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ABSTRACT
High-grade gliomas are malignant aggressive primary brain tumors with limited therapeutic options, and
dismal prognosis for patients. Microglia, the resident immune cells of the brain, are recruited and
reprogrammed into tumor-supporting cells by glioma cells, which in turn positively influence tumor
expansion and infiltration into surrounding brain tissues. Here, we report that glioma-induced microglia
conversion is coupled to an increase of histone H4 lysine 16 (H4K16) acetylation level in microglia, through
increased nuclear localization of the deacetylase SIRT1, which in turn results in deacetylation of the H4K16
acetyltransferase hMOF and its recruitment to the chromatin at promoter regions of microglial target
genes. Furthermore, we demonstrate that manipulation of the microglial H4K16 acetylation level, taking
advantage of the intrinsic H4K16 deacetylase or acetyltransferase activities of SIRT1 and hMOF,
respectively, modulated the tumor-supporting function of microglia. This study provides evidence that
post-translational modifications of histones and the histone-modifying enzymes controlling them, such as
H4K16 acetylation regulated by hMOF and SIRT1, are part of the microglial pro-tumoral activation pathway
initiated by glioma cancer cells and represent potentially novel therapeutic targets.
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Introduction

Although high-grade gliomas exhibit a low incidence, they are
the most common primary brain tumors and cause significant
mortality and morbidity therefore representing one of the big-
gest challenges of today’s oncology. Indeed, despite multimodal
therapy with the concomitant use of radiation and adjuvant
temozolomide, the median survival for patients with high-grade
gliomas is limited to »3.5 years for the anaplastic astrocytoma
(WHO grade III) and »15 months for glioblastoma multiforme
(WHO grade IV). The extensive infiltration of tumor cells into
the surrounding normal brain tissue is a pathologic hallmark of
high-grade gliomas and contributes significantly to the failure
of current therapeutic treatments as surgical resection is always
incomplete.1 Glioma tumors are heterogeneous with respect to
the composition of bona fide tumors cells and with respect to a
range of intermingling non-neoplastic cells which also play
vital role in controlling the course of pathology. Actually,
microglia, the resident immune cells of the central nervous sys-
tem (CNS), make up the largest population of glioma tumor
infiltrating cells.2-4

Adequate microglial functions are crucial for a healthy
brain, but microglia activation can also contribute to brain dis-
eases.5 In fact, glioma tumor cells exploit microglia for their
expansion.6 Soluble factors released from glioma stimulate

microglial receptors, resulting in microglia activation and
recruitment in large numbers at the tumor site. Subsequently,
tumor cells stimulate the microglia to exert tumor-trophic
functions. Microglia release many factors, including cytokines
and extracellular matrix proteases, which may influence tumor
invasiveness and growth. As further evidence of their essential
role in glioma biology, removal of microglia, both in brain
organotypic slices and genetic mouse models, inhibit glioma
invasiveness.3,7 Therefore, deciphering the molecular mecha-
nisms that provide control of microglia activation toward a
tumor-supporting phenotype in response to cues from glioma
cells has gained considerable interest.

Accumulating evidence indicates that the polarization of
microglia toward selective activation states, including a tumor-
supporting phenotype, is associated with specific gene expres-
sion patterns.6,8 Transcriptional activation and repression are
strongly influenced by and associated with changes in chroma-
tin structure, including histone post-translational modifica-
tions. The efficiency of an external signal, such as the one
provided by glioma cells, in activating or repressing gene
expression in microglia could strongly depend on such chroma-
tin modifications. Although studies have hinted towards the
regulation of the microglial pro-inflammatory phenotype by
histone modifications, their possible contribution to the
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regulation of the microglial tumor-supporting phenotype
remains to be explored.9

Our attention was drawn to the acetylation of histone 4 at
lysine 16 (H4K16ac), since this particular histone post-transla-
tional modification has been demonstrated to play an important
role in the regulation of transcription.10 The acetylation level of
H4K16 is regulated by the opposing effects of the histone acetyl-
transferase hMOF and the histone deacetylase sirtuin1
(SIRT1).11,12 SIRT1 and hMOF share common substrates like
H4K16ac and p53, suggesting their joint participation in different
cellular processes. Further, hMOF and SIRT1 are highly evolu-
tionarily conserved enzymes.13,14 Both enzymes are of particular
interest as they display quite diverse roles in various cellular pro-
cesses. hMOF enzymatic activity has an extraordinary specificity
for H4K16,15 suggesting that any process mediated through
H4K16ac can potentially be influenced by hMOF. Previous
observations suggest that hMOF and H4K16ac may be involved
in tumorigenesis.16 Notably, recent studies identified that hMOF
autoacetylation changes the surface charge of the protein and
alters its binding to the nucleosome.17,18 Thereby, SIRT1 deacety-
lates hMOF and promotes its recruitment on the chromatin
which highlights the dynamic interplay between both enzymes
in regulating H4K16 acetylation.18

Here, we demonstrate that the glioma-induced tumor-sup-
porting microglia phenotype is coupled to the nuclear

accumulation of SIRT1, with SIRT1-mediated deacetylation of
hMOF, leading to the recruitment of this H4K16 histone acetyl-
tranferase to the promoter of genes associated with the micro-
glia tumor-supportive phenotype. We also report that
manipulating H4K16 acetylation level in microglia, through
interference with either hMOF or SIRT1, impacts microglia
activation.

