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Abstract

Background. Deregulation of the nuclear factor of activated T cell (NFAT) pathway has been reported in several
human cancers. Particularly, NFAT2 is involved in the malignant transformation of tumor cells and is identified as
an oncogene. However, the role of NFAT2 in glioblastoma (GBM) is largely unknown.

Methods. The expression and prognostic value of NFAT2 were examined in the databases of the Repository of
Molecular Brain Neoplasia Data and The Cancer Genome Atlas (TCGA) and clinical samples. The functional effects
of silencing or overexpression of NFAT2 were evaluated in glioma stem cell (GSC) viability, invasion, and self-re-
newal in vitro and in tumorigenicity in vivo.The downstream target of NFAT2 was investigated.

Results. High NFAT2 expression was significantly associated with mesenchymal (MES) subtype and recurrent
GBM and predicted poor survival. NFAT2 silencing inhibited the invasion and clonogenicity of MES GSC-enriched
spheres in vitro and in vivo. NFAT2 overexpression promoted tumor growth and MES differentiation of GSCs.
A TCGA database search showed that histone deacetylase 1 (HDAC1) expression was significantly correlated
with that of NFAT2. NFAT2 regulates the transcriptional activity of HDAC1. Rescue of HDAC1 in NFAT2-knockdown
GSCs partially restored tumor growth and MES phenotype. Loss of NFAT2 and HDAC1 expression resulted in
hyperacetylation of nuclear factor-kappaB (NF-xB), which inhibits NF-kB-dependent transcriptional activity.
Conclusion. Our findings suggest that the NFAT2-HDAC1 pathway might play an important role in the mainte-
nance of the malignant phenotype and promote MES transition in GSCs, which provide potential molecular targets
for the treatment of GBMs.

Key Points

Glioblastoma (GBM) is the most common and lethal primary
brain tumor in adults.” According to characteristic gene ex-
pression, GBM can be classified into 3 clinically relevant
molecular subtypes: mesenchymal (MES), classical (CL),
and proneural (PN).22The MES subtype is the most aggres-
sive and radioresistant, correlating with poor prognosis.*®

Moreover, GBM often exhibits transcriptional plasticity
and heterogeneity, resulting in the transition from one
subtype to another.® MES transition, especially in glioma
stem cells (GSCs), is usually associated with acquired re-
sistance to radiochemotherapy and malignant progres-
sion.®® However, the intrinsic molecular mechanism of MES
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Importance of the Study

MES transition, especially in GSCs, is usually associ-
ated with acquired resistance to radiochemotherapy
and malignant progression. However, the intrinsic mo-
lecular mechanism of MES differentiation is still largely
unclear. In this study, we demonstrate that NFAT2 is
important for the maintenance of the MES phenotype.
And HDAC1 was identified as the downstream target
of NFAT2. By regulation of HDAC1 expression, NFAT2

differentiation is still largely unclear. Several inflammatory
pathways, microenvironment factors, and epigenetic events
might contribute to the MES phenotype in GBMs.*®°

Nuclear factor of activated T cells (NFAT) family mem-
bers were first identified as transcription factors inT cells.™®
By interaction with other pathways, including the histone
deacetylase (HDAC) and nuclear factor-kappaB (NF-xB) path-
ways, NFATs regulate inflammatory reactions and immune
responses.”'? It has been revealed that NFATs play impor-
tant roles in cancer initiation and progression.’”> NFAT2,
also known as NFATc1, is involved in cancer development.
Dysregulation of NFAT2 activity inhibits cell differentiation
and induces malignant transformation, suggesting that
NFAT2 is an oncogene.' Moreover, NFAT2 is related to ac-
quiring stem cell-like properties and self-renewal capacity
and promoting tumor cell epithelial-to-mesenchymal transi-
tion (EMT)."*"®Through EMT and gain of stemness, cancer
cells become highly invasive and aggressive, leading to
tumor metastasis, treatment resistance, and recurrence."’
Recently, abnormal activation of NFAT2 signaling has been
found in the malignant progression of colon cancer,'® pan-
creatic cancer,” and mammary cancer.? However, the role
of the NFAT2 pathway has not yet been elucidated in GBMs.
NFAT2 may activate different signaling pathways and have
distinct functions in different cancers.'® Therefore, in this
study, we examined the effects of NFAT2 on the malignant
phenotype of GSCs in vitro and in vivo, and we also investi-
gated the downstream target of NFAT2.

