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Abstract

Many epigenetic modifications occur in glioma, in particular the histone-deacetylase
class proteins play a pivotal role in glioma development, driving the proliferation rate
and the invasiveness of tumor cells, and modulating the tumor microenvironment. In
this study, we evaluated the role of the histone deacetylase HDACS in the regulation
of the immune response in glioma and tumor growth. We found that inhibition of
HDACS by the specific inhibitor PCI-34051 reduces tumor volume in glioma mouse
models. We reported that HDAC8 modulates the viability and the migration of
human and murine glioma cells. Interestingly, HDACS inhibition increases the acetyla-
tion of alpha-tubulin, suggesting this epigenetic modification controls glioma migra-
tion. Furthermore, we identify HDAC8 as a key molecule that supports a poorly
immunogenic tumor microenvironment, modulating microglial phenotype and regulat-
ing the gene transcription of NKG2D ligands that trigger the Natural Killer cell-
mediated cytotoxicity of tumor cells. Altogether, these results identify HDACS8 as a
key actor in glioma growth and tumor microenvironment, and pave the way to a

better knowledge of the molecular mechanisms of immune escape in glioma.
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1 | INTRODUCTION

Among the brain neoplasms, glioma is the most diffuse tumor, and
its prognosis is significantly correlated with pathological grades.
Glioblastoma (GBM) (classified as >IV grade of glioma by World
Health Organization [WHO]) has high proliferation rate and cell inva-
siveness in surrounding parenchyma, promoting tumor relapse (Stupp
et al., 2009). Despite the advance in surgery, radiation and immuno-
therapy patient prognosis is poor, with an overall survival rate of
about 14 months (Preusser et al., 2011). One of the main hallmarks of
glioma is its molecular diversity, due to the genomic heterogeneity
and instability and to the epigenetic modifications that occur during
glioma growth and development (Phillips et al., 2020; Xu et al., 2021).
Epigenomic reprogramming is one of the fundamental drivers of
glioma.

For example, isocitrate dehydrogenases (IDH) 1 is a key metabolic
enzyme that generates nicotinamide adenine dinucleotide phosphate
(NADPH), and the mutational status of IDH1 genes induces differ-
ences in methylation patterns in malignant glioma, which correlate
with distinct clinical characteristics (Shabason et al., 2011).

Another important epigenetic modulator identified in the last
years and correlated with different kinds of cancers is the methyl-
transferase Enhancer of Zeste 2 (EZH2). EZH2 is a component of the
polycomb repressive complex 2 (PRC2) and catalyzes the methylation
of lysine 27 of histone H3, a modification associated with gene silenc-
ing. EZH2 is expressed predominantly in proliferating cells, and is
required for hematopoietic stem cell function and lymphocyte devel-
opment (Nutt et al., 2020). Recent studies demonstrated that EZH2 is
amplified in a variety of solid tumor, and elevated EZH2 activity is
associated with poor prognosis (Helin & Dhanak, 2013; Varambally
et al., 2002). These data have suggested that EZH2 inhibition could be
a potential anti-cancer strategy. Indeed, the drug Tazemetostat, a
potent EZH2-inhibitor, was recently approved for the treatment of
multiple types of hematological and solid tumors (Kim &
Roberts, 2016; Marsch & Jimeno, 2020; Mohammad et al., 2017;
Rugo et al., 2020), supporting the hypothesis. Furthermore, EZH2
plays a central role also in glioma, promoting tumor cell invasion,
migration and proliferation (Chen et al., 2021; Suva et al., 2009), and
driving microglial cells toward an anti-inflammatory, pro-tumor pheno-
type (Qiao et al., 2016; Yin et al., 2017).

In particular, in the last years, many studies focussed their atten-
tion on the histone-deacetylase (HDAC) proteins that cause global
chromatin condensation and transcriptional repression, as well as the
deacetylation of cytoplasmatic target proteins. In this way, HDAC pro-
teins modulate several pathways involved in glioma development and
tumor microenvironment (Eylipoglu et al., 2016; Lee et al., 2015; Was
et al., 2019). The use of different HDAC inhibitors (HDACI) in clinical

trials induces the cell-cycle arrest and apoptosis in tumor cells, inhibits
angiogenesis and the generation of reactive oxygen species (ROS)
(Lee et al., 2015). Among the HDAC proteins, HDACS8, a zinc-
dependent class | protein, has been implicated in different diseases
and cancers (Chakrabarti et al., 2015). In physiological condition,
HDACS selectively deacetylates the histone H3 lysine 27 (H3K27Ac),
and acts on various non-histone proteins, such as the estrogen recep-
tor alpha (ERa) and cortical actin-binding protein (cortactin), control-
ling energy homeostasis, microtubule organization, chromatid
separation, and many other processes involved in cellular homeostasis
(Li et al., 2014; Wilson et al., 2010). Furthermore, HDAC8 over-
expression is observed in different types of cancer such as breast,
lung, neuroblastoma, T cell lymphoma, and GBM (Balasubramanian
et al., 2008; Nakagawa et al., 2007; Oehme, Deubzer, Lodrini, et al.,
2009; Oehme, Deubzer, Wegener, et al., 2009; Zhang et al., 2014),
suggesting a role in tumor development. Nevertheless, few informa-
tion are available on the role of HDACS8 in glioma. Recent observa-
tions indicate that HDACS8 regulates human glioma cell viability
in vitro, and modulates the levels of O%-methyl-guanine DNA methyl-
transferase (MGMT), which correlates with Temozolomide resistance
(Santos-Barriopedro et al., 2019).

Among the cells that infiltrate glioma, the glioma-associated
microglia/macrophages (GAMs) play a crucial role, constituting almost
30% of the cells in the tumor mass (Graeber et al., 2002; Markovic
et al,, 2009). Indeed, glioma releases many cytokines and chemokines
that attract and revert GAM phenotypes in a way that supports tumor
growth and development, playing an active part in the enhancement
of the invasive and proliferative properties of glioma, further contrib-
uting to the immunosuppressive phenotype of the tumor microenvi-
ronment (Coniglio & Segall, 2013; Markovic et al., 2005). Many
studies identified a plethora of GAM phenotypes, with additional dif-
ferences between mice and humans (Szulzewsky et al., 2016). In par-
ticular, murine GAMs express several genes with anti-inflammatory
properties, and many research efforts aim at promoting the expression
of pro-inflammatory genes which could be translated in therapy for a
better patient prognosis (Pyonteck et al., 2013). In addition, glioma is
frequently infiltrated by Natural Killer (NK) cells, even if actively
suppressed by the tumor microenvironment (Burger et al., 2019;
Golan et al., 2018). Interestingly, recent studies demonstrated that
HDACS inhibition drives microglial phenotype (Lin et al., 2019) and
increases NK cell activity and the number of interferon- y (IFN-y) pro-
ducing NK cells (Watters et al., 2021).

In this article, we investigated the involvement of HDACS in the
control of glioma growth. In particular, we show that specific inhibi-
tion of HDACS8 with the compound PCI-34051 reduces the human
and murine tumor growth, both in vitro and in vivo. Furthermore,

HDACS inhibition or silencing by siRNA abolishes the migration of
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glioma cells and increases the acetylation of the alpha-tubulin.
HDACS inhibition also switches GAMs cells, identified as CD11b™
cells (Gabrusiewicz et al., 2016), isolated from glioma bearing mice
and from GBM patients, toward a pro-inflammatory/anti-tumoral phe-
notype. In addition, ChIP analyses on PCI-34051-treated glioma cells
demonstrate that HDACS8 regulates the gene expression of natural
killer group 2D (NKG2D)-ligands hé0, ulbp1/mult1, and rael, involved
in triggering the cytotoxicity of NKG2D receptor-expressing NK cells
(Garofalo et al., 2020). Accordingly, we report that HDACS inhibition
enhances the cytotoxic activity of NK cells in vitro, and increases the
infiltration of NKG2D™" and CD69" NK cells in the tumor mass, in vivo
(Garofalo et al., 2015; Nath et al., 2019).