Results

The glioma-induced tumor-supporting microglia
phenotype is associated with increased H4K16 acetylation

Transcriptional activation and repression are strongly influ-
enced by and associated with changes in chromatin structure,
including histone modifications. Acetylation of Lys16 of his-
tone 4 (H4K16) is thought to play an important role in active
transcription, presumably by facilitating chromatin accessibil-
ity.19-21 To explore whether glioma stimuli could alter microglia
gene expression pattern through changes in this histone modi-
fication, and thereby microglia activation towards a tumor-sup-
porting phenotype, a segregated coculture transwell set-up was
used, and the effect of soluble factors originating from C6 gli-
oma cells on BV2 microglia cells was examined. Induction of a
tumor-supporting phenotype in BV2 microglia cells upon

Figure 1. Glioma�induced microglia tumor�supporting phenotype is associated with increased H4K16 acetylation. (A) qPCR analysis of Il1b, Il6, Mmp14, Ccl22, Chil3 and
Nos2 mRNA expression in BV2 microglia grown as monocultures or with C6 glioma cells as segregated cocultures (key); results are presented relative to those of each
monoculture, set as 1. (B) Immunoblot analysis of MMP14 and b-actin (right margin, molecular size, in kilodaltons (kDa)) with quantification (C) in BV2 microglia cultured
for 4 h as a monoculture or with C6 glioma cells as segregated coculture; results are presented to relative to those of BV2 microglia monoculture, set as 1. (D) Quantifica-
tion of the migration of C6 glioma cells in Transwells with BV2 microglia or C6-cocultured BV2 microglia in the lower compartment; results are presented relative to those
of C6 cells alone, set as 1. (E and F) Immunoblot analysis of H4K16ac and b-actin (right margin, molecular size, in kilodaltons (kDa)) (E) with quantification (F) in BV2 micro-
glia control (0 h) or cultured for 2 h, 4 h or 6 h as monoculture or with C6 glioma cells as segregated coculture; results are presented to relative to those of BV2 microglia
control (0 h), set as 1. (G) Confocal microscopy of BV2 microglia cultured for 4 h as a monoculture or with C6 glioma cells as segregated coculture, with immunostaining
for H4K16ac and Hoechst nuclear counterstain. Scale bar, 10 mm. ns, non-significant, �P < 0.05, ��P < 0.01, ���P < 0.001 and ����P < 0.0001 (two-tailed Student’s t-test).
Data are from three independent experiments (A to D) or five independent experiments (E and F) (mean and s.d.).
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segregated coculture with C6 glioma cells was demonstrated by
expression or repression of genes previously linked to glioma-
induced microglia activation,22,23 as well as by the ability of
these activated microglia to promote C6 glioma cell migration
capacity (Fig. 1A–B). Indeed, quantitative PCR (qPCR) analysis
revealed the induction of interleukin-1b (Il1b) and interleukin-
6 (Il6) mRNA expression in microglia, as well as three other
makers associated with the microglial tumor-supportive pheno-
type, namely the chemokine Ccl22, the chitinase-like molecule
Chil3 (also known as Ym1) and the matrix metalloproteinase-
14 (membrane-inserted) Mmp14. Expression of the nitric oxide
synthase-2 (Nos2) mRNA, whose induction is strongly associ-
ated with the microglial pro-inflammatory phenotype was
found to be substantially decreased following segregated cocul-
ture with glioma cells (Fig. 1A). Increased Mmp14 gene

expression in the microglia cells upon stimulation by glioma
cells was further confirmed at the protein level using immuno-
blotting analysis for MMP14 (Fig. 1B–C). Using a transwell
migration assay, when placing C6 glioma cells in the upper
compartment and BV2 cells in the lower compartment, a posi-
tive impact of microglia on glioma migration was observed
(Fig. 1D). Of note, the use of C6-cocultured BV2 cells, instead
of BV2 cells alone, in the lower compartment of the transwell,
did not provide significant differences for the C6 glioma cells
migration capability.

Interestingly, we observed in immunoblot analyses that gli-
oma-induced microglia activation is associated with significant
changes in the microglial global amount of H4K16ac. In fact, a
transient decrease (observed at 2 hours) followed by a robust
and sustained increase (noted at 4, 6 and 24 hours) in H4K16ac

Figure 2. Increased H4K16 acetylation expression levels are observed in microglia in mouse glioblastoma tumor model. (A and B) Confocal microscopy of tumors formed in
mouse brain 1 week after injection of GFP-GL261 cells, with immunostaining for H4K16ac and Iba1 (microglia marker, depicted in white) and Hoechst nuclear counterstain.
Scale bars, 20 mm (A), 10 mm (B). Picture for depicted microglia outside the tumor site was taken 2 mm from tumor border. In the depicted images, some microglia cells
are pointed out with a yellow arrow head. Data are representative of one independent experiment with three mice. (C) Quantification of the signal intensity of microglial
H4K16ac at tumor site or distinct from tumor site at 1 week after injection of cells as in A. ���P < 0.001 (two-tailed Student’s t-test). Data are pooled from over 100 micro-
glia cells from each mouse. Each dot represents the mean value of microglia cells from one mouse and the line indicates the median value of each group.
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level was observed in BV2 microglia upon coculture with
C6 glioma cells (Fig. 1E–F and Supplementary Figure 1A–B).
The coculture condition did not affect total histone H4 levels in
the microglia cells (Supplementary Figure 1A-B). The increase
in microglial H4K16ac expression upon glioma-microglia
coculture at 4 hours was confirmed by immunofluorescence in
BV2 microglia (Fig. 1G). An increase in H4K16ac expression
level in BV2 microglia could also be observed upon their
segregated coculture with the GL261 glioma cells or coculture
with murine primary glioma tumorspheres (Supplementary
Figure 1C–F). To determine the physiological relevance of the
findings reported above, we performed in vivo experiments and
injected green fluorescent protein-expressing GL261 glioblas-
toma cells (GFP-GL261 cells) into the brains of postnatal day
16–17 C57/BL6/J mice.24 This syngeneic transplant tumor
model in immunocompetent mice has been shown, at the time
points used, to exhibit limited infiltration by peripheral mono-
cytes or macrophages.4 Immunohistochemical analysis of brain
tissue surrounding the gliomas at 1 week and 2 weeks after
transplantation revealed a massive recruitment of microglia
cells expressing the microglial marker Iba1, and high abun-
dance of H4K16ac in microglia cells located inside the tumor
mass as compared to cells residing at distance from the tumor
(Fig. 2 and Supplementary Figure 2). Collectively, these data
demonstrate that glioma-induced microglia tumor-supportive
activation state is associated with an increased acetylation of
H4K16.