Materials and Methods
Ethics

This study was approved by the institutional review board
of The First Hospital of China Medical University (ap-
proval number 81472360). Written informed consent was
obtained from each tumor tissue donor for the use of the
tumor tissue and clinical data for future research. All an-
imal experiments were performed under the supervision
of the China Medical University Animal Ethics Committee.

GSC Isolation

Patient-derived GSCs (G03, G08, G10, G12, G13, and G23)
were isolated, and neurosphere culture was performed
as previously reported.?' Briefly, freshly resected clinical

influences the acetylation of NF-xB subunit p65 and af-
fectsthe transcriptional activity of NF-kB, which further
modulates the MES transition of GSCs. By modulating
NF-xB activity, the NFAT2-HDAC1 pathway supports
the malignant phenotype and promotes MES transition
in GBMs. Therefore, inhibition of the NFAT2/HDAC1/
NF-xB axis is an attractive therapeutic approach for
GBMs, especially for the MES subtype.

glioma tissues were dissociated into single cells and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)/F12
with B27 (1:50), recombinant human (rh) basic fibroblast
growth factor (20 ng/mL), and rh-epidermal growth factor
(20 ng/mL; Gibco). Then, neurospheres were collected and
grown in the neurosphere medium following the standard
procedure. For GSC adherent cultures, a single-cell suspen-
sion was plated on laminin-coated culture plates along with
standard GSC medium as reported by Pollard et al.?2 For
differentiation, GSCs were cultured in DMEM/F12 supple-
mented with 10% fetal bovine serum. The cancer stem cell
nature of the GSCs was evaluated by functional assays of
self-renewal and in vivo tumor formation.The expression of
stem cell markers (cluster of differentiation [CD]133, CD44,
and nestin) was detected by flow cytometry or immunofluo-
rescence, and the multi-lineage differentiation capacity of
GSCs was detected by immunofluorescence. CD44"9h and
CD44'>w GSCs were isolated using magnetic cell sorting with
CD44 microbeads (Miltenyi Biotec, #130-095-194). All of the
GSCs analyzed were cultured fewer than 20 passages.

Plasmids

Short hairpin (sh)RNA-based silencing and overexpression of
NFAT2 and HDAC1 were performed as previously described.?!
NFAT2, HDAC1, and control shRNAs were purchased from
GeneChem. Lentivirus-based vector was constructed for
NFAT2 and HDAC1 overexpression (GeneChem). Null or in-
hibitor of kappaB alpha (IxBa) mutant (IkBaM, serine [S]32/
S36) adenoviral particles were purchased from Vector Biolabs.
The effectiveness of gene silencing and overexpression was
detected by western blotting (WB).

Limiting Dilution Neurosphere Formation Assay

The self-renewal capacity of GSCs was evaluated by the
neurosphere formation assay as reported previously.?' In
brief, neurospheres were dissociated and seeded into 96-well
plates at 50, 100, 500, or 1000 cells per well. After 7 days,
spheres with diameters larger than 50 um were counted.
Data were recorded and analyzed as previously described.?'

Intracranial Xenografts

Female Bagg albino/c nude mice (6 wk old) were obtained
from Beijing Vital River Laboratory Animal Technology and
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bred in laminar flow cabinets under specific pathogen-free
conditions. Transfected GSCs (1 x 10° cells) were injected
intracranially in anesthetized nude mice using a stereo-
taxic apparatus. We observed mice daily for neurological
symptoms or death, and tumor growth was evaluated.
When neurological symptoms were observed, mice were
sacrificed by cervical spine dislocation. Mouse brains were
collected for analysis as previously reported.?!

Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation (ChIP) assays were
performed using the EZ-ChIP Immunoprecipitation
Kit  (Millipore) as previously reported.?’  Anti-
NFAT2 (ab2796) and anti-HDAC1 (ab7028) anti-

bodies were used for immunoprecipitation. PCR was
performed using primer pairs for the NFAT2 binding
site: forward 5-ACAGTGCCTCTGGTGC-3' and reverse
5’-CCAAACCCAACTCCC-3". ChIP assays detecting the
recruitment of HDAC1 to the chitinase 3-like protein 1
(YKL40) and CD44 promoters were performed as previ-
ously described by Bhat et al.?® The promoter regions of
YKL40 and CD44 were determined using the National
Center for Biotechnology Information gene database
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(https://www.ncbi.nlm.nih.gov/gene/?term=) and Promoter
2.0 Prediction Server (http://www.cbs.dtu.dk/services/
Promoter/). The promoters of YKL40 and CD44 were identi-
fied between —4000 bp upstream of the transcription start
site and +100 bp downstream of the transcription start site.
Ten PCR primers (SupplementaryTable 2) were designed to
examine the recruitment of HDAC1 to the YKL40 and CD44
promoters.

Additional details about the materials and methods are
available in the Supplementary Materials.

Results

NFAT2 Is Upregulated in MES GBMs and
Inversely Correlated with Survival

First, the expression of NFAT2 was examined in publicly
available glioma datasets. We found that NFAT2 expres-
sion was associated with the histopathologic grade of
glioma, and higher expression of NFAT2 was observed in
grade |V gliomas in the databases of both the Repository
of Molecular Brain Neoplasia Data (REMBRANDT) andThe
Cancer Genome Atlas (TCGA) (Fig. 1A and Supplementary
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Fig. 1 Correlation between NFAT2 expression and the clinic-pathologic features of gliomas. (A) NFAT2 mRNA expression is shown according

to the histopathologic grades of REMBRANDT and TCGA gliomas. (B) Messenger RNA expression of NFAT2 is shown according to the molecular
subtypes of REMBRANDT and TCGA GBMs. (C) NFAT2 mRNA expression is compared between primary and recurrent TCGA GBM:s. (D) Prognostic
significance of NFAT2 in REMBRANDT gliomas. (E-G) The prognostic significance of NFAT2 in MES GBMs was tested using the REMBRANDT data-

base (E), Lee Y dataset (F), and Freije dataset (G). *P< 0.05, ***P< 0.001.
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Fig. 1A). Moreover, the level of NFAT2 expression was
upregulated in the MES subtype of GBM compared with the
CL and PN subtypes (Fig. 1B and Supplementary Fig. 1B).
Interestingly, NFAT2 expression was higher in recurrent
GBMs (Fig. 1C), which often exhibited an MES subtype.524
The expression of NFAT2 positively correlated with the ex-
pression of MES markers CD44 andYKL40 (Supplementary
Fig. 1C, D). In addition, elevated expression of NFAT2 was
associated with poorer survival in gliomas, GBMs, and
MES GBMs according to several independent datasets
(Fig. 1D-G and Supplementary Fig. 1E-G).