Altogether these results highlight a central role of HDACS in
glioma development and in the control of tumor microenvironment,
and provide additional information on the epigenetic mechanisms

activated by glioma to escape the host immune response.

2 | MATERIALS AND METHODS
21 | Synthetic route and characterization of PCI-
34051

Scheme of the synthesis®
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“Reagents and conditions: a) NaH, anhydrous DMF, 0°C to rt; b)
2 N KOH, THF/MeOH 1:1, rt; ¢) (1) O-(tetrahydro-2H-pyran-2-yl)
hydroxylamine (OTX), EDCI, anhydrous DCM, rt; (2) 4 N HCl in diox-
ane, anhydrous MeOH, —10°C.

General: Melting points were determined on a Biichi 530 melting
point apparatus and are uncorrected. *H-NMR spectra were recorded
at 400 MHz on a Bruker AC 400 spectrometer; chemical shifts are
reported in & (ppm) units relative to the internal reference tetra-
methylsilane (Me,4Si). All compounds were routinely checked by TLC,
1H- and *¥C-NMR. TLC was performed on aluminum-backed silica gel
plates (Merck DC, Alufolien Kieselgel 60 F254) with spots visualized
by UV light. All solvents were reagent grade and, when necessary,
were purified and dried by standard methods. Concentration of solu-
tions after reactions and extractions involved the use of a rotary evap-
orator operating at reduced pressure of ca. 20 Torr. Organic solutions
were dried over anhydrous sodium sulphate. Elemental analysis has
been used to determine the purity of the described compounds, which
is >95%. Analytical results are within +0.40% of the theoretical values.
All chemicals were purchased from Merck KGaA, Darmstadt
(Germany) or from TCI Europe N.V., Zwijndrecht (Belgium), and were
of the highest purity.

Procedure for the synthesis of methyl 1-(4-methoxybenzyl)-1H-
indole-6-carboxylate (3)

Commercially available 1H-indole-6-carboxylic acid methyl ester
1 (0.6 g, 3.42 mmol) in 2 mL of anhydrous DMF was added dropwise
to a suspension of sodium hydride (0.09 g, 3.77 mmol) in 2 mL of
anhydrous DMF at 0°C and after 20 minutes 4-methoxybenzyl bro-
mide 2 (0.6 mL, 4.11 mmol) was added dropwise at the same tempera-
ture. The reaction was then kept stirring at room temperature for
2.5 h and afterwards diluted with water (50 mL) and followed by
extraction with ethyl acetate (3 x 75 mL). The organic layer was
washed brine (50 mL), dried over Na,SQ,, filtered and concentrated.
The remaining residue was chromatographed (ethyl acetate/hexane,
1:15) to provide methyl 1-(4-methoxybenzyl)-1H-indole-6-carboxylate
3 as a colorless solid (0.8 g, 79% vyield); mp: 89-91°C; 'H NMR
(400 MHz, CDCl3) & 3.70 (s, 3H, —OCHs), 3.85 (s, 3H, —COOCH3),
5.24 (s, 2H, —CH,—), 6.49 (d, 1H, J = 3.2 Hz, aromatic proton), 6.76
(d, 2H, J = 8.4 Hz, aromatic protons), 7.01 (d, 2H, J = 8.4 Hz, aromatic
protons), 7.17 (d, 2H, J = 2.8 Hz, aromatic protons), 7.57 (d, 1H,
J = 8.4 Hz, aromatic proton), 7.72 (d, 1H, J = 8.4 Hz, aromatic proton),
8.04 (s, 1H, aromatic proton), *3C NMR (100 MHz, DMSO) §. 50.60,
55.30, 103.94, 111.73, 114.16, 114.20, 121.97, 122.94, 127.82,
128.02, 128.46, 129.94, 130.23, 130.25, 132.53, 137.62, 159.15,
167.64; Elemental analysis: calculated: C: 73.20%, H: 5.80%, N:
4.74%, O: 16.25%, found: C: 73.28%, H: 5.83%, N: 4.75%, O: 16.14%.

Procedure for the synthesis of 1-(4-methoxybenzyl)-1H-indole-
6-carboxylic acid (4)

Methyl 1-(4-methoxybenzyl)-1H-indole-6-carboxylate 3 (0.765 g,
2.59 mmol) was dissolved in a mixture of 12 mL THF/MeOH (1:1) and
then 4 mL of 2 N KOH solution was added and heated at 60°C for 5 h.
Upon completion of the reaction, the mixture was quenched with 2 N
HCl solution at 0°C. The precipitated solid was filtered off, washed with
distilled water and dried to obtain pure 1-(4-methoxybenzyl)-1H-
indole-6-carboxylic acid 4 (0.7 g, 96% yield); mp: 163-165°C; *H NMR
(400 MHz, DMSO) 6 3.70 (s, 3H, —OCH?3), 5.44 (s, 2H, —CH,—), 6.56 (d,
1H, J = 2.8 Hz, aromatic proton), 6.88 (d, 2H, J = 8.4 Hz, aromatic pro-
tons), 7.15 (d, 2H, J = 8.4 Hz, aromatic protons), 7.62 (s, 2H, aromatic
protons), 7.72 (d, 1H, J = 2.8 Hz, aromatic proton), 8.08 (s, 1H, aromatic
proton), 12.60 (bs, 1H, —COOH); *C NMR (100 MHz, DMSO) & 50.60,
55.30, 103.94, 111.73, 114.16, 121.97, 122.94, 127.82, 128.02,
128.46, 129.94, 130.23, 130.25, 133,52, 137.62, 159.15, 167.64; Ele-
mental analysis: calculated: C: 72.58%, H: 5.37%, O: 4.98%, N: 17.06%,
found: C: 72.47%, H: 5.39%, N: 4.96%, O: 17.18%.

Procedure for the synthesis of N-hydroxy-1-(4-methoxybenzyl)-
1H-indole-6-carboxamide (PCI-34051).

The 1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid 4 (0.4 g,
1.42 mmol) and O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (OTX)
(0.335 g, 2.84 mmol) were dissolved in anhydrous DCM, then EDCI
(0.409 g, 2.13 mmol) was added portion-wise. Upon completion of
the reaction, the organic solvent was removed and the crude loaded
on a flash chromatography column (ethyl acetate/hexane, 1:1.5). The
so obtained protected hydroxamate (0.450 g, 1.18 mmol) was immedi-
ately deprotected by reacting with 4 N HCI dioxane (2.95 mL,
1.18 mmol) in anhydrous MeOH (20 mL) at —10°C. After 40 min stir-
ring at —10°C, the reaction was complete and subsequently quenched