The microglial tumor-supportive activation state
is associated with nuclear localization of SIRT1

Thereafter, we aimed at uncovering the histone modifying
enzyme(s) involved in the regulation of H4K16 acetylation
observed in microglia upon their activation by glioma cells.
The activities of the histone acetyltransferase hMOF (also called
KAT8 or MYST1) and the histone deacetylase SIRT1 have been

reported to play a central role in the regulation of H4K16 acety-
lation levels in various model systems.12,25-28 Indeed, the his-
tone acetyltransferase hMOF is required for the bulk of H4K16
acetylation in mammalian cells.28 The deacetylase SIRT1 has a
wide range of non-histone targets (including hMOF), but
H4K16 is its primary histone target and can thereby antagonize
the enzymatic activity of hMOF.26 Protein expression levels for
these two histone-modifying enzymes were investigated by
immunoblotting in BV2 microglia upon monoculture or segre-
gated coculture with C6 glioma cells up to 6 hours. SIRT1
expression was found to be transiently downregulated at 2 and
4 hours in BV2 microglia upon coculture with C6 glioma
(Fig. 3A–B). In contrast, with exception of a decrease observed
at 4 hours, microglial hMOF expression was mostly found to
be unaffected in the same conditions (Fig. 3 C–D).

Microglial SIRT1 mRNA expression was not found to be
altered upon glioma coculture condition suggesting that the
observed decrease in SIRT1 protein is not due to transcriptional
regulation (Supplementary Figure 3A). In order to address
whether downregulation of SIRT1 protein level in microglia
upon segregated coculture with C6 glioma could be the result
of proteasomal degradation, a set of experiments using the pro-
teasome inhibitor MG132 was performed (Supplementary
Figure 3B–C). SIRT1 immunoprecipitation followed by immu-
noblotting for ubiquitin indicated that polyubiquitination of
microglial SIRT1 is increased upon coculture with C6 glioma,
as illustrated by increased intensity for the ubiquitined smear
upon MG132 treatment (Supplementary Figure 3B). In BV2
microglia, treatment with the proteasome inhibitor MG132 was
also found to rescue SIRT1 protein from degradation upon gli-
oma stimulation (Supplementary Figure 3C). These data indi-
cate that some of the microglial SIRT1 protein pool is degraded
through proteasomal degradation in response to glioma stimuli.

It is worth noting that SIRT1 protein exhibits two nuclear
localization signals and two nuclear export signals that can
influence its subcellular location, and thereby functions, in

Figure 3. Nuclear relocalisation of microglial SIRT1 is observed upon glioma coculture. (A to D) Immunoblot analysis of SIRT1 (A) or hMOF (C) and b-actin (A and C) with
quantification (B and D) in BV2 microglia control (0 h) or cultured for 2 h, 4 h or 6 h as monoculture or with C6 glioma cells as segregated coculture; results are presented
relative to those of BV2 microglia control (0 h), set as 1. (E) Immunoblot analysis of SIRT1, actin and lamin b1 lysate in subcellular fractions of BV2 microglia grown for 4 h
as monocultures or with C6 cells as segregated cocultures. (F) Quantification of SIRT1 in subcellular fractions of e; results are presented relative to those of BV2 monocul-
tures, set as 1. (G) Confocal microscopy of BV2 microglia grown for 4 h as monocultures or with C6 cells as segregated cocultures, with immunostaining for SIRT1 and
Hoechst nuclear counterstain. Last row of the depicted pictures are higher magnification of the merged confocal images. Scale bar, 20 mm. �P < 0.05, ��P < 0.01, ���P <
0.001 (two-tailed Student’s t-test). Data are from three independent experiments (A, B, C, D and G) or four independent experiments (E and F) (mean and s.d.).
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response to biological stimuli.29 Therefore, the subcellular
localization of SIRT1 was investigated by immunoblotting in
the context of glioma-induced microglia activation. SIRT1 was
found to be localized in both cytosolic and nuclear fractions of
BV2 microglia when grown as monoculture. However, upon
coculture condition with C6 glioma cells, microglial SIRT1 was
reduced in the cytosolic, while increased in the nuclear subcel-
lular fractions (Fig. 3E–F). Predominant nuclear localization
for SIRT1 in BV2 microglia upon exposure to C6 glioma cells
was also confirmed by immunofluorescence and confocal imag-
ing (Fig. 3G). Furthermore, using the GL261 glioma mouse
model described above, we found in vivo that SIRT1 was highly
expressed in microglia nuclei inside the tumor as compared to
the non-tumor area (Fig. 4 and Supplementary Figure 4).

