order to assess whether it was possible to therapeutical-
ly target eIF4E to modulate brain inflammatory responses, we
treated acute brain slices with the eIF4E inhibitor ribavirin, an
antiviral drug (43, 70). By treating acute brain slices from WT
mice, we found that ribavirin significantly reduced TNF levels
in the culture media after LPS treatment (Figure 7E), whereas
treatment with cycloheximide completely inhibited TNF produc-
tion (Figure 7E), further indicating that eIF4E inhibition exerts
a subtler control over translation of the inflammatory response.
Taken together, our data indicate that binding of eIF4E to eIF4G
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regulated translation of inflammatory mediators in microglia and
could represent a novel therapeutic target in neuroinflammation.
An mTOR /translational signature is present in aging human
microglia and in damage-associated microglia from mouse models of
neurodegenerative diseases. In order to assess whether the mTOR
translational signature found in microglia from aging mice was
also present in aging human microglia, we mined publicly avail-
able data sets. By bioinformatics analysis of the Olah et al. data
set (71), which assessed gene expression changes in aging human
microglia, we found that of the mTOR- and translation-related
genes upregulated in aged mouse microglia, 62.5% were also
upregulated in human microglia from old brains (Figure 8A). Inter-
estingly, the fold changes in human aging microglia were about
5-8 times higher than in mouse counterparts. A similar proportion
of genes (57.1%) was upregulated in a neurodegeneration-specific
microglia population or damage-associated microglia identified
in mouse models of amyloid-B deposition (72) (Figure 8B). In par-
ticular, genes coding for ribosome subunits were strongly upreg-
ulated in both aging and damage-associated microglia (data not
shown), indicating that upregulation of translation is a common
mechanism that occurs in aging and in neurodegeneration across
species and could constitute an important therapeutic target.

Discussion

Microglia have been implicated in the pathogenesis of neuro-
degenerative diseases, fueling their initiation and progression,
especially through a heightened ability to respond to activation
stimuli, also called priming (73, 74). Microglia appear primed with
age and in neurodegenerative diseases; however, little is known
about what causes these changes. A wealth of RNA-Seq and sin-
gle-cell RNA-Seq data have greatly increased our knowledge of
microglia in health and disease. However, these studies define
microglia mostly through their transcriptome profiles. Our work
has highlighted an important difference between young and aged
microglia: translation in aged microglia is increased because of an
increase in the mTOR pathway. This means that transcriptional
profiling could be missing crucial aspects of microglia biology in
aging as well as neurodegeneration.

The upregulation of mTOR signaling and translation could
be caused by intrinsic changes in microglia or by the aging neural
environment. Raj et al. showed that neuronal deletion of Erccl, a
DNA excision repair protein, was sufficient to switch microglia to
a primed phenotype, suggesting that neuronal genotoxic stress is a
contributing factor (75). Furthermore, mTOR is a pivotal sensor of
growth factors (76). Interestingly, one of the genes associated with
the priming phenotype in our data set was insulin-like growth factor
1 (Igf1) also found by others (13). In accordance with those studies,
we found the protein IGF1 to be significantly increased in the aging
brain, despite systemic levels declining with age (77). Therefore, it
is possible that microglia or other cells in the brain upregulate IGF1
with age, leading to the hyperactivation of mTOR. Other growth fac-
tors increase in the aging brain, such as brain-derived neurotrophic
factor (BDNF) and nerve growth factor (NGF) (78), although we did
not observe an upregulation in NGF in our brain lysates and BDNF
was not measured. Regardless of whether one or multiple factors
regulate mTOR signaling in aged microglia, it will be interesting to
define which cells produce them, in response to what alterations,

+



] -

RESEARCH ARTICLE

A E= Similarly expressed
109 El Opposing expression
. 3 Not DE in aging human
microglia dataset
P 5
g ) '!-‘ B
o
E ' ot 10.7%
c
E2 g ™| %1 2
=1 . .
= .
g 5
<
-10-
Aging mouse microglia
B = Similarly expressed
104 Bl Opposing expression
%, =3 Not DE in mouse AD
S model dataset
£ 5- .
hii 6
% 2 ° 10.7%
"I M O
@ L]
&
E -5+
S
o
<
-10-

Aging mouse microglia
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and whether a similar upregulation takes place in neurodegener-
ative diseases. Aged microglia share many features with damage-
associated microglia from Alzheimer disease and amyotrophic
lateral sclerosis at the transcriptional level (8). Our bioinformatics
analysis suggests that altered translation might be shared by aged
and damage-associated microglia; therefore, future studies should
focus on whether increased translation in an inflammatory response
contributes to microglia becoming more neurotoxic.