with Na,COj saturated solution (50 mL) followed by extraction with
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ethyl acetate (3 x 75 mL). The organic layer was washed brine
(25 mL), dried over Na,SQ,, filtered and concentrated. The obtained
solid was triturated with hexane and filtered to obtain a pink solid
that was recrystallized by toluene to obtain the pure PCI-34051
(N-hydroxy-1-(4-methoxybenzyl)-1H-indole-6-carboxamide); mp:
143-145°C; 'H NMR (400 MHz, DMSO) & 3.70 (s, 3H, —OCHs3), 5.37
(s, 2H, —CH,—), 6.50 (d, 1H, J = 2.8 Hz, aromatic proton), 6.87 (d, 2H,
J = 8.8 Hz, aromatic protons), 7.18 (d, 2H, J = 8.8 Hz, aromatic protons),
7.45 (d, 1H, J = 8.4 Hz, aromatic proton), 7.55 (d, 1H, J = 8.4 Hz, aro-
matic proton), 7.60 (d, 1H, J = 2.8 Hz, aromatic proton), 7.94 (s, 1H, aro-
matic proton), 9.10 (bs, 1H, -CONHOH), 11.13 (bs, 1H, —CONHOH)
ppm; C NMR (100 MHz, DMSO) & 49.07, 55.51, 101.52, 103.67,
109.92, 11443, 12041, 128.90, 13044, 132.05, 135.52, 142.67,
159.06, 161.26, 173.61, 177.37, 203.80 ppm; Elemental analysis: calcu-
lated: C: 68.91%, H: 5.44%, N: 9.45%, O: 16.20%; found: C: 68.85%,
H: 5.42%, N: 9.48% O: 16.25%.

2.2 | Materials

All Culture media, fetal bovine serum (FBS), goat serum, penicillin G,
streptomycin, glutamine, Na pyruvate, recombinant human EGF,
Thermo Script RT-PCR System, anti-Acetyl-alpha Tubulin (6-11B-1),
anti-Acetyl-alpha Tubulin lys40 Abs and Hoechst (#33342, RRID:
AB_10626776) were from GIBCO Invitrogen (Carlsbad, CA). Glucose,
hematoxylin, eosin, Percoll, Papain (#P3125), phosphate buffered-
saline (PBS) tablet (#P4417), Bovine Serum Albumine (BSA) and
deoxyribonuclease | were from Sigma-Aldrich (Milan, Italy). Transwell
inserts were from BD Labware (Franklin Lakes, NJ). Ki67 (#12202,
RRID:AB 2620142) Ab were from Cell Signaling (Danvers, MA).
NKp46 (M20) (#sc-18,161, RRID: AB_2149152) antibody (Ab) was
from Santa Cruz biotechnology (Santa Cruz, CA). Anti-alpha tubulin
(ab52866) and anti-TMEM119 Abs were from Abcam (Cambridge,
UK). Secondary Abs were from DAKO (Milan, Italy). CXCL12 was from
Peprotech. LPS is from Immunotools (Friesoythe, Germany). IFN-y
were from Immunological Sciences (Rome, Italy). Microbeads CD11b™
were from Miltenyi Biotec (Bologna, ltaly). CD45, CD69, CD107a,
NK1.1 Abs were from eBioscience Inc. (San Diego, CA). Rabbit
anti-lbal from Wako (VA).

23 | Mice and cell lines
Experiments described in the present work were approved by the
Italian Ministry of Health in accordance with the guidelines on the
ethical use of animals from the European Community Council Direc-
tive of September 22, 2010 (2010/63/EU). We used C57BL/6 (wt)
mice from Charles River Laboratories (Calco, Italy) and C57BL/
6-Prfl < tm1Sdz > /J (Cat# JAX:002407) (prf ko) transgenic mice from
Jackson Laboratory (BarHarbor, ME). We always used 2-month-old
male mice.

The GL261 glioma cell line (RRID:CVCL Y003; kindly provided by
Dr. Serena Pellegatta, Istituto Di Ricovero e Cura a Carattere

Scientifico, Besta, Milan, Italy) was cultured in DMEM supplemented
with 20% heat inactivated FBS, 100 IU/mL penicillin G, 100 pg/mL
streptomycin, 2.5 pg/mL amphotericin B, 2 mM glutamine, and 1 mM
sodium pyruvate. The GL261-CD133" cells (obtained as described
previously in Garofalo et al.,, 2017) were maintained in DMEM with
20 ng/mL, fibroblast growth factor-2, 20 ng/mL EGF and Heparin
10Uml. U87MG (RRID:CVCL_0022), primary human glioma cells
(obtained from patients at the IRCCS Neuromed), CT2A cell lines
(established by Thomas N. Seyfried), primary murine microglia, and
astrocytes, and primary human astrocytes (Thermo Fisher N7805100)
were cultured in DMEM supplemented with 10% FBS. Human GBM
samples were from patients who gave their informed consent to the
use of tissues for research purposes. Primary human GBM cells were
obtained as described previously (Sciaccaluga et al., 2010). Human
iPSC-derived neurons, obtained as described previously (Hill et al., 2016),

were provided by Dr. Alessandro Rosa (Sapienza University of Rome).

2.4 | Intracranial injection of glioma and mice
treatment

Male C57BL/6 mice were anesthetized with chloral hydrate
(400 mg/kg, i.p.) and placed in a stereotaxic head frame. Animals were
stereotactically injected with 7.5 x 10* CT2A: a median incision of
~1 cm was made, a burr hole was drilled in the skull, and cells were
injected 2 mm lateral (right) and 1 mm anterior to the bregma in the
right striatum. Cell suspensions, in PBS (4 pL) were injected with a Ham-
ilton syringe at a rate of 1 mL/min at 3 mm depth. Starting at 7 days
after glioma injection, mice were randomly grouped for the treatments
and were intraperitoneally (i.p.) injected with PCI-34051 or vehicle daily.
After 17 days, animals were sacrificed for different analyses.

2.5 | Histopathological evaluation of tumor
volume and invasiveness

After 17 days from glioma cells injection, brains were isolated for mor-
phological evaluation of tissues and fixed in 4% buffered formalde-
hyde. Coronal brain sections (20 pm) were prepared by standard
procedures and stained with hematoxylin and eosin. A section every
100 pm was collected, and the tumor area was evaluated using Image
Tool 3.00. For analysis of tumor invasiveness, glioma cells protruding
more than 150 pm from the main tumor mass were counted in at least

20 fields, obtained from six slices per mice.

2.6 | Survival analysis

Following injection of the glioma cells, mice were treated with
PCI-34051 or vehicle as previously described and were monitored daily.
The endpoint was defined by the lack of physical activity or death. The
probability of survival was calculated using the Kaplan-Meier method,

and statistical analysis was performed using a log-rank test.
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2.7 | Immunostaining

Seventeen days after injection of CT2A cells, mice were sacrificed and
the brains fixed in 4% formaldehyde. Subsequently the brains were
incubated in 30% sucrose solution for 48 h and then snap frozen.
Cryostat sections (10 pm) were boiled for 10 min in citrate buffer,
pH 6.0, at 95-100°C, then rinse in PBS, and incubated with 3% goat
serum in 0.3% Triton X-100 for 1 h at room temperature, and then
overnight at 4°C with specific antibodies in PBS containing 1% goat
serum and 0.1% Triton X-100. The sections were stained with the fol-
lowing primary Abs: Ki67 (1:50), anti Ibal (1:500). After several
washes, sections were stained with the fluorophore-conjugated anti-
body and Hoechst (1:3000) for nuclei visualization and analyzed by

fluorescence microscope.

2.8 | Image acquisition and data analysis

Images were digitized using a CoolSNAP camera (Photometrics)
coupled to an ECLIPSE Ti-S microscope (Nikon) and processed using
MetaMorph 7.6.5.0 image analysis software (Molecular Devices).
Brain slices were scanned by consecutive fields of vision (10X objec-
tive lens) to build a single image per section. The percentage of posi-
tive cells was measured as the ratio of the area occupied by
fluorescent cells versus the total tumor area (by converting pixels to
square millimeters). For comparison between different treatments, at
least 12 coronal sections per brain around the point of injection were

analyzed.