SIRT1 interacts with and deacetylates hMOF, promoting its
recruitment and H4K16 acetylation at microglial gene
targets

The observed increased nuclear localization for SIRT1 in
microglia in response to glioma stimulation might appear con-
tradictory to its reported deacetylase activity on H4K16ac,
as this histone mark was found to be up-regulated in those con-
ditions. Therefore, we placed our attention on the reported
function of SIRT1 as a regulator of hMOF H4K16 acetyltrans-
ferase activity. Indeed, previous studies suggest that auto-

acetylation of hMOF down-regulates its recruitment and enzy-
matic activity against H4K16.17,18 Moreover, deacetylation of
hMOF by SIRT1 has been proposed to increase its recruitment
to chromatin.18 Based on these observations, we hypothesized
that during glioma-induced microglia activation SIRT1 could
deacetylate hMOF and thereby promote its recruitment to
chromatin which would lead as a result to increase H4K16 acet-
ylation. First, increased protein-protein interaction between
SIRT1 and hMOF was confirmed in microglia upon glioma
coculture as demonstrated by co-immunoprecipitation of
hMOF with SIRT1 (Fig. 5A). In addition, increased SIRT1-
hMOF protein-protein interaction was further validated by in
situ proximity ligation assays (PLA) (Fig. 5B–C). Second,
reduced acetylation of hMOF in microglia under segregated
coculture condition with glioma cells was illustrated by the
reduced presence of hMOF in anti-acetylated lysine immuno-
precipitated protein complexes (Fig. 5D). This finding was fur-
ther confirmed by in situ proximity ligation assays (PLA) using
anti-hMOF and anti-acetylated lysine antibodies (Fig. 5B–C).
We then performed chromatin immunoprecipitation (ChIP) to
assess whether the deacetylation of hMOF by SIRT1 was
accompanying its recruitment to chromatin and the subsequent
acetylation of H4K16 at promoter regions of Il1b (Fig. 6A–B),
Il6 (Fig. 6C–D), Mmp14 (Fig. 6E–F), Ccl22 (Fig. 6G–H), and
Chil3 (Fig. 6I–J). For the Il6, Mmp14, Ccl22 and Chil3 promoter
regions, significant hMOF recruitment was found (Fig. 6C,E,G,

Figure 4. Increased SIRT1 expression is observed in microglia in mouse glioblastoma tumor model. (A and B) Confocal microscopy of tumors formed in mouse brain
1 week after injection of GFP-GL261 cells, with immunostaining for SIRT1 and Iba1 (microglia marker, depicted in white) and Hoechst nuclear counterstain. Scale bars,
20 mm (A), 10 mm (B). Picture for depicted microglia outside the tumor site was taken 6 mm from tumor border. In the depicted images, some microglia cells are pointed
out with a yellow arrow head. Data are representative of one independent experiment with three mice.
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I) and coupled with higher H4K16ac content (Fig. 6D,F,H,J) in
C6 glioma-stimulated BV2 microglia. Of note, no enrichment
was observed for SIRT1 at these promoter regions in microglia
cells upon glioma stimulation (Supplementary Figure 5).

H4K16 acetylation status impacts on microglia tumor
supporting phenotype

Thus, collectively the data provide compelling evidence that
the observed increased acetylation of H4K16 in microglia,
through the activation of histone acetyltransferase hMOF
upon its deacetylation by SIRT1, is associated with the gli-
oma-induced tumor supporting phenotype. This finding
prompted us to examine whether manipulation of the H4K16
acetylation status in microglia per se could affect their activa-
tion towards the tumor supporting phenotype. To explore
this possibility, we took advantage of the fact that despite that
SIRT1 was not directly involved in the observed changes in
microglial H4K16 acetylation upon glioma stimulation,
SIRT1 remained an H4K16 histone deacetylase and its manip-
ulation can be used to modulate the H4K16 acetylation status
in these cells. In fact, a decrease in the acetylation level of
H4K16 was observed in BV2 microglia cultured alone or

upon coculture with C6 glioma cells upon pre-treatment with
the specific SIRT1 activator SRT1720 (Fig. 7A). Furthermore,
SRT1720-induced activation of SIRT1 in BV2 microglia was
found to be associated with a significant decrease in their abil-
ity to promote C6 glioma migration (Fig. 7B). In contrast,
treatment of BV2 microglia with the SIRT1-specific inhibitor
EX527 led to an increased level of acetylated H4K16 (Fig. 7C),
which was associated with an enhanced ability for these
microglia to promote C6 glioma migration (Fig. 7D). In
agreement, similar contrasting effects on the H4K16 acetyla-
tion expression level and consequently on the microglia-
enhancing effect on glioma migration ability were observed
when SIRT1 or hMOF gene expression were subjected to
silencing using small-interfering RNA pools (Fig. 7E–H).
Indeed, whereas both microglial H4K16 acetylation expres-
sion level and the ability of microglia to promote glioma cell
migration were found to be enhanced upon microglial SIRT1
gene silencing (Fig. 7E–F), they were found to be inhibited
upon microglial hMOF gene silencing (Fig. 7G–H). Thus, col-
lectively these data advocate that inhibition of the glioma-
induced increase in H4K16 acetylation level in microglia
could counteract the acquisition of a tumor supporting
phenotype.