Next, we examined the expression of NFAT2 in our clin-
ical samples and patient-derived primary GSCs. Clinical
information on the 6 patient-derived GSC cultures is pre-
sented in Supplementary Table 1. Hematoxylin and eosin
(H&E) staining of the original patient tumors is shown in
Supplementary Fig. 2A. More than 85% of G03, G12, and
G13 GSCs were CD133 positive (PN GSC marker®), while
over 80% of G08, G10, and G23 GSCs were CD44 positive
(MES GSC marker*®; Supplementary Fig. 2B). The enrich-
ment of CD133+, CD44+, and nestin+ GSCs in the isolated
neurospheres was confirmed by immunofluorescence
(Supplementary Fig. 2C). The multi-lineage differentiation
capacity of GSCs is shown in Supplementary Fig. 2D. In 46
clinical glioma samples (grade Il: 10; grade lll: 15; grade IV:
21), immunohistochemistry (IHC) (Fig. 2A) and WB (Fig. 2B)
demonstrated that the expression of NFAT2 was positively
correlated with tumor grade, and NFAT2 was upregulated
and located mainly in the nuclei of high-grade gliomas.
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In patient-derived GSC-enriched cultures, the expres-
sion of NFAT2 was examined by WB. NFAT2 protein levels
were positively correlated with MES markers YKL40 and
CD44 and were negatively correlated with PN marker ol-
igodendrocyte transcription factor 2 (Olig2) (Fig. 2C). The
expression and intracellular localization of NFAT2 in dif-
ferent GSCs were also examined by immunofluorescence
(Fig. 2D). Moreover, when we sorted GSCs into CD44high
and CD44'°% subpopulations, higher NFAT2 expression
was found in CD44Migh subfractions (Fig. 2E, F). Altogether,
these data suggest that elevated NFAT2 expression is asso-
ciated with the malignant phenotype of glioma and is clini-
cally relevant in GBMs.

NFAT?2 Silencing Inhibits MES GSC-Enriched
Tumor Sphere Growth In Vitro

To investigate the functional significance of elevated NFAT2
expression using 2 different shRNAs, NFAT2 was silenced
in MES GSC-enriched G08 and G10 spheres. WB showed
that NFAT2 silencing led to a decrease in CD44 and YKL40
expression, indicating the loss of the MES phenotype (Fig.
3A). NFAT2 knockdown remarkably inhibited cell prolif-
eration over time (Fig. 3B) and promoted cell apoptosis
(4.8-7.6-fold; Fig. 3C). Loss of NFAT2 expression also de-
creased GSC invasion as judged by the transwell invasion
assays (Fig. 3D) and 3D spheroid-based invasion assays
(Fig. 3E). Moreover, GSC spheres with NFAT2 knockdown

Grade IV Grade Il Grade |l B Grade IV Grade llI Grade Il
= . Sk 1 2 3 4 5 6 7 8 9
@ S : NFAT? [ et G . e o e o
- A X
ot A 2 ;7" 2 B-actin | ==— —— —— — — — —
e 4
E< 8
__ DAPI NFAT2  Merge z
C e € 6
O OO L O s
$ g & F I e ;
o oF oF & L G08-GSC K MW CD44™"
> & & o & Z 5 W cpas™
232
NFAT2 — — % 8
G10-GSC p . o
YKL40 —_— - 24 © 0 o
CD44 — — & &

B-actin| e w— — — —

£ o
Q &
’\ Q
G10-GSC GO8-GSC

Cb44 H L H L

NFAT2 [

B-actin | —— - W -

Fig. 2 NFAT2 expression in primary GSCs. (A) Representative IHC images of NFAT2 expression in WHO grade 1V, grade Ill, and grade Il glioma
clinical samples. Intense immunostaining was observed in the nuclei of grade IV glioma tissues. Scale bar = 50 um. (B) Representative WB image
of NFAT2 protein expression in WHO grade IV, grade Ill, and grade Il glioma clinical samples. (C) Western blotting shows the expression of NFAT2,
YKL40, CD44, and 0lig2 in the indicated GSCs. (D) Inmunofluorescence of NFAT2 in the primary GSCs. Scale bar = 25 um. (E, F) The expression of
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3independent experiments. *P< 0.05 and **P< 0.01.
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grew much slower than control cells, showing marked re-
ductions in sphere size (2.3-3.5-fold; Fig. 3F) and sphere
formation (Fig. 3G). However, in shNFAT2-transfected PN
GSC-enriched G03 and G12 spheres that had low basal
NFAT2 levels, the growth and invasion were not signifi-
cantly affected (Supplementary Fig. 3). These results sug-
gest that NFAT2 is important for the MES phenotype and
is preferentially required for the malignant growth of
MES GSCs.