2.9 | Cell viability in vitro

To assess the viability of cells exposed to different concentrations
of PCI-34051, murine and human tumors and normal cells
(13 x 10*/cm?) were treated with PCI-34051 (1, 5, or 10 pM) for
24, 48, and 72 h. Cell viability was determined by MTT assay. Results
are expressed as percentage of cell survival, taking as 100% the cells
treated with vehicle.

210 | Boyden chamber chemotaxis assays

The CT2A cells or primary microglia were incubated with PCI-34051
(1, 5, 10 uM) for 48 h. After that, cells were trypsinized, preincubated
in chemotaxis medium (DMEM without glutamine, 100 IU/mL
penicillin G, 100 pg/mL streptomycin, 0.1% BSA, and 25 mM HEPES,
pH 7.4) supplemented with anti-mitotic AraC 5 um for 15 min and
plated (4 x 10* cells) on poly-L-lysine-coated Transwells (8 pm pore
size filters) in this same medium. The lower chamber contained EGF
(100 ng/mL), CXCL12 (50 ng/mL), GCM, or vehicle. After 4 h
(microglia) or 18 h (CT2A), cells were fixed with trichloroacetic acid.
Cells adhering to the upper side of the filter were scraped off and cells

on the lower side were stained with a solution containing 50%

isopropanol, 1% formic acid, and 0.5% (w/v) brilliant blue R 250. For
each membrane, the stained cells were counted in at least 20 fields
with a 40X objective. Experiments were done in six repeats and per-

formed at least four times.

211 | Western blot analyses

Cells were stimulated with PCI-34051 (10 pM) for 48 h. The same
amount of proteins (20 pg/sample) was loaded onto 7.5% SDS poly-
acrylamide gel and transferred to nitrocellulose paper at 4°C for 2 h.
Blots were incubated for 1 h with 5% non-fat dry milk or 3% BSA in
Tris-buffered saline containing 0.2% Tween 20 to block nonspecific
binding sites and then incubated overnight at 4°C with specific pri-
mary Abs. After washing, membranes were incubated with HRP-
conjugated secondary Abs and immunoreactivity was detected by
ECL. Densitometric analysis of immunoreactive bands was performed
using Chemi-Doc XRS and Quantity One software (Bio-Rad).

212 | Primary microglial and astrocyte cultures
and microglial polarization

Microglia cultures were obtained from mixed glia cultures derived
from the cerebral cortices of post-natal day 0-1 (PO-P1) C57BL/6
mice, as described (Garofalo et al., 2017). In brief, cortices were
chopped and digested in 15 U/mL papain for 20 min at 37°C. Cells
(5 x 10° cells/cm?) were plated on flasks coated with poly-L-lysine
(100 mg/mL) in DMEM supplemented with 10% FBS, 100 U/mL peni-
cillin, and 0.1 mg/mL streptomycin. After 7-9 days, cells were shaken
for 2 h at 37°C to detach and collect microglial cells. These proce-
dures gave almost pure microglial cell populations. The remaining
attached cells were astrocytes. Primary microglia cultures were
treated for 48 h with LPS 100 ng/mL + IFN-y 20 ng/mL, or IL-4
20 ng/mL to induce cell polarization.

213 | Form factor calculation

IL-4 and LPS + IFN-y treated microglia were seeded on glass cover-
slips, with or without PCI-34051 (10 uM) for 24 h, fixed and stained
with anti-lbal (1:500) for 1 h together with Hoechst. Fluorescent
images were processed using MetaMorph 7.6.5.0 software (Molecular
Device, USA) and Form Factor was calculated according the formula

4x area/perimeter.

2.14 | |Isolation of CD11b™ cells and extraction of

total RNA

Glioma bearing C57BL/6 were anesthetized and decapitated. Brains
were removed, brain tissues were cut into small pieces and single-cell

suspension was achieved in Hank's balanced salt solution (HBSS).
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The tissue was further mechanically dissociated using a glass wide-
tipped pipette and the suspension was applied to a 30 pm cell strainer
(Miltenyi Biotec). Cells were processed immediately for MACS Micro-
Bead separation. CD11b™ cells were magnetically labeled with CD11b
MicroBeads. Among CD11b" cells, population including myeloid and
NK cells, GAMs constituted the higher percentage, in brain tumor
(Gabrusiwicz et al., 2016). The cell suspension was loaded onto a MACS
Column placed in the magnetic field of a MACS Separator and the neg-
ative fraction was collected. After removing the magnetic field,
CD11b™" cells were eluted as a positive fraction. The purity of CD11b*
cell fraction was verified by immunofluorescence and flow cytometry
(FACS) and was 99%” (Garofalo et al., 2017). After sorting the positive
and negative fractions, total RNA was isolated with Trizol reagent, and
processed for real-time PCR. The quality and yield of RNAs were veri-
fied using the NANODROP One system (Thermo Scientific).

2.15 | Primary human GBM

Tumor specimens were obtained from the Neurological Science
Department of Sapienza Medical School and from IRCCS Neuromed,
from primary GBM in adult patients who gave informed consent to the
research proposals. All the information about the primary GBM cells
used were reported in D'Alessandro et al., 2019. The study was con-
ducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of Policlinico Umberto | and
Neuromed. Ethic code: 23 April 2015, Rif.3623 Prot.2061/15, Ethics
Committee of Policlinico Umberto I; 31 July 2012, Prot. 7/12, Ethics
Committee of Neuromed. Tissues were processed within half an hour
from surgical resection. Histopathological typing and tumor grading
were done according to the WHO criteria, resulting as grade IV.

2.16 | Isolation of CD11b™ cells from human GBM
Tumor specimens obtained from adult patients with GBM who gave
informed consent to the research proposals (IRCCS Neuromed) were
dissociated and treated for 48 h with PCI-34051 (10 pM) or vehicle.
Tissues were then processed as described above to isolate CD11b™
cells, live cells were assessed by flow cytometry (FACS) (91 £ 3%), and
mRNAs were analyzed by rtPCR for gene expression.

2.17 | Real-time PCR (rtPCR)

CD11b* cells sorted from contra- and ipsilateral hemisphere of
injected mice, GBM patients, cultured primary microglia or glioma
cells, were lysed in Trizol reagent for isolation of RNA. Reverse tran-
scription reaction was performed in a thermocycler (MJ Mini Personal
Thermal Cycler; Biorad) using IScript TM Reverse Transcription Super-
mix (Biorad) according to the manufacturer's protocol, under the fol-
lowing conditions: incubation at 25°C for 5 min, reverse transcription
at 42°C for 30 min, inactivation at 85°C for 5 min. Real-time PCR

(rtPCR) was carried out in a I-Cycler 1Q Multicolor rtPCR Detection
System (Biorad) using SsoFast EvaGreen Supermix (Biorad) according
to the manufacturer's instructions. The PCR protocol consisted of
40 cycles of denaturation at 95°C for 30 s and annealing/extension at
60°C for 30 s. For quantification analysis, the comparative Threshold
Cycle (Ct) method was used. The Ct values from each gene were nor-
malized to the Ct value of GAPDH in the same RNA samples. Relative
quantification was performed using the 2724t method (Schmittgen &
Livak, 2008) and expressed as fold change in arbitrary values. The

used primers were listed in Table S1.