Figure 5. SIRT1 interacts with and deacetylates hMOF. (A) Immunoblot analysis of SIRT1 and hMOF in BV2 microglia cultured for 4 h as monoculture or with C6 glioma
cells as segregated coculture assessed after immunoprecipitation with antibody to SIRT1 or immunoglobulin G (IgG; control). IgG bands are indicated with an asterisk,
whereas proteins of interest are indicated with an arrow head. (B) In situ proximity-ligation assay (PLA) with quantifications (C) of SIRT1-hMOF interactions in BV2 micro-
glia grown for 4 h as monocultures or with C6 cells as segregated cocultures; results are presented relative to those of BV2 monocultures, set as 1. (D) Immunoblot analy-
sis of hMOF in BV2 microglia cultured for 4 h as monoculture or with C6 glioma cells as segregated coculture assessed after immunoprecipitation with antibody to acetyl
lysine (acK) or immunoglobulin G (IgG; control). (E) In situ proximity-ligation assay (PLA) with quantification (F) of acK-hMOF interactions in BV2 microglia grown for 4 h
as monocultures or with C6 cells as segregated cocultures; results are presented relative to those of BV2 monocultures, set as 1. ��P < 0.01and ���P < 0.001 (two-tailed
Student’s t-test). Data are from three independent experiments (mean and s.d.).
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Discussion

High-grade gliomas are highly aggressive primary brain tumors
with limited therapeutic options and a dismal prognosis for the
patients.30 Malignant glioma tumors are characterized by the
accumulation of myeloid cells, which are composed of microglia,
the resident immune cells of the central nervous system, and
peripheral macrophages. The respective contribution of the brain
resident microglia versus the macrophages originating from
peripheral sources on tumor progression has been subject to
intense debate.6 Nevertheless, recent studies, taking advantage of
head-protected irradiation chimera glioma mouse model,
revealed that resident microglia represent the main and early
source of myeloid cells within gliomas, whereas peripheral mac-
rophages were only found to infiltrate at the late stage of tumor
growth.4,31 During the course of disease, microglia undergo
reprogramming towards a tumor-supportive phenotype. Com-
pelling evidence demonstrates that tumor-associated microglia
promote tumor growth and invasion in glioma.6 In fact, exacer-
bating the tumor-supporting phenotype of microglia in vivo has
been shown to enhance glioma tumor growth.23 In contrast,
interventions aiming at the depletion of these myeloid infiltrating

cells have been reported to reduce, at least transiently, glioma
expansion.32,33 Thus, the further understanding of potential
reprograming programs used by glioma cells to transform the
microglial cell population is hence of evident interest.

Here, we report that glioma-induced microglia activation is
coupled to an increase in acetylation level of lysine 16 on his-
tone H4, i.e. H4K16ac, a histone post-translational modifica-
tion regulating chromatin accessibility, nucleosome assembly
and associated with transcriptional activation.19,21,34,35 In addi-
tion, we show that the increase in microglial H4K16ac expres-
sion level was found to be linked to the nuclear accumulation
of the deacetylase SIRT1, its interaction with the selective
H4K16 histone acetyltransferase hMOF, leading to the deacety-
lation of hMOF and its recruitment to promoter regions of
genes associated with the microglial activation (Fig. 8).

It is of importance to note that SIRT1 can exert both nega-
tive direct and positive indirect effects on H4K16ac expression
level. Indeed, SIRT1 acting as a H4K16 histone deacetylase can
decrease the expression level for this histone H4 post-transla-
tional modification at lysine 16.11,12 At the same time, deacety-
lation of hMOF, an H4K16 histone acetyltransferase, by SIRT1
leads to its activation, and in turn promotes acetylation at

Figure 6. The H4K16 HAT hMOF is recruited to microglial upregulated genes. BV2 microglia are cultured for 4 h as monocultures or with C6 glioma cells as segregated
cocultures and immunoprecipitated with hMOF (A, C, E, G and I) or H4K16ac (B, D, F, H and J) antibodies. hMOF and H4K16ac ChIP signals in 1 kb region downstream of
the transcription start sites for the genes Il1b, Il6, Mmp14, Ccl22 and Chil3 were analyzed using qPCR and normalized to the levels of input DNA. BV2 microglia grown as
monocultures serves as a control, set as 1. �P < 0.05 and ��P < 0.01 (two-tailed Student’s t-test). Data are from three (Ccl22 and Chil3) or five (Il1b, Il6 and Mmp14) inde-
pendent experiments (mean and s.d.).
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H4K16.17,18 In fact, our data reveal that upon glioma stimula-
tion, in the microglia cells, there is not displacement of SIRT1
from the promoter regions of the investigated genes that could
account for the observed increase in H4K16 acetylation at those
sites. In addition, SIRT1 was found to interact with hMOF and
promote its deacetylation. Collectively, these results advocate
that in the context of glioma-induced microglia activation, in
microglia cells SIRT1 is primarily mediating its effect via the
activation of the hMOF H4K16 histone acetyltransferase.

The SIRT1 protein exhibits two nuclear localization signals
and two nuclear export signals, which control its nucleo-cyto-
plasmic shuttling and allow SIRT1 functions in both sub-

cellular compartments.29,36,37 SIRT1 functions can be influ-
enced by various post-translational modifications including
phosphorylation, ubiquitination, nitrosylation and SUMOyla-
tion.36,38 For example, under oxidative stress conditions, cJUN
N-terminal kinase1 (JNK1) phosphorylates SIRT1 and
increases its nuclear localization and enzymatic activity.39

Whether such post-translational modifications of SIRT1 could
be responsible for the nuclear relocalization of SIRT1 observed
in microglia upon exposure to glioma, including the oxidative
stress generated, remained to be explored.39 There is convinc-
ing evidence that hMOF can be autoacetylated at its lysine resi-
due Lys274 and that the deacetylase SIRT1 has hMOF as one of