NFAT2 Overexpression Promotes MES Transition
and Growth of GSCs In Vitro

To further confirm its role, NFAT2 was overexpressed
in G12 GSCs (Supplementary Fig. 4A, B). As shown in
Supplementary Fig. 4A, NFAT2 overexpression increased
the expression of CD44 and YKL40, showing the MES dif-
ferentiation. NFAT2 upregulation resulted in an obvious
increase in cell proliferation (Supplementary Fig. 4C) and
decrease in cell apoptosis (2.8-fold; Supplementary Fig.
4D). In addition, NFAT2 overexpression significantly pro-
moted cell invasion (2.4-fold; Supplementary Fig. 4E, F).
Furthermore, upregulation of NFAT2 enhanced the growth
of G12 spheres and resulted in a marked increase in sphere
size (5.2-fold; Supplementary Fig. 4G) and sphere forma-
tion (Supplementary Fig. 4H). NFAT2-induced MES transi-
tion and malignant phenotype were also validated in GO3
and G13 GSCs (Supplementary Fig. 5).

NFAT2 Affects the Tumorigenicity and MES
Differentiation of GSCs In Vivo

To determine the role of NFAT2 in GSC tumorigenesis and
MES transition in vivo, the transfected G08, G10, G12, or
G13 GSCs were injected into the brains of mice. Compared
with control shRNA, silencing of NFAT2 significantly inhib-
ited the intracranial tumor growth of G08 GSCs (4.7-7.5-
fold; Fig. 4A) and prolonged survival time (mean survival:
34.4 + 4.5 days vs 109.6 = 10.6 and 102.2 + 9.9 days, re-
spectively; Fig. 4B). IHC from in vivo tumors showed that
NFAT2-knockdown GSCs expressed lower levels of CD44
than did control GSC-induced tumors (Fig. 4C). Similar
in vivo effects were observed in NFAT2-knockdown G10
GSCs (Supplementary Fig. 6A-C). Meanwhile, NFAT2
overexpression significantly enhanced the intracranial
tumor growth of G12 GSCs (2.3-fold; Fig. 4D) and dimin-
ished survival periods (mean survival: 53.2 + 5.8 days vs
24.6 + 4.0 days; Fig. 4E). Moreover, intracranial tumors
formed by NFAT2-overexpression G12 expressed higher
levels of CD44 than did control G12-induced tumors (Fig.
4F), indicating an NFAT2-driven MES transition in vivo.
The in vivo effects of NFAT2 overexpression were also con-
firmed in G13 GSCs (Supplementary Fig. 6D, F).

NFAT2 Regulates the Expression of HDAC1
in GSCs

Next, we sought to identify potential downstream tar-
gets of NFAT2. According to the database of TCGA, the
expression of NFAT2 was significantly correlated with
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the expression of HDAC1 (R = 0.692, P < 0.001; Fig.
5A). The correlation was validated in the REMBRANDT
database (Supplementary Fig. 7A). Consistent with
NFAT2 expression, the expression of HDAC1 was also
significantly upregulated in the MES subtype (Fig.
5B and Supplementary Fig. 7B) and recurrent GBMs
(Supplementary Fig. 7C). The expression of HDAC1 posi-
tively correlated with the expression of the MES markers
CD44 and YKL40 (Supplementary Fig. 7D, E). In addi-
tion, higher levels of HDAC1 expression were associated
with poorer survival in gliomas and GBMs according to
the databases of TCGA and REMBRANDT (Fig. 5C and
Supplementary Fig. 7F-H). And similar to NFAT2, the ex-
pression of HDAC1 was higher in CD44hgh GSCs than in
CD44'>w GSCs (Fig. 5D, E).