218 | HDACS silencing by siRNA

CT2A cells were infected by HDAC8 siRNA particles (provided by
Santa Cruz Biotechnology). Cells (5 x 10* or 2 x 10°) were plated in
96-well or 24-well plates, respectively, and infected for 48 h
according to the manufacturer's instructions. Transduced cells were
selected with 2 pg/mL puromycin. Knockdown efficiency was evalu-
ated by RT-PCR.

219 | RT-PCR

Total RNA was isolated from CT2A cells incubated with siRNA-
HDACS or control siRNA for 48 h, as reported. DNA contamination
was removed according to the manufacturer's protocol. 500 ng of
RNA was reverse transcribed using the Thermo Script RT-PCR System
protocol and the cDNAs were amplified by PCR with specific primers:
mouse hdac8 fw 5-ATCTCAATGATGCTGTCCTGG-3 and rev 5- CAT
GATCTGGGATCTCAGAGG-3; fw 5-TCACCCAC
ACTGTGCCCAT-3 and rev 5-ACAGAGTACTTGCGCTCAGGA-3. The

PCR was as follows: DNA was denatured for 5 min at 94°C and

mouse actin

sequences were amplified for 35 cycles for hdac8 94°C for 45 s; 60°C
for 55 s; 72°C for 10 min; for actin 94°C 30 s; 57°C 2 min; 72°C 40 s,
followed by the last extension step at 72°C for 10 min. A MJ Mini
Thermal Cycler (Bio-Rad) was used for all reactions. Products were

analyzed on 1.2% agarose gels stained by ethidium bromide.

220 | Chromatin immunoprecipitation
assay (ChlP)

ChIP assays were performed as described (Bellissimo et al., 2017)
using an anti-trimethyl-Histone H3 (Lys4) antibody (H3K4me3) (Cell
Signaling; cat#9751S). Genomic regions on Ulbp1, H60a and Rael,
were amplified using primers designed by the Primer 3 software.
PCR was performed using the SYBR green dye detection method
and the following primers: Ulbpl Fw-TCCCTAGTAGGCAGCAGGAA,;
Rev-CCCTGGACAGAAACCAAAGA. Raela Fw-GGCCGCTGTAGTC
AGTTACC; Rev-GCGAAGCTGGAGTGTCTGTC. Hé0a Fw-GCACC
CACTTCATCCTCTGT; Rev-CACCGTCCCTTCATCTCACT. GAPDH
Fw-CACTCCAAGGACTCCTCGTC; Rev- CCTCTCTCATTTCCCCTCCT.
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Values obtained for each immunoprecipitated sample were quantified
versus the respective input (1:50 dilution) and calculated following the 2°
AACt method. Relative enrichment was obtained by normalizing over

GAPDH promoter values.

221 | Immunofluorescence and FACS analysis

Cells isolated from the indicated organs, were washed and resuspended
in staining buffer (PBS without Ca®* Mg?*, BSA 0,5%, EDTA 2 mM and
NaNj3 0,025%). After 10 min incubation with anti-CD16/32 (clone 24G2),
cells were stained with the indicated monoclonal Abs for 25 min at 4°C.
IFN-y production expression was analyzed by intracellular staining using
BD Cytofix/CytopermTM Fixation/Permeabilization Kit after 4 h incuba-
tion with Brefeldin A. Samples were analyzed by flow cytometry using a
FACSCanto Il (BD Biosciences), and data were elaborated using Diva Ver-
sion 6.1.3 (BD Biosciences) or FlowJo Version 7.6 software (TreeStar).

222 | Cytotoxicity and degranulation assay

Cell viability of CT2A was determined by MTT assay. Results are
expressed as percentage of cell survival, taking as 100% the cells not
incubated with NK cells (C). For the degranulation assay, enriched NK
cells from spleen of healthy C57BL/6 or prf ko mice were stimulated
overnight with IL-15 (25 ng/mL), washed in PBS and co-incubated for
4 h at 37°C with CT2A cells at the indicated Effector:Target (E:T) ratio
in the presence of Monensin 100 pM and FITC-conjugated anti-
mouse CD107a or anti- IgG. Degranulating NK cell populations were
identified by FACS analysis after staining with fluorochrome conju-
gated anti-NK1.1 (PE), -CD3 (PerCP-cy5.5) mAbs.

2.23 | Statistical analysis

Data are shown as the mean + SEM. Statistical significance was
assessed by Student's t-test or one-way ANOVA for parametrical
data, as indicated; Holm-Sidak test was used as a post hoc test;
Mann-Whitney Rank test and Kruskal-Wallis for non-parametrical

data, followed by Dunn's or Tukey's post hoc tests. For multiple

comparisons, multiplicity-adjusted p-values are indicated in the
corresponding figures (*P 0.05, **P 0.01). For the Kaplan-Meier
analysis of survival, the log-rank test was used. Statistical analyses
comprising calculation of degrees of freedom were done using

Sigma Plot 11.0, Imaris; Origin 7, and Prism 7 software.

3 | RESULTS
3.1 | HDACS inhibition reduces glioma growth and
prolongs mice survival

Before investigating the effect of HDACS inhibition on glioma growth,
we analyzed the expression of HDACS in different human GBM cell
lines, in primary cells obtained from GBM patients, and in murine gli-
oma cells. We also investigated HDAC8 expression in human normal
astrocytes, human microglia collected from surgery of epileptic
patients, and human neurons derived from induced pluripotent stem
cells (iPSCs), and in murine astrocytes, microglia, and neurons. Data
shown in Figure 1(a) demonstrated that all the tested cells express
HDACS. Interestingly, primary cells obtained from patients, GBM19
and GBM41R, express higher levels of HDACS (Figure 1(a)). To inves-
tigate the effect of HDACS inhibition in glioma development, we
treated glioma-bearing mice with increasing concentrations of the
selective HDACS8 inhibitor PCI-34051 (daily i.p. injection), starting
7 days after brain transplantation of glioma cells (see scheme in
Figure 1(b)). Note that the highest dose of PCI-34051 used for in vivo
treatment, that is 40 mg/kg, is not toxic for mice (Rettig et al., 2015).
We demonstrated that the blockade of HDAC8 reduces glioma
growth in a concentration-dependent manner (Figure 1(b)), and
increases the mean survival time of glioma-bearing mice, in compari-
son with vehicle-treated mice (Figure 1(c)). Interestingly, the blockade
of HDACS reduced the proliferation rate of glioma cells in vivo (indi-
cated as by a reduction of Ki67" cells in the tumor area) (Figure 1(d)).
We demonstrated that this effect is at least in part due to a direct
action of HDACS inhibition in human and murine glioma cell, since a
single application of PCI-34051 (1, 5, or 10 uM) reduces cell viability
in cultured cells (Figure 1(e)). Same results on glioma growth were
obtained when cells were treated every 24 h with PCI-34051