In terms of mTOR-regulation of translation, our work further
highlightsthatalthoughmTORisknowntoregulatecap-dependent
translation, it does not regulate all mRNAs equally (47, 79).
Indeed, housekeeping genes encoding for B-actin or GAPDH, for
example, are not as sensitive as genes encoding proteins involved
in the immune response, such as SPP1, VEGF, MMP9, IRF7, and
IkB-a (38,79-81). It is believed that specific characteristics in the
mRNA confer increased eIF4E (and therefore mTORC1) sen-
sitivity. Nonetheless, these motifs appear to differ in different
cell types (39, 40, 44, 56, 82). Originally, a long 5'-UTR, rich in
secondary structures, was thought to confer mTORCI specificity
(79, 80); however, more recently, it has emerged that translation
of mRNAs without a long 5'-UTR can still be sensitive to eIF4E
(42, 82). Furthermore, additional features have been described,
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such as 5" terminal oligopyrimidine tracts (TOPs or TOP like) (44)
and CERT, cytosine-rich 15-nucleotide motif (39). It is possible
to speculate that priming and inflammatory genes in microglia
could also share a yet unidentified consensus sequence because
the majority of the genes we investigated did not show any of
these known ones (Supplemental Table 4). An in-depth study of
mTOR-dependent genes in microglia could potentially identify
new motifs and shed more light on how mTOR modulation would
affect microglia inflammatory responses.

In terms of pharmacological regulation of mTOR-signaling
controlling translation, we observed that rapamycin did not affect
4EBP1 phosphorylation at Thr37/46, whereas the ATP-competi-
tive inhibitor Torinl (56) significantly impaired it. This difference
correlated with a differential regulation of 4EBP1 protein levels:
rapamycin did not cause any alteration, whereas Torinl treatment
caused an upregulation in a similar fashion to Rheb-KO cells. This
difference could explain why translation of inflammatory genes is
not impaired after rapamycin treatment, as described by Weichhart
et al. (21); however, it was impaired upon Torinl treatment or in
Rheb-KO cells. The correlation between decreased Thr37/46 phos-
phorylation and increased 4EBP1 protein levels is consistent with a
previous report showing that 4EBP1 phosphorylation, in particular
at Thr37/46, leads to 4EBP1 ubiquitination and subsequent degra-
dation (83). Our results have important implications for the devel-
opment of new drugs targeting mTOR. On the one hand, the results
suggest that mTOR regulation of translation is a valid therapeutic
target, especially to prevent increased neuroinflammation linked
to aging; on the other hand, they illustrate the importance of fully
understanding how mTOR regulates inflammatory processes at
multiple levels before designing new pharmacological modulators.

There is extensive literature on the consequences of mTOR
therapeutic inhibition. The best-known effect mediated by rapamy-
cin is lifespan extension in lower organisms and mammals, mostly
attributed to mTOR’s function as a nutrient sensor (84, 85). In addi-
tion, rapamycin counteracts the progression of neurodegenerative
diseases and age-related cognitive decline through modulation of
autophagy in neurons and prevention of the accumulation of mis-
folded proteins (28, 29, 86). Additionally, mTOR inhibition leads
to altered T and B cell differentiation that favor immune tolerance,
resulting in rapamycin analogs being used in transplantation (87).
However, there are also reports that rapalogs cause potentially dele-
terious proinflammatory effects, for example in transplant patients,
by increasing the inflammatory phenotype of myeloid cells (88).
In line with this evidence, rapamycin analogs administered short-
term resulted in improved vaccination responses in the elderly,
possibly through increased myeloid activation (31, 89). Therefore,
the literature indicates that modulation of mTOR with different
pharmacological inhibitors, as well as duration of treatment, might
cause apparently contradictory results. The more we learn about
mTORC1- (and mTORC2-) dependent functions, the more we will
be able to design targeted therapeutic strategies.