As shown in Figure 5F-I, WB and double-labeled im-
munofluorescence demonstrated that NFAT2 silencing
remarkably suppressed the expression of HDAC1 in MES
GSC-enriched G08 and G10 spheres. In PN GSC-enriched
G03 and G12 spheres with low basal NFAT2 and HDAC1
levels, shNFAT2 transfection did not significantly influ-
ence HDAC1 levels (Supplementary Fig. 71). However,
NFAT2 overexpression markedly increased the expres-
sion of HDAC1 in PN GSC-enriched G12, G03, and G13
spheres (Fig. 5G-1 and Supplementary Fig. 7l). To deter-
mine whether NFAT2 regulated HDAC1 at the transcrip-
tional level, luciferase reporter assays were designed
so that the HDAC1 promoters were cloned upstream
of the luciferase. NFAT2 silencing markedly decreased
luciferase activity in GO8 GSCs with wildtype promoters
(Fig. 5J), and overexpression of NFAT2 significantly en-
hanced HDAC1 promoter activity in G12, G03, and G13
GSCs (Fig. 5K and Supplementary Fig. 7J). Promoter mu-
tation in the NFAT2 binding site also markedly reduced
luciferase activity (Fig. 5J-K and Supplementary Fig. 7J).
ChlP assays showed that NFAT2 bound to the promoter
of HDAC1 in G08 GSCs, and following NFAT2 knock-
down, binding was significantly suppressed. Meanwhile,
NFAT2 overexpression increased the binding of NFAT2
to the promoter of HDAC1 in G12, G03, and G13 GSCs
(Fig. 5L and Supplementary Fig. 7K). Thus, these results
indicate that NFAT2 enhances the promoter activities of
HDAC1 in GSCs.

In addition, loss of HDAC1 markedly decreased CD44 and
YKL40 expression, inhibited proliferation, and induced ap-
optosis (Supplementary Fig. 8A-C) in G08 and G10 GSCs.
HDAC1-silenced G08 and G10 GSCs showed a substantial
reduction of invasion (Supplementary Fig. 8D, E) and di-
minished self-renewal ability (Supplementary Fig. 8F G),
suggesting that HDAC1 contributes to the maintenance of
the MES phenotype and tumor growth.

Rescue of HDAC1 in NFAT2-Silenced GSCs
Partially Restores Tumor Growth

To investigate whether NFAT2 regulates the GSC malig-
nant phenotype in part by modulating HDAC1 expression,
we stably reexpressed HDAC1 in NFAT2-silenced GSCs.
Rescuing HDAC1 in NFAT2-knockdown G08 GSCs resulted
in restored expression of CD44 and YKL40 (Fig. 6A). When
we reexpressed HDAC1, the proliferation (Fig. 6B and
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Fig. 4 NFAT2 regulates GSC growth in vivo. (A) H&E-stained brain sections of mice after intracranial transplantation of G08 GSCs transfected
with shC, shNFAT2-1, or shNFAT2-2. Brains were harvested at 15 days after transplantation. NFAT2 silencing significantly inhibited tumor growth in
vivo. Scale bars = 1 mm. (B) Kaplan—Meier survival curves of mice injected with G08 GSCs transfected with shC, shNFAT2-1, or shNFAT2-2. (C) IHC
staining of NFAT2 and CD44 in intracranial tumors derived from G08 GSCs transfected with shC, shNFAT2-1, or shNFAT2-2. Scale bar = 25 pm. (D)
H&E-stained brain sections of mice after intracranial transplantation of G12 GSCs transfected with the NFAT2 overexpression plasmids or empty
vector. Brains were harvested at 15 days after transplantation. NFAT2 overexpression markedly enhanced tumor growth in vivo. Scale bars =1 mm.
(E) Kaplan—Meier survival curves of mice injected with G12 GSCs transfected with the NFAT2 overexpression plasmids or empty vector. (F) IHC
staining of NFAT2 and CD44 in intracranial tumors derived from G12 GSCs transfected with the NFAT2 overexpression plasmids or empty vector.
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Supplementary Fig. 9A), invasion (Supplementary Fig. 9B),
and self-renewal capacities (Fig. 6C, D) of NFAT2-silenced
GSCs were partially restored. Moreover, reexpression
of HDAC1 rescued tumor growth in vivo and resulted in
shorter survival periods of tumor-bearing mice compared
with NFAT2-silenced G08 transfected with an empty vector
(Fig. 6E, F). Rescuing HDAC1 in NFAT2-knockdown G08 also
restored the expression of CD44 in vivo (Fig. 6G). Similar
results were obtained when HDAC1 was rescued in NFAT2-
silenced G10 and G23 GSCs (Supplementary Figures 9C-H
and 10A-C). These findings suggest that NFAT2-regulated
MES differentiation is largely HDAC1 dependent.