(Figure S1(a)). No effects were observed in murine primary astrocytes

FIGURE 1

HDACS inhibition affects glioma growth and increases mice survival. (a) RT-PCR analyses of hdac8 expression in tumor cells,

normal cells, and human tissues from patients (n = 3). (b and ¢) mean tumor volume (b) and Kaplan-Meier curve (c) in CT2A-bearing mice. Mice
were treated with PCI-34051, as indicated in the scheme on top (n = 7-8 mice per treatment; *P < 0.05 **P < 0.01, one-way ANOVA). (d) Data
show the Ki67™" cells in brain tumors (expressed as the mean area + S.E.M. percentage of the tumor) at 17 days after glioma implantation in mice
treated with PCI-34051 40 mg/kg, as indicated (n = 4 mice per treatment; *P < 0.05, Student's t test). Representative immunofluorescence
images of proliferating Ki67" cells (green) under the two experimental conditions are shown on the right. Scale bars, 50 pm. (e) Growth curves of
human and murine glioma cells treated with PCI-34051 for the indicated time points. The results are expressed as percentage of vehicle-treated
cells £ S.EM. (n = 4-7; *P < 0.05 **P < 0.01, one-way ANOVA). (f) Growth curves of CT2A glioma cells treated with PCI-34051 or iPCI-34051
10 pM for the indicated time points. The results are expressed as percentage of vehicle-treated cells £ S.E.M. (n = 3; **P < 0.01, one-way
ANOVA). (g) RT-PCR analysis of hdac8 expression in CT2A cells transfected with c- or hdac8-siRNA for 48 h. one representative western blot
analysis of HDACS protein in silenced cells is shown on the right. (n = 4; *P < 0.05, one-way ANOVA). (h) Growth curves of CT2A glioma cells
transfected with c- or hdac8-siRNA. The results are expressed as percentage of c-siRNA treated cells + S.E.M. (n = 4; **P < 0.01, one-way

ANOVA)



ﬂLW] ]_Eyﬂ

and microglia (Figure S1(b)), or if we treated CT2A cells with the inac-
tive intermediate 3 in the synthetic process of the PCI-34051 (iPCl-
34051, as indicate in methods) (Figure 1(f)). To further validate our
data, we used a different approach silencing HDACS8 in murine glioma
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cells with a specific siRNA. Data reported in Figure 1(g) show that
siRNA treatment reduced HDACS8 expression of 50 + 0.12%, in com-
parison with control siRNA (c-siRNA) treatment, also affecting CT2A
cell viability (Figure 1(h)).
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3.2 | HDACS regulates alpha-tubulin acetylation
driving glioma cell migration

To investigate if HDACS inhibition reduces tumor growth affecting by
glioma cell migration, we treated human and murine glioma cells with
the selective HDACS inhibitor PCI-34051 at different concentrations
(1, 5, or 10 pM). We demonstrated that HDACS inhibition reduces the
basal movement of human U87MG and GBM157 cells, and abolishes
the migration induced by EGF and CXCL12 (Figure 2(a)). No effects
were observed treating tumor cells with iPCI-34051 (Figure 2(b)). To
further investigate the involvement of HDACS8 in glioma cell migra-
tion, we silence HDAC8 by siRNA in CT2A cells. Figure 2(b) reports
that siRNA treatment abolished EGF-induced migration in comparison
to c-siRNA treatment.

Further, PCI-34051 treatment reduces tumor cell invasiveness in
brain parenchyma, calculated by the number of glioma cells that
invade the surrounding parenchyma more than 150 pm from tumor
mass in vivo, at day 17 after glioma transplantation (Figure 2(c)).

A recent study indicates that HDACS8 regulates the acetylation
levels of alpha-tubulin acting on lysine 40 (ac-lys40), and controls cer-
vical cancer cells migration (Vanaja et al., 2018). To understand
whether this mechanism is also involved on the effect of HDAC8 on
glioma cell invasiveness and migration, we treated CT2A cells with
PCI-34051 and measured ac-lys40 and total alpha-tubulin acetylation.
Data reported in Figure 2(d)-(e) show that after 48 h of incubation
with 10 pM PCI-34051, the acetylation level of alpha-tubulin, ana-
lyzed by western blot (Figures 2(D), S2(a) and full blot in Figure S2(b))
and immunofluorescence (Figure 2(e)), increased. To further investi-
gate the involvement of HDACS8 in the acetylation of the alpha-
tubulin, we performed western blot analysis of ac-lys40 alpha-tubulin
after genetic knowdown of HDACS8 by specific siRNA in CT2A cells.
We reported that siRNA treatment increases the ac-lys40 alpha-
tubulin of 35+ 6% (Figure 2(d)). These data suggest that HDACS8

controls glioma cell migration by regulating alpha-tubulin acetylation.

3.3 | HDACS regulates microglial invasion and
plasticity in glioma

Since GAMs recruitment to glioma mass represents a key mechanism
to support tumor growth, we investigated whether HDACS8 inhibi-
tion also affected GAM migration. At this aim, primary microglia

obtained from mice pups (P0O-2), were treated with PCI-34051 to
investigate its effects on EGF- and glioma cell-conditioned medium
(GCM) induced chemotaxis. Data obtained demonstrate that HDACS8
inhibition totally abolished microglial cell chemotaxis (Figure 3(a)).
Furthermore, in mice treated with PCI-34051 (40 mg/kg), the num-
ber of lIbal® cells (a marker of microglia/macrophages) infiltrating
tumor mass was reduced (Figure 3(b)). To assess if the reduced mye-
loid cell numbers was specifically due to microglia reduction, we per-
formed immunostaining for TMEM119, a microglial specific marker
(Bennett et al., 2016). Data reported in Figure 3(c) show that
TMEM119" cells are reduced in tumor area after HDACS inhibition,
similarly to lbal* cell reduction, highlighting a principal effect on
microglial cells.

We also investigated the role of HDAC8 on the modulation of
GAMs phenotype. We first analyzed the expression of HDACS in pri-
mary microglial cells treated with different cytokines to mimic differ-
ent states of activation. We observed that HDAC8 expression was
specifically reduced only upon LPS and IFN-y stimulation, that mimics
a pro-inflammatory phenotype (Tam & Ma, 2014) (Figure 3(d)).

In addition, microglia are dynamic cells that change morphology
with functional activity, even if there is no direct shape-function rela-
tion (Wright-Jin & Gutmann, 2019). We investigated the role of
HDACS in affecting microglia shape upon LPS + IFN-y or IL-4 (that
mimic an anti-inflammatory phenotype) treatment. Data shown in Fig-
ure 3(e) reported that blockade of HDACS8 affected morphological
changes only in IL-4 -treated microglia.

To further investigate the role of HDACS8 in shaping GAMs phe-
notype in vivo, glioma-bearing mice were treated for 17 days with
PCI-34051 (40 mg/kg) starting 7 days after glioma cell transplanta-
tion. Mice were sacrificed and CD11b™" cells were isolated from the
ipsi- or contra-lateral cerebral hemispheres for the analysis of gene
expression by rtPCR. We confirmed that tumor cell injection increased
the expression of anti-inflammatory genes (arg-1, retnla, chil3, and
tgfp, see Gabrusiewicz et al., 2011) in CD11b™ cells from th-e glioma-
bearing hemisphere and demonstrated that this effect is completely
abolished by PCI-34051 treatment, with a simultaneous increase of
pro-inflammatory genes (Figure 4(a)).