Indeed, our study adds to our knowledge of the mTOR pathway
in inflammation by elucidating the effect of RhebI loss in microglia
and the immune system. Rheb1 loss did not cause significant alter-
ations in the immune system at the steady state, consistently with
previous reports using RhebI”f ROSA26-ERT2° (90). This might
be due to residual mTORCI signaling in KO cells. Whether this
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signaling is due to Rheb-independent mTORCI activity or incom-
plete loss of Rhebl in some cells remains to be further elucidated.
The partial inhibition of mTORCI activity in RhebI?# Csflr° has
its advantages, as it allowed us to assess microglia inflammatory
responses in young and aged animals: a stronger inhibition could
have caused too great an impairment in cell differentiation and
survival. Nonetheless, it offers an additional reminder that dif-
ferent pharmacological inhibitors of mTOR might cause different
outcomes, based on mode of action and duration of the inhibition.

Methods

Mice. Aged female C57BL/6] mice were obtained from Charles River Lab-
oratories. For RNA-Seq experiments, ex-breeder female mice were used
at 6,15, and 23 months of age. Mice with a transgenic construct containing
a Cre recombinase coding sequence under the control of the promoter for
the murine colony stimulating factor 1 receptor (Csf1r°) were obtained
from The Jackson Laboratory. Mice with loxP-flanked Rhebl exon 3 were
generated in the laboratory of PF Worley, Johns Hopkins University
School of Medicine, Baltimore, Maryland, USA (51) and were provided as
a gift. Exon 3 encodes the critical GTP binding domain; its deletion causes
a frameshift mutation and consequent loss of RHEBI1 protein.

Adult microglia isolation. The brain and spinal cord were perfused
with ice-cold HBSS and tissue was digested using the Neural Tissue Dis-
sociation Kit from Miltenyi Biotec. Cells were washed twice in HBSS and
myelin was removed by negative selection using myelin removal beads
(Miltenyi Biotec, 130-096-433). For RNA-Seq experiments, cells were
then incubated with microglia antibodies CD11b and CD45 for 20 min-
utes at 4°C in the dark and then flow-sorted on an LSR-Fortessa (BD Bio-
sciences). DAPI (Cambridge Bioscience) was used to exclude dead cells.
For all other experiments, microglia were isolated after myelin removal
by positive section using CD11b beads (Miltenyi Biotec, 130-093-634).

RNA extraction, assessment, and sequencing. For RNA-Seq exper-
iments, microglia were sorted from 3 separate mice per replicate
and pooled prior to RNA extraction, which was carried out using an
RNeasy Micro Kit (Qiagen), according to the manufacturer’s guide-
lines. Briefly, cells were lysed in Qiagen RLT lysing buffer before an
equal volume of 70% ethanol was added to the lysates, which were
placed on a silicon column and washed 3 times with RW1 buffer, RPE
wash buffer, and finally with 80% ethanol. RNA was then eluted using
nuclease-free water and quantified using a Nano Drop 1000 (Thermo
Fisher Scientific). The quality and quantity of RNA was assessed by the
Agilent Bioanalyzer 2100 RNA Pico Chip. Only samples with a RNA
integrity number (RIN) greater than 7 were subjected to RNA-Seq.
RNA samples were processed by Oxford Gene Technology (OGT),
where they were prepared for RNA-Seq using the SMARTer Ultra Low
RNA kit for Illumina sequencing (Clontech Laboratories). RNA-Seq
libraries were then sequenced on the Illumina HiSeq 2000, achiev-
ing approximately 40 million paired-end reads per sample. RNA-Seq
data have been deposited in NCBI's GEO and Sequence Read Archive
(SRA) databases with the accession number GSE156762.