NFAT2-HDAC1 Signaling Regulates NF-«xB
Pathway Activity

Gene set enrichment analysis using the datasets of TCGA
(Fig. 6H) or the Chinese Glioma Genome Atlas (www.cgga.
org.cn; Supplementary Fig. 10D) showed a positive associ-
ation with NF-xB pathway signatures in NFAT2 and HDAC1
high expression gliomas. In addition, in MES GSC-enriched
spheres, immunoprecipitation indicated that NFAT2 silen-
cing increased the level of acetylated lysine residues in p65
(Fig. 61 and Supplementary Fig. 10E). Meanwhile, NFAT2
knockdown suppressed the ability of p65 to bind kB-DNA,
as shown by electrophoretic mobility shift assay (Fig. 6J
and Supplementary Fig. 10F). In transcriptional assays
using a luciferase reporter controlled by NF-xB binding
sites, NFAT2 silencing inhibited NF-«xB activity (Fig. 6K and
Supplementary Fig. 10G). However, rescuing HDAC1 in
NFAT2-knockdown GSCs inhibited hyperacetylation of p65,
restored the ability of p65 to bind kB-DNA, and recovered
NF-xB-dependent transcriptional activity (Fig. 61-K and
Supplementary Fig. 10E-G). Therefore, NFAT2-HDAC1
signaling affects NF-xB pathway activity by regulation
of p65 acetylation in MES GSCs. However, in PN GSC-
enriched GO03 and G12 spheres, transfection of shNFAT2
did not significantly affect NF-xB activity (Supplementary
Fig. 10H), indicating that the NFAT2/HDAC1/ NF-xB
pathway specifically functions in the maintenance of MES
GSCs. Next, we blocked NF-xB activation by introducing a
dominant-negative IxBaM in NFAT2/HDAC1-upregulated
GO03 and G12 GSCs. Inhibition of NF-xB activity largely
reduced NFAT2/HDAC1-induced YKL40 and CD44 expres-
sion (Supplementary Fig. 10l). Thus, our data suggest that
NFAT2/HDAC1-mediated MES differentiation depends on
NF-«xB activity.

A previous study showed the repression of YKL40 by
NF-xB via the recruitment of HDAC1 to the YKL40 pro-
moter in the glioma cell line SNB-75.2 However, this ef-
fect occurred in a strict cell-specific manner, and in other
cell types NF-xB promoted YKL40 expression, and HDAC1
was not recruited to the YKL40 promoter.2® Using ChIP as-
says we did not detect the recruitment of HDAC1 to the
YKL40 or CD44 promoters in MES GSC-enriched G08 and
G10 spheres with high basal HDAC1 or in NFAT2-HDAC1
upregulated G12 GSCs (Supplementary Fig. 10J, K).
Therefore, given our results and the established molecular
link between NF-xB activation and MES differentiation in
GSCs,*® NF-xB and HDAC1 may play completely different
roles in GSCs and SNB-75 cells.
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Discussion

Despite the current development of multimodal therapy,
the prognosis of GBM is still poor due to gradual malig-
nant progression and accompanied treatment resistance.’
An important characteristic that equips GBMs with the
capability to adapt to antitumor therapy is MES differen-
tiation.*® During MES transition, GBMs become more
aggressive and exhibit a more malignant phenotype.’
Therefore, understanding the molecular mechanisms that
control MES differentiation and promote malignant trans-
formation in GBMs holds the promise of improving the ef-
ficacy of therapeutic strategies.