Figure 7. Modulation of H4K16ac status impacts on microglia tumor supporting phenotype. (A and C) Immunoblot analysis of H4K16ac and H3 in BV2 microglia pre-
treated with EX527 (SIRT1 activity inhibitor) or SRT1720 (SIRT1 activity activator) cultured for 4 h as monoculture or with C6 glioma cells as segregated coculture. (B and
D) Quantification of the migration of C6 glioma cells in Transwells with BV2 microglia pre-treated with EX527 or SRT1720 in the lower compartment; results are presented
relative to those of C6 cells exposed to BV2 microglia control (ctrl), set as 1. (E and G) Immunoblot analysis of H4K16ac and H3 as well as SIRT1 (E) and hMOF (G) in BV2
microglia transfected with SIRT1-specific siRNA (siRNA SIRT1) or hMOF-specific siRNA (siRNA hMOF) or control siRNA (siRNA Ctrl) cultured for 4 h as monoculture or with
C6 glioma cells as segregated coculture. (F and H) Quantification of the migration of C6 glioma cells in Transwells with BV2 microglia transfected with siRNA SIRT1, siRNA
hMOF or siRNA Ctrl in the lower compartment; results are presented relative to those of C6 cells exposed to BV2 microglia transfected with siRNA Ctrl, set as 1. �P < 0.05,
��P < 0.01, ���P < 0.001 and ����P < 0.0001 (two-tailed Student’s t-test). Data are from three independent experiments (D and G) and six independent experiments
(B and F) (mean and s.d.).
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its substrates; however, whether SIRT1-mediated hMOF deace-
tylation leads to activation or repression of its H4K16 acetyl-
transferase activity appears controversial. Indeed, reports
suggest that deacetylation of hMOF promotes its acetyltransfer-
ase activity against H4K16ac,17,18 whereas other studies suggest
that the deacetylation of this enzyme reduces its recruitment to
the chromatin and thereby inhibits its HAT activity.40-42 In the
context of glioma-induced microglia activation, our experimen-
tal work provided support of the view that SIRT1-mediated
hMOF deacetylation enhances the recruitment of this H4K16
histone acetyltransferase to the chromatin. In fact, functional
interaction between SIRT1 and hMOF, deacetylation of hMOF
and increased H4K16 acetylation were observed. Interestingly,
our ChIP data reveal that hMOF and H4K16ac were robustly
enriched in the promoter region of the Il6 gene whose expres-
sion has previously been shown to be strongly associated with
the microglial tumor-supporting phenotype.23 Notably, IL6 sig-
naling has been suggested to contribute to glioma malignancy
through the promotion of glioma stem cell growth and sur-
vival,43 as well as the maintenance of microglial tumor-support-
ive phenotype per se.44

In the second part of these investigations, having uncovered
that glioma-induced microglia conversion toward a tumor-sup-
porting phenotype is coupled to an increase of H4K16 acetyla-
tion level in microglia, it was assessed whether affecting the
expression level of this histone mark per se could affect the acti-
vation status of the microglia. Direct inhibition of SIRT1, using
small interfering RNA or Ex527 treatment, impacted positively
on the H4K16 acetylation level, whereas its activation, using
SRT1720 treatment, impacted negatively on this histone mark.

Increase in H4K16 acetylation level was found to promote the
tumor-supporting phenotype of microglia, whereas a decrease
in the expression level of this histone mark was found to be
associated with reduced microglial tumor-supporting function.
Thus, under these experimental conditions, that affect the
H4K16 deacetylase activity of SIRT1, the modulation of the
direct effect of SIRT1 on H4K16 appeared to be predominant
over its effect on hMOF. In summary, manipulation of the
microglial H4K16 acetylation level, taking advantage of the
intrinsic H4K16 deacetylase or acetyltransferase activities of
SIRT1 and hMOF, respectively, can be used to modulate the
tumor-supporting function of microglia.

To summarize, we uncovered a completely novel role for
a SIRT1-induced hMOF deacetylation/hMOF-mediated
H4K16 acetylation axis in the induction of microglia activa-
tion in the context of glioma expansion and invasion. We
also report that the intrinsic SIRT1 H4K16 deacetylase
activity can counteract this effect. Therefore, considering
these dual and opposing effects of SIRT1 on H4K16 acetyla-
tion status, and thereby possibly different regulation of the
microglial tumor-supporting phenotype, we recommend
caution in the interpretations of attempts to manipulate
SIRT1 functions in the context of glioma tumors. Overall,
this study provides new insights into the epigenetic mecha-
nisms that control microglia polarization toward tumor
associated phenotype. Elucidating in further detail these
microglial epigenetic and transcriptional programs will be
an important endeavor for finding of novel drug candidates
to combat microglia associated brain diseases.

Materials and methods

Cell culture, treatments and transfection

Microglia BV2 (gift from G. Brown, University of Cambridge),
glioma C6 (ATCC� CCL-107TM) and glioma GL261 (DSMZ
ACC 802, gift from R. Glass, University hospital of Munich)
rodent cell lines have been used in this study. Cells were regu-
larly tested with VenorTMGeM mycoplasma detection kit
(Minerva Biolabs) and maintained in DMEM medium supple-
mented with penicillin (100 mg/ml), streptomycin (100 mg/ml)
and 10% fetal calf serum (FCS) (all from GibcoTM Thermo-
Fisher Scientific). Segregated cocultures were performed using
a transwell system using the above mentioned medium with
FCS reduced to 5%. Transfection of BV2 cells was carried out
with Lipofectamine� 3000 (Invitrogen, ThermoFisher Scien-
tific) following the manufacturer’s recommendation. Prede-
signed ON-TARGETplus SMARTpool siRNA against mouse
SIRT1 (L-048962-09) and mouse MOF (L-049440-05) as well
as non-targeting control (D-001810) were purchased from
Dharmacon. BV2 cells were treated with 50 mM EX527 (Tocris
Bioscience) for 4 h, 5 mM SRT1720 (Santa Cruz Biotechnology)
for 17 hours, or 250 nM MG132 (Sigma Aldrich) for 4 hours.