RNA-Seq data analysis. Raw sequencing reads were demultiplexed
by OGT. FastQC (version 0.11.3; ref. 91) was used to assess sequencing
read quality. Reads were mapped to the mouse genome (GRCm38.p5,
GENCODE release M14; refs. 92, 93) using STAR (version 2.5.3 with
option-outFilterIntronMotifs RemoveNonCanonical; ref. 94) with
default parameters, and only uniquely mapping reads were selected
for further analysis. Ribosomal RNA and mitochondrial reads were
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removed using modified scripts from the PORT pipeline (https://
github.com/itmat/Normalization). SAM files were converted to BAM
files using Samtools view and BAM files were sorted by coordinate
with Samtools sort. Annotations were based on the comprehensive
gene annotation file of the GENCODE Release M14 (mm10). The
downloaded Gene Transfer Format (GTF) file was loaded into R (ver-
sion 3.4.0; R Foundation for Statistical Computing) and converted into
a TranscriptDb object with the makeTranscriptDbFromGFF tool in
the Bioconductor package GenomicFeatures (version 1.28.3; ref. 95).
From the TranscriptDb object, all annotated Ensembl genes and their
exons were obtained using exonsBy (by = “gene”). Ensembl gene IDs
were replaced by official gene symbols using biomaRt (version 2.32.1).
Genes with several Ensembl gene IDs were combined into 1 record.
For each duplicated gene, overlapping exons were combined into sin-
gle exons. Thus, genes were defined as the sequence between the first
base of the first exon and the last base of the last exon. Furthermore,
regions shared by overlapping genes were removed because we worked
with a nonstranded RNA-Seq library and wanted to count only reads
mapping to 1 gene. The mapped, filtered RNA-Seq reads were counted
using a custom R script, including the R packages Rsamtools (1.22.0),
GenomicFeatures (1.22.8), and GenomicAlignments (1.6.3; ref. 95).
Briefly, sorted BAM files were loaded into R using read GAlignment-
Pairs, and the number of reads mapping to genes was computed using
findOverlaps (with options type = “within” and ignore.strand = TRUE)
and countSubjectHits. Genes were analyzed for differential expression
using the R package DESeq?2 (1.16.1; ref. 96) and identified as differ-
entially expressed if the FDR-adjusted P value was smaller than 0.05.
PCA plots and heatmaps were plotted using R. Gene abundances were
measured by DESeq2’s rlog transformed median of ratios. Counts were
divided by sample-specific size factors determined by median ratio
of gene counts relative to geometric mean per gene, which normal-
izes for sequencing depth and RNA composition. PCA was then per-
formed based on the top 500 most variable genes across the 9 samples
to determine their spatial distances between each other (i.e., verify the
biological groups based on RNA-Seq data). Canonical pathway enrich-
ment analysis was further conducted based on the identified differen-
tially expressed genes using the IPA tool (Qiagen), thanks to its most
comprehensive curated annotation resources.

Protein synthesis assay. At day 6 of BMDM differentiation,
50,000 cells were plated in 96-well clear bottom, black, cell culture
plates and allowed to adhere overnight. The following day, BMDMs
were stimulated with 100 ng/mL LPS for 1 hour or 3 hours. Samples
were further processed according to the manufacturer’s instructions
using the Protein Synthesis Assay Kit (Cayman Chemical, 601100).
Briefly, cells were treated for 2 hours at 37°C/5% CO, with 100 uL
DMEM as control, O-propargyl-puromycin (OPP) working solution,
and/ or OPP working solution with cycloheximide (1:1,000). Flu-
orescence intensity was measured with a fluorescent plate reader
using a 485/520 nm filter (FLUOstar Omega, BMG Labtech).

In vivo LPS. For in vivo experiments, mice were ip. inject-
ed with either 200 uL E. coli 0111:B4 (Sigma-Aldrich, catalog no.
L2630, EC no. 297-473-0) or PBS as control. The dose of LPS was
5 mg/kg and mice were culled after 4 hours, except for sickness
behavior experiments where a lower dose of 0.33 mg/kg was used.
For aging experiments, mice used were 2-6 months (young) or
14-18 months (old) of age. For experiments with Rheb1"? Csflr¢e
mice, male and female mice were used at 2-6 months (young) and
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15-20 months (old) of age. Rheb1"# without Cre or Rheb1** Csflro=-
positive mice were used as WT controls.