To evaluate if HDACS activity directly regulates GAMs gene expres-
sion, we analyzed the effect of PCI-34051 in primary microglia culture in
vitro. As expected, LPS + IFN-y treatment increased the expression of
pro-inflammatory genes, while IL-4 increased the expression of anti-
inflammatory genes and reduced the pro-inflammatory ones (Figure 4

FIGURE 2 HDACS inhibition reduces glioma cell migration and invasion, and increases alpha-tubulin acetylation. (a) Human and murine
glioma cell chemotaxis toward vehicle, EGF (100 ng/mL) or CXCL12 (50 ng/mL), preincubated with PCI-34051 at the indicated doses. Results are
expressed as the fold increase in comparison with vehicle + S.E.M. (n = 3-6; *P < 0.05 **P < 0.01, one-way ANOVA). (b) CT2A glioma cell
chemotaxis toward vehicle, EGF (100 ng/mL) preincubated with PCI-34051 10 uM, iPCI-34051 10 uM or transfected with c- or hdac8-siRNA.
Results are expressed as the fold increase in comparison with vehicle £ S.E.M. (n = 4; **P < 0.01, one-way ANOVA). (c) Mean number (+ S.E.M.)
of glioma cells invading the brain parenchyma for >150 pm (n = 5 mice per condition; **P < 0.01, Student's t test). Right, representative coronal
brain sections stained with hematoxylin and eosin. Black arrows indicate invading glioma cells beyond the main tumor border (dashed line). Scale
bars, 20 pum. (d and e) analysis of acetylated alpha-tubulin protein by western blot (ac-lys40) (d) and immunofluorescence (e) in glioma cells
incubated with vehicle or PCI-34051 10 uM, iPCI-34051 10 pM or transfected with c- or hdac8-siRNA for48 h. Results are expressed as the fold
increase in comparison with vehicle-treated glioma cells (n = 4-7; *P < 0.05, Student's t test). Right, representative blot and images of alpha-
tubulin acetylation in glioma cells under the two experimental conditions. Scale bars, 5 pm
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(b)). Data reported in Figure 4(b) show that PCI-34051 treatment differ-
ently modulated gene expression as a function of microglial phenotype,
with the reduction of some anti-inflammatory genes (arg-1 and retnla),
and the increase of some pro-inflammatory genes (il18, nos2, and cd86),
only in IL-4 stimulated microglia (Figure 4(b)). No effects on anti- and
pro-inflammatory gene expression were observed in microglia stimulated
with LPS + IFN-y or vehicle (Figure 4(b)).

To investigate the effect of HDACS8 inhibition on human GAMs,
we incubated human GBM tissues with PCI-34051 (10 pM) or vehicle
for 48 h and then analyzed the expression of pro- and anti-inflamma-
tory genes in the CD11b™ cell population. Figure 4(c) shows that PCI-
34051 treatment decreased the expression of the anti-inflammatory
genes cd163 and mmp12, and increased the expression of the pro-
inflammatory genes nos2 and cxcl10.

Altogether these results indicate that HDACS8 drives murine and
human GAMs toward an anti-inflammatory phenotype, because its
inhibition with PCI-34051 stimulates the expression of pro-
inflammatory genes.

3.4 | HDACS inhibition increases the expression of
NKG2D ligands, making glioma cells putative targets
of NK cell-mediated cytotoxicity

Making the tumor cells desirable targets for cytotoxic T and NK cells
is one main effort of the research in the last years. We hypothesized
that the transcription of ligands of the NKG2D receptor, that triggers
the cytotoxicity of NK cells, was affected by HDACS activity. To ver-
ify if the expression of the ulbp1, h60a, and rael genes is transcrip-
tionally activated upon HDACS inhibition, we performed ChIP assays.
Specifically, we evaluated a marker of transcriptional promoter activa-
tion, for example, trimethylated histone H3 lysine 4 (H3K4me3), in
CT2A glioma cells treated with PCI-34051 (10 uM) for 24 h. As shown
in Figure 5(a), this treatment leads to a significant increase of
H3K4me3 level in hé0, ulbpl and rael promoters. Accordingly,
increased transcript levels for these genes were also observed follow-
ing treatment with PCI-34051 (Figure S3(a)).

To support a possible role for HDAC8 in modulating the cytotoxic
activity against glioma, we performed NK cell-mediated
cytotoxic assays. We observe that co-incubation with NK cells
affected the viability of PCI-34051-treated glioma cells and resulted

in an increased percentage of CD107a" (a lysosomal marker of active

degranulation) NK cells (Figure 5(b)). To investigate the molecular
mechanisms involved in the cytotoxic activity of NK cells dependent
on HDACS, we evaluated the role of perforin (prf1), a protein involved
in the formation of lytic holes. At this aim, NK cells isolated from prf1
ko mice were tested against PCI-34051-treated-glioma cells, in a
cytotoxicity assay. Results shown in Figure 5(c) demonstrated that the
absence of perforin abolished NK cell-mediated tumor death induced
by HDACS inhibition.

Similar results were obtained treating glioma-bearing mice with
PCI-34051, where we observed an increase of activated CD69" and
NKG2D" NK cells infiltrating the tumor mass (Figure 5(d)). No varia-
tions in IFN-y levels were observed (Figure 5(d)).

These results demonstrate that HDACS8 activity plays relevant

role in reducing glioma cell recognition and killing by NK cells.

4 | DISCUSSION

Many epigenetic modifications occur in glioma resulting in substantial
molecular heterogeneity that confers advantages for tumor develop-
ment (Phillips et al., 2020). Among the enzymes involved, the histone
deacetylases regulate different hallmarks of glioma pathogenesis, such
as proliferation, invasiveness, and formation of new vessels (Pastorino
et al., 2019; Zhao et al, 2020). HDACi fascinated researchers in
almost all fields of cancer biology: five of them have been approved
by FDA for clinical use and many others tentered clinical trials as sin-
gle agents or in combination therapy for a variety of cancer diseases
(Ecker et al., 2013; Lee et al., 2015). Among the HDAC proteins, the
role of HDACS8 in brain tumors is poorly understood, although it is
overexpressed in different types of solid cancers (Balasubramanian
et al, 2008; Nakagawa et al., 2007; Oehme, Deubzer, Lodrini,
et al, 2009; Oehme, Deubzer, Wegener, et al, 2009; Zhang
et al., 2014). Herein, we demonstrated that HDAC8 plays a pivotal
role in glioma growth, since its inhibition with PCI-34051 reduced the
tumor volume in a glioma mouse model. A recent article report that
the PCI-34051 may have limited permeability in the brain on wild type
mice (Wang et al., 2014), and we cannot exclude that the effect of
PCI-34051 in vivo was, at least in part, due to the peripheral inhibition
with an indirect effect on the tumor. However, it should be consid-
ered that in the glioma context, the blood-brain barrier (BBB) is com-
promised, and glioma cells create a blood-tumor barrier (BTB) with
altered permeability (Arvanitis et al., 2020). Here we demonstrated

FIGURE 3 HDACS regulates microglia migration and morphology dynamic change in different activation states. (a) Microglia chemotaxis
toward the control medium (vehicle), EGF (100 ng/mL) or CT2A-glioma conditioned medium (CT2A), pretreated with vehicle or PCI-34051 10 uM
for 48 h. results are expressed as fold increases in comparison with vehicle (n = 5; * < 0.05, one-way ANOVA). (b and c) the mean (+ S.E.M.) area
of Iba1l™ cells (b) and TMEM119" cells (c) (as % of the tumor area) 17 days after CT2A transplantation in mice treated with PCI-34051 40 mg/kg,
as indicated. Right, representative immunofluorescences of Ibal* and TMEM119™ cells glioma infiltrated (green) (n = 4 mice per condition,

**P < 0.01, Student's t test). Scale bars, 20 um. (d) RT-PCR analysis of hdac8 expression in primary microglia incubated with vehicle, IL-4 or LPS

+ IFN-y for 48 h (n = 7-4, **P < 0.01, Student's t test). For boxplots, the center line, boxes and whiskers represent the median, inner quartiles,
and rest of the data distribution, respectively. (e) Primary microglia incubated with vehicle, IL-4 or LPS + IFN-y for 48 h, in presence or absence of
PCI-34051 10 pM. Form factor values (calculated as indicated in methods) are shown as mean = S.E.M (n = 5, *P < 0.05, one-way ANOVA). Right,
representative immunofluorescences of microglia stained with Ibal (green). Scale bars, 10 pm
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FIGURE 4 HDACS8 modulates gene expression in GAMs. (a) rtPCR of anti- (arg-1, chil3, tgfp and retnla) and pro-inflammatory (tnfe, il1/3, nos2,
and cd86) genes in CD11b™" cells sorted from ipsi- and contralateral hemisphere of CT2A-bearing mice treated with vehicle or PCI-34051

40 mg/kg, as indicated. Data are the mean * S.E.M. versus vehicle contra (h = 6 mice per condition,

*P < 0.05 **P < 0.05, one-way ANOVA).