Subcellular fractionation, immunoprecipitation
and immunoblotting

Total protein extracts were made directly in Laemmli buffer.
Cytoplasmic and nuclear protein fractions were collected using

Figure 8. Proposed pathway. Schematic representation illustrating that in micro-
glia upon exposure to glioma cells, SIRT1 can relocate to the nucleus where it
interacts with and deacetylates hMOF, thereby promoting the chromatin recruit-
ment of this H4K16 histone acetyltranferase at promoter regions of glioma-
induced microglial regulated genes.
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the NE-PERTM Nuclear and Cytoplasmic Extraction Reagents
(ThermoFisher Scientific). For co-immunoprecipitation, BV2
cells were fixed with 1% formaldehyde and lysed with Pierce�

IP lysis Buffer (Thermo Fisher Scientific) supplemented with
protease inhibitor cocktail and additional 2 mM NAM and
10 mM sodium butyrate for acetyl lysine detection.45 Pull down
was performed according to the protocol of the Immunoprecip-
itation Kit Dynabeads� Protein G from novexTM (10007D,
ThermoFisher Scientific) using rabbit anti-SIRT1 (ab12193,
Abcam) and mouse anti-acetyl lysine [1C6] (ab22550, Abcam)
antibodies. Protein extracts from cells or subcellular fractiona-
tions, and immunoprecipitated proteins were analyzed by west-
ern blot. Proteins were detected using the following antibodies:
anti-SIRT1 (1:1000; ab28170, Abcam), anti-KAT8/MYST1/
MOF [EPR15803] (ab200660, Abcam), anti-Acetyl-Histone H4
(Lys16) (1:1000; #07–329, EMD Millipore), anti-acetyl lysine
(1:1000, #9441, Cell Signaling Technology), anti-H3 C-terminal
(1:2000; 39163, Active Motif), anti-H3 (1:5000; 61199, Active
Motif) anti-MMP14 (1:1000; ab53712, Abcam) and anti-Lamin
B1 (1:1000; ab16048, Abcam). Immunoblot with anti-b-actin
antibody (1:3000; A-3853, Sigma Aldrich) was used for stan-
dardization of protein loading. Clean-Blot IP detection reagent
(HRP) (21230, Thermo Fisher Scientific) was used for the
detection of hMOF protein without interference from dena-
tured IgG upon acetyl lysine immunoprecipitation. Quantifica-
tion of protein bands by densitometry was done using the
ImageJ software. For quantification of protein expression, ratio
of target- to housekeeping-gene expression was used; Results
are presented relative to a reference as indicated in the figure
legends, mostly untreated microglia monoculture, set as 1.

Transwell migration assays

8 mm-pore width transparent PET membrane inserts (Trans-
well, Corning) were used to measure cell migration capability.
C6 glioma cells were seeded on top of the insert and BV2
microglia were seeded in the lower compartment. After 4 hours,
the membranes from the inserts were washed with PBS and
carefully cut out with a blade. Later on, the membranes were
mounted with ProLong Gold antifade reagent with DAPI (Life
technologies) and the nuclei of the migrated cells were counted
under fluorescent microscopy.

Quantitative RT-PCR

Total RNA was isolated from BV2 cells using the total RNA
extraction kit (RNeasy, Qiagen). cDNA was synthesized
from 1 mg RNA using Oligo dT, dNTPs and Superscript III
(Invitrogen). qPCR was performed using Syber Green
reagents (Applied Biosystems) and the following primers
(forward; reverse) for mouse: Nos2 (50-gtggtgacaagcacatttgg-
30; 50-aaggccaaacacagcatacc-30), Il-1b (50-gctgcttccaaaccttt-
gac-30; 50-ttctccacagccacaatgag-30), II-6 (50-ggaccaagaccatc-
caattc-30; 50-ggcataacgcactaggtttg-30), Mmp14 (50-tccggataagt
ttgggactg-30; 50-cattatgctgccacttgagg-30), Ccl22 (50-ctgatgcagg-
tccctatggt-30; 50-gcaggattttgaggtccaga-30), Chil3 (50-cagggtaat-
gagtgggttgg-30; 50-cacggcacctcctaaattgt-30), Sirt1 (50-aaacagtga
gaaaatgctgg-30; 50-ggtattgattaccctcaagc-30), Mof (50-tgacaga-
agtagataggcaag-30; 50-agcttagagagctcataactg-30) and b-actin

(50-ttgctgacaggatgcagaag-30; 50-tgatccacatctgctggaag-30). QPCR
was run on ABI 7500 and b-actin was used as housekeeping
gene for normalization.

Primary murine tumorspheres

Primary murine tumorspheres were isolated and cultured as
described previously.46,47 Briefly, neural progenitor cells were
isolated from the SVZ of 11-week-old male Ink4 a/Arf¡/¡
mice. Following in vitro expansion, EGFRvIII was constitu-
tively expressed by retroviral transduction. Following transduc-
tion, tumorspheres were cultured in puromycin (2 mg/ml) for
seven days. Cells were cultured on non-adherent plates (Ultra-
low Attachment Plates; Corning Inc.) in DMEM/F12 K
medium plus B27 with 20 ng/ml EGF and 20 ng/ml FGF2.