Proximity ligation assay. Primary microglia were generated from
PO-P3WT and Rheb-KO pups as described in Supplemental Methods
and treated with 100 ng/mL LPS for 3 hours. After LPS treatment,
cells were fixed for 10 minutes with 4% PFA and washed 3 times
with PBS. Cells were then permeabilized using 0.5% Triton X-100
(Sigma-Aldrich) for 15 minutes and then blocked for 1 hour at room
temperature using mouse on mouse blocking reagent (Vector Labo-
ratories, MKB-2213), followed by an additional blocking stage using
the Duolink blocking solution (Sigma-Aldrich, DU0O92101) for 1 hour
at 37°C. Cells were then incubated overnight at 4°C in anti-mouse
elF4E (Invitrogen, MA1-089, 1:200) or anti-rabbit eIF4G (Cell Sig-
naling Technology, 2469, 1:1000). The next day, cells were incubat-
ed in anti-mouse plus and anti-rabbit minus proximity ligation assay
probes (Sigma-Aldrich, DU0O92101) diluted 1:5 in the provided anti-
body diluent for 1 hour at 37°C. Cells were then washed twice with
wash buffer A for 5 minutes at room temperature, and then the ligase
(prediluted in ligation buffer 1:40) was added to cells for 30 minutes
at 37°C. This step was followed by further washing with wash buffer
A, prior to addition of the DNA polymerase (diluted in amplifica-
tion buffer, 1:80) for 100 minutes at 37°C. Subsequently, cells were
washed using wash buffer B, then Duolink in situ mounting media
containing DAPI (Sigma-Aldrich, DUO82040) was used for mount-
ing coverslips. All samples were analyzed using a confocal micro-
scope (LSM710, Zeiss) within 48 hours of preparation.

Statistics. For RNA-Seq experiments, significance of the differen-
tial expression of genes was evaluated based on FDR-adjusted P values
smaller than 0.05 calculated by the R package DESeq2. The Qiagen IPA
tool used the Benjamini and Hochberg correction for multiple com-
parisons (97). To judge significance in other experiments, Student’s ¢
test, 1-way ANOVA, 2-way ANOVA, and 3-way ANOVA analyses were
performed using GraphPad Prism. A 2-tailed, unpaired Student’s  test
was used to calculate significance between 2 groups or populations.
Depending on the number of categorical independent values per
experiment, 1-way, 2-way, or 3-way ANOVA approaches were used to
judge the impact of each independent category on the experimental
outcome. In combination with ANOVA, the Sidak multiple-compari-
son test (98) was used for the hypothesis-driven calculation of multi-
ple-comparison corrected P values (reported in the graphs). In aging
experiments with more than 2 time points and 1 categorical indepen-
dent value, the linear trend was also analyzed. All data are report-
ed with error bars representing the standard error of the mean. All P
values less than 0.05 were considered significant and indicated with
1-4 asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ***P < 0.0001.
Close-to-significance comparisons were indicated with the actual P
value. Nonsignificant differences are indicated by NS. Gray bars and
asterisks indicate comparison within the same age group or the same
genotype. Black bars and asterisks indicate comparison across differ-
ent age groups or across different genotypes. Statistical analysis results
for all panels shown are provided in Supplemental Table 5. Data were
reported as acquired raw data whenever possible. In certain instances,
in order to allow statistical analysis on pooled experiments repeated on
separate days, data were expressed as fold change relative to control.

Study approval. Mice were housed according to UK Home Office
and German NRW Landesamt fiir Natur, Umwelt und Verbrauch-
erschutz Nordrhein-Westfalen (LANUV NRW) guidelines. All exper-
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iments involving mice were conducted in accordance with and
approved by the UK Home Office license PPL 70/7411 and German
LANUV NRW license 81-02.04-2018.A257.
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