Previous studies have evaluated the role of some NFAT
family members in glioma biology,?*?’ and NFAT1 has
been shown to mediate the adhesion and migration of
GBM cells.?® Nevertheless, the function of NFAT2 in glioma
cells, especially in GSCs, is still largely unknown. Since
different NFATs may play different roles in tumor devel-
opment and progression,’®'* investigating the role of
NFAT2 in GSCs and exploring the underlying molecular
mechanism is a worthy endeavor. In this study, we demon-
strated that NFAT2 is important for the malignant growth
of GSCs. Consistently, one previous study showed that
NFAT2 activation enhances the invasion of U251 glioma
cells.?® In addition, sequential transcriptional activation
of NFAT2 and c-Myc mediates cell growth promoted by
transforming growth factor beta in several types of cancer
cells.”® Constitutive NFAT2 activation induces a trans-
formed phenotype in 3T3-L1 fibroblasts, showing the on-
cogenic potential of NFAT2.2Therefore, NFAT2 may play a
crucial role in regulating cancer initiation and progression.
Furthermore, we found that NFAT2 signaling maintains
the MES phenotype of GSCs. Previous studies associated
inflammatory pathways with the MES phenotype*® and
found that NFAT2 is at the intersection of cancer and in-
flammation.'® Activation of NFAT2 signaling upregulates
a number of cytokines and cytokine receptors and estab-
lishes an inflammatory microenvironment for tumor de-
velopment.’® Consistent with our study, NFAT2 has been
identified as a central regulator of pancreatic cancer cell
plasticity, and NFAT2 drives EMT reprogramming and
maintains pancreatic cancer cells in a stem cell-like state.3°

As regulators of inflammation and immunity, NFAT,
HDAC, and NF-kB family members often collaborate with
each other in physiological processes and immunologic
disorders.”'2 For example, NFAT2 has been shown to in-
teract with HDAC1 in the regulation of interleukin (IL)-2
and IL-10 expression in lymphocytes.?'3? NFAT2 and
NF-kB synergistically activate CD154 gene transcrip-
tion in aggressive B-cell lymphomas.3® We found that
in GSCs, HDAC1 is the downstream target of NFAT2. By
regulation of HDAC1 expression, NFAT2 may influence
the acetylation of NF-xB subunit p65 and affect the tran-
scriptional activity of NF-xB, which further modulates the
MES transition (Fig. 7K). A previous study showed that
downregulation of HDAC1 inhibited proliferation, pre-
vented invasion, and induced apoptosis in glioma cells.3
Interestingly, knockdown of HDAC1 also suppressed
the expression of EMT transcription factors TWIST1
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and SNAIL, decreased the mesenchymal marker matrix
metalloproteinase 9, and increased the epithelial marker
E-cadherin,3 suggesting that HDAC1 may contribute to
glioma cell EMT. It has been demonstrated that NF-xB
signaling promotes the malignant phenotype and drives
mesenchymal transition in GBMs.*3® However, mutation
or amplification of individual NF-xB subunits is rare in
GBMs, indicating that the elevated NF-xB activity is likely
the result of deregulation of the pathway.®® Moreover,
HDAC1 may potentially modulate the acetylation status
of NF-kB subunits and impact NF-xB activity in malignan-
cies such as GBM and embryonic carcinoma.3¢37 HDAC1 References
inhibitors have been shown to repress NF-xB activity and
induce cancer cell apoptosis.®®37 Qur results suggest a
tight connection between NFAT2/HDAC1 signaling and
NF-xB activity (Fig. 6L), emphasizing the role of inflam-
matory factors in the MES transition and malignant pro-
gression of GBMs.
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