Syngeneic transplant glioma mouse model

Experiments were performed in accordance with the Guidelines
of the European Union Council, following Swedish regulations
for the use of laboratory animals and approved by the Regional
Animal Research Ethical Board, Stockholm, Sweden (Ethical
permits N248/13). Male C57/BL6/J mice (Charles River) were
housed in a 12/12-h light/dark cycle with access to food and
water ad libitum. Postnatal day 16–17 male pups were anesthe-
tized with isoflurane (5% for induction and 1.5% for mainte-
nance). An incision was made on the scalp and the skin flaps
were retracted to expose the skull. Animals received an intra-
striatal injection of 5 £ 104 syngeneic GL261 glioblastoma cells
expressing GFP suspended in 1 ml culture medium in the left
hemisphere and vehicle in the right hemisphere (used as
sham), using a 5 ml ILS microsyringe. The following coordi-
nates relative to bregma anterior/posterior: C 0.7 mm, lateral:
§ 2.5 mm, ventral: ¡ 3 mm have been used. The injection was
performed over 1 min and the syringe remained in the injection
site for 5 min to reduce back flow, and slowly retracted over
1 min thereafter. The skin was sutured and animals were
allowed to recover before they were returned to their dams.
Animals were sacrificed 1 or 2 weeks after glioma transplanta-
tion. Animals were deeply anesthetized with sodium pentobar-
bital and transcardially perfused with 0.9% sodium chloride
followed by fixation with 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4). Brains were then transferred to 30%
sucrose in 0.1 M phosphate buffer and left until they sank. 25-
mm-thick horizontal free-floating sections were prepared using
a microtome (Leica SM2010R) and stored in cryoprotection
solution at 4 �C (25% glycerol, 25% ethylene glycol in 0.1 M
phosphate buffer) for further histological analysis.

Immunofluorescence and confocal microscopy

BV2 cells were grown on coverslips. Paraformaldehyde-fixed
cells were permeabilized and blocked in HEPES, 3% Bovine
serum albumin and 0.3% Triton X-100, and incubated with pri-
mary antibodies at 4 �C overnight and secondary antibodies
Alexa Fluor 488 conjugated anti-IgGs (1:1000; Invitrogen).
Rabbit anti-SIRT1 (1:500; ab28170, Abcam) and rabbit anti-
acetyl-Histone H4 (Lys16) (1:1000; #07–329, Millipore) were
used in immunodetection for confocal microscope analysis.
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Sections from the GL261 glioma mouse model were incubated
in sodium citrate (pH 6.0) for 30 min at 80 �C for antigen
retrieval for H4K16ac staining and without sodium citrate
treatment for SIRT1 staining. After incubation for 1 h in a
blocking solution containing 3% normal donkey serum (Jack-
son ImmunoResearch Lab) and 0.1% Triton X-100 to prevent
non-specific binding, the sections were incubated for 48 h with
the following primary antibodies: rabbit anti-SIRT1 (1:50;
ab28170, Abcam), or rabbit anti-acetyl-Histone H4 (Lys16)
(1:100; #07–329, Millipore) and goat anti-Iba-1(1:500; Abcam
ab107159). Sections were then incubated for 2 h with the
appropriate secondary antibodies: Alexa555-conjugated donkey
anti-rabbit IgG (1:1000; Invitrogen), or CF-633-conjugated
donkey anti-goat (1:1000; Biotium). For both cells grown on
coverslips and tissue sections, Hoechst 33342 (Invitrogen) was
used as a nuclear counterstain (10-min incubation). Samples
were analyzed under Zeiss LSM700 confocal laser scanning
microscopy equipped with ZEN Zeiss software.

In situ proximity ligation assay (PLA)

BV2 cells were grown on coverslips and fixed with 4% parafor-
maldehyde in PBS. The In-situ PLA (Duolink II Detection
Reagents Red Kit, Olink Bioscience) was performed according
to manufacturer’s instruction. After incubation with the block-
ing buffer, cells were incubated overnight at 4 �C with the fol-
lowing primary antibodies mouse anti-SIRT1 (1:500, #04–1557,
EMD Millipore) or anti-acetyled lysine (1:500, ab22550,
Abcam) and rabbit anti-MOF/MYST1 (1:1000, A300–992 A,
Bethyl Laboratories). Cells were washed with supplied buffer A
and incubated for 1 h at 37 �C with two PLA secondary probes
(anti-mouse MINUS and anti-rabbit PLUS diluted 1:5 in the
antibody diluent). Coverslips were washed in buffer A, followed
by the ligation reaction for 30min at 37 �C, in which PLA liga-
tion stock was diluted 1:5 in dH2 O and 1:40 ligase was added
and incubated. Protein-Protein interaction was amplified and
detected by the PLA amplification reaction (1:5 amplification
stock and 1:80 polymerase in dH2 O) for 100min at 37 �C.
After washing with wash buffer B, coverslips were mounted
onto slides using mounting medium containing DAPI and
samples were observed using confocal microscopy. Protein–
protein interaction was measured as the number of fluorescent
dots/cell analyzed with Duolink Image tool.

Chromatin immunoprecipitation (ChIP)

ChIP was performed following the HighCell# ChIP Kit proto-
col from Diagenode (C01010063 (kch-mahigh-G48)). 6 mg of
the anti-acetyl-Histone H4 (Lys16) (#07–329, EMD Millipore),
anti-KAT8/MYST1/MOF (ab200660, Abcam), or anti-H3 C-
terminal (Active Motif, 39163) were used in each immunopre-
cipitation. Predesigned primers focusing on the 1 kb genomic
regions in gene promoters for mouse IL-1b (NM_008361.3 (C)
01 kb) and IL6 (NM_031168.1 (C) 01 kb) and Mmp14
(NM_008608.2 (C) 01 kb) and Ccl22 (NM_009137.1 (C)
01 kb) and Chil3 (NM_009892.1 (C) 01 kb) used for ChIP
were purchased from Qiagen (EpiTect ChIP qPCR Primer
Assay for mouse). They were used at 5 mM/well and they target
1-kb region downstream of the transcription start sites (TSS).

Statistical analysis

Statistical analysis was performed using student’s t-test. P < 0.05
was considered as statistically significant.
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