(b) rtPCR analysis of anti- (arg-1, chil3, tgf and retnla) and pro-inflammatory (tnfe, il18, nos2 and cd86) genes in primary microglia incubated with
vehicle, IL-4 or LPS + IFN-y for 48 h, in presence or not of PCI-34051 10 pM. Data are the mean * S.E.M. expressed as fold increased in
comparison with vehicle-treated microglia (n = 5, **P < 0.01, one-way ANOVA). (c) rtPCR of human pro- (cxcl10, nos2, and il12a) and
anti-inflammatory (cd163, mmp12 and tgff) genes in CD11b™ cells sorted from patient-derived GBM tissue, after tissue treatment with PCI-34051
(10 pM, 48 h) or vehicle. Above: Scheme of human GBM treatment. Data are the mean = S.E.M., n = 5, *P < 0.05 versus vehicle, Student's t-test

that the reduction of tumor volume observed in vivo could be at
least in part due to a direct action of HDAC8 on glioma cells,

confirming previous results with a different HDACS8 inhibitor, etal., 2019).

N1-(2,5-dimethoxyphenyl)-N8-hydroxyoctanediamide (N25) (Zhang
et al., 2014) and by HDACS8 siRNA silencing (Santos-Barriopedro
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HDACS inhibition increases NKG2D ligands in glioma cells boosting NK cell cytotoxicity. (a) ChIP experiments performed on CT2A

cells treated or not with the HDACS inhibitor for 24 h using the indicated antibody (n = 3; *P < 0.05, Student's t-test). (b) NK cells were
incubated with CT2A cells pretreated with PCI-34051 or vehicle for 48 h. degranulation of NK cells (having subtracted basal degranulation) in a
1:1, 2.5:1, and 5:1 E:T ratio with CT2A cells was assessed by FACS analysis of CD107a" cells (right panel); cell viability in glioma cells is shown in
the left panel (n = 6, *P < 0.05 **P < 0.01, one-way ANOVA). Error bars show mean + SEM. (c) NK cells, isolated from the spleen of wt or prf1 ko
mice, were incubated with CT2A cells pretreated with PCI-34051 or vehicle for 48 h. Glioma cell viability in a 2.5:1 E:T ratio is shown as mean

+ S.EM. (n = 6, **P < 0.01, one-way ANOVA\). (d) Percentage of CD69", NKG2D™" and IFN-y™, cells in the CD3~/NK1.1" cell population obtained
from the brain of vehicle or PCI-34051 treated mice (n = 4; *P < 0.05, Student's t-test). For boxplots, the center line, boxes and whiskers
represent the median, inner quartiles, and rest of the data distribution, respectively

One of the most important hallmarks of GBM is its invasiveness in
the surrounding parenchyma, which increases the tendency to relapse
after surgery, chemo- and radio-therapy in GBM-patients (Preusser
et al,, 2011). We hypothesized that HDACS drives the glioma cell migra-
tion and invasiveness regulating the acetylation level of the alpha-tubulin.
In fact, the HDACS8 inhibition increased the acetylated alpha-tubulin
abolishing the human and murine glioma cell migration. It was reported
that alpha-tubulin acetylation is an important epigenetic modification for
regulating microtubule architecture and cell migration (Li et al., 2014) and

its level is mainly governed by opposing actions of alpha-tubulin

acetyltransferase 1 (ATAT1) and HDAC6-8 (Li et al, 2014; Picci
et al,, 2020; Vanaja et al., 2018). Here, we reported for the first time a
relation between HDACS, alpha-tubulin acetylation, and migration in gli-
oma. This is different from what reported for commercial PCI-34051,
where no effects on alpha-tubulin are reported. However, our results are
corroborated by siRNA HDACS silencing, thus confirming the role of
HDACS8 on alpha-tubulin acetylation. Moreover, we demonstrated that
HDACS inhibition abolished the migration of microglia toward GCM,
suggesting that HDACS is related to microglial migration to the tumor site,

and regulates the acetylation level of alpha-tubulin also in microglial cells.
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Glioma creates a microenvironment that supports its own growth,
impairing NK cell recruitment and activity (Burger et al., 2019) and
switching GAMs toward a predominant anti-inflammatory phenotype
(Szulzewsky et al., 2016). Attempt to reprogram the tumor microenvi-
ronment to counteract glioma is one of the main efforts of bio-
medical research in the last years. In particular, the ‘re-education’ of
GAMs cells toward a pro-inflammatory, anti-tumor phenotype suc-
cessfully reduces tumor size and increases the mean survival times of
tumor-bearing animals (Mieczkowski et al., 2015). Here, we showed
that HDACS plays a pivotal role in the activation state of GAMs in gli-
oma microenvironment, since its inhibition totally abolished the
expression of anti-inflammatory/pro-tumoral genes and increased
pro-inflammatory genes in both murine CD11b™ cells in the glioma-
bearing hemisphere and human CD11b" cells from GBM-patients.
Interestingly, the direct inhibition of HDACS8 in cultured murine micro-
glial cells in vitro has a minor effect on the regulation of pro- and anti-
inflammatory gene expression in the different activation states,
suggesting an indirect action of HDACS inhibition in vivo. Further-
more, our data report that HDACS8 inhibition modulates morphology
and gene expression only in |IL-4-treated microglia in vitro, suggesting
that HDACS8 is fundamental mainly in the regulation of the anti-
inflammatory microglial activity. In addition, the pro-inflammatory
microglia stimulated with LPS + IFN-y strongly reduces the HDAC8
expression per se.

Making the tumor cells desirable targets for cytotoxic T and NK
cells is one main effort of the research in the last years. Epigenetic
dysregulation of NKG2D ligand genes is a significant contributor to
immune escape in glioma (Zhang et al., 2016). In particular, HDAC
proteins regulate cell surface expression of NKG2D ligands with a
calcium-dependent mechanism (Jensen et al.,, 2013). We identify
HDACS as a key regulator that affects the transcription of ligands for
the NKG2D receptor that triggers the cytotoxicity of NK cells. Specifi-
cally, HDACS leads to a significant increase of H3K4me3 level in h60,
ulbp1, and rael promoters, enhancing the NK cell cytotoxicity against
glioma, and increasing the CD69" and activated NKG2D" NK cells
infiltrating the glioma. rtPCR analyses revealed that the expression of
Ulbp1 is not changed at 24 h of PCI-34051 treatment. However, it is
possible that additional epigenetic modifications or binding of specific
transcription factors are necessary for the full activation of this pro-
moter upon treatment with PCI-34051 leading to mRNA increase.
Moreover, it is also reasonable to hypothesize that the various pro-
moters may present different treatment time requirement to cause
mRNA induction after promoter activation.

Altogether our results describe that HDACS plays a central role in
glioma growth, regulating cell viability and the migration through
alpha-tubulin acetylation. Furthermore, HDACS8 supports an immuno-
suppressive environment, regulating the gene transcription of
NKG2D-ligands and the microglial phenotype.
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