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Abstract Glioblastoma multiforme (GBM) is the most fatal
of all brain cancers, and the standard care protocol for GBM
patients is surgical tumor resection followed by radiotherapy
and temozolomide (TMZ)-mediated chemotherapy. However,
tumor recurrence frequently occurs, and recurrent GBM ex-
hibits more malignancy and less sensitivity in response to
chemotherapy. The malignancy and drug resistance primarily
reflect the small population of glioma stem-like cells (GSC).
Therefore, understanding the mechanism that controls GSC
enrichment is important to benefit the prognosis of GBM pa-
tients. Nucleolin (NCL), which is responsible for ribosome
biogenesis and RNA maturation, is overexpressed in gliomas.
However, the role of NCL in GSC development and drug
resistance is still unclear. In this study, we demonstrate that
NCL attenuated GSC enrichment to enhance the sensitivity of
GBM cells in response to TMZ. In GSC enrichment, NCL
was significantly reduced at the protein level as a result of
decreased protein stability. In particular, the inhibition of
HDAC activity by suberoylanilide hydroxamic acid rescued
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NCL acetylation accompanied by the loss of mouse double
minute 2 homolog (MDM?2)-mediated ubiquitination. In addi-
tion, we found that NCL ubiquitination resulted from the ac-
tivation of STAT3- and JNK-mediated signaling in GSC.
Moreover, NCL inhibited the formation of stem-like spheres
by attenuating the expression of Sox2, Oct4, and Bmil.
Furthermore, NCL sensitized the response of GBM cells to
TMZ. Based on these findings, NCL expression is a potential
indicator to predict chemotherapeutic efficiency in GBM
patients.
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Introduction

Repeated recurrence mediated by drug and radioresistance after
therapy is the primary reason for the death of cancer patients [1,
2]. Glioblastoma multiforme (GBM) is the most malignant of
brain tumors and consistently develops resistance in response
to chemotherapy, leading to recurrence. The standard care proto-
col of GBM is surgical resection following chemotherapy and
radiotherapy. Temozolomide (TMZ), the major chemotherapeu-
tic drug for GBM, does not benefit all patients, and its effects are
limited to a short time window [3-5]. In particular, TMZ slightly
extends the median survival from 12.1 to 14.6 months in GBM
patients who received radiotherapy [4]. After resection and ther-
apy, the recurrent tumors are more aggressive and less sensitive
to therapy. A small subpopulation of cells, termed GBM stem-
like cells (GSC), has strong self-renewal potential and contributes
to tumorigenic initiation, progression, and resistance [6]. Radio-
and chemotherapy enrich the population of GSC, characterized
by the expression of CD133, Oct4, Sox2, and Bmil, thereby
increasing the difficulty of treatment [6-S].
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Compared with normal tumor cells, cancer stem cells ex-
hibit more resistance to radio- and chemotherapy [9, 10], and
TMZ treatment ultimately expands the GSC population [11,
12]. In addition, inhibition of Oct4 and Sox2, both of which
are markers of GSC, significantly improved TMZ-mediated
therapy in the orthotopic GBM mouse model [13]. In partic-
ular, the master regulators of GSC, such as Sox2, Oct4, and
Bmil, were shown to mediate chemoresistance [14—16].
These results highlight the importance of the GSC population
in glioma development, and the identification of therapeutic
strategies targeting GSC enrichment is needed to cure glioma
patients.

Recent studies have indicated that nucleolin (NCL) is
overexpressed in glioma and that glycosylated NCL serves
as a putative marker of glioma [17]. In addition to ribosome
biogenesis, NCL extensively regulates several cellular func-
tions, including transcription, RNA turnover, translation, and
viral entry into the cellular membrane [18]. The understanding
of NCL in stem cell biology is still limited. In embryonic stem
cell maintenance, NCL suppresses the p53 pathway and af-
fects Oct4-mediated transcription for self-renewal [19, 20]. In
addition, NCL is essential to maintain hematopoietic progen-
itor cells [21]. However, the role of NCL in GSC enrichment
and drug sensitivity remains unclear. In the present study, we
found that NCL expression is decreased in GSC compared
with normal GBM. The decreased NCL in GSC was caused
by the ubiquitination-mediated protein destabilization con-
trolled by mouse double minute 2 homolog (MDM?2).
Specifically, HDAC2-mediated deacetylation was required
for NCL ubiquitination. Moreover, the downregulation of
NCL contributes to the development of stemness and TMZ
resistance.

Materials and Methods
Cell Culture and Chemicals

The glioma cell lines U87MG, U373MG, and A172 were
purchased from ATCC (Manassas, VA, USA) and cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (GE Healthcare Life Sciences,
South Logan, UT, USA), 100 pg/ml penicillin, and 100 pg/
ml streptomycin (Thermo Fisher Scientific, Waltham, MA,
USA) at 37 °C in a 5% CO, incubator. Both FTY720 and
SP600125 were purchased from Selleckchem (Houston, TX,
USA).

Human Specimens

The use of human specimens was approved by the Clinical
Research Ethics Committee at Taipei Medical University
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Hospital. The human GBM cells, p##11, were isolated from
the tumor tissue of a male glioma patient. Before radio- and
chemotherapy, the GBM tissue was excised from the patient at
the first surgery, and tissue was freshly homogenized by col-
lagenase type IV and DNase I for purifying pt#11 cells. Pt#11
cells were maintained in the DMEM containing 10% FBS.

Bioinformatics

The messenger RNA (mRNA) level of NCL in primary and
recurrent GBM was retrieved from the GSE4271 database of
NCBI [22, 23]. The comparison of NCL in these two groups
was analyzed by Student’s ¢ test.

The Establishment of TMZ-Resistant Cells

The concentration of TMZ in the serum of patient which re-
ceived TMZ-mediated chemotherapy is approximately
100 uM [24, 25], which is sufficient to induce apoptosis in
GBM cells in in vitro studies [26, 27]. In addition, IC50 of
U87MG cells in response to TMZ is approximately 100—
172 uM [28, 29]. Therefore, we attempted to establish the
cells which exhibit resistance to 100200 uM TMZ. After
treatment with TMZ (Sigma-Aldrich, St. Louis, MO, USA)
for 24 h, the US7MG or pt#11 cells were seeded onto a 96-
well plate (1 cell/well) and cultured in growth media contain-
ing 100 uM TMZ for an additional 21 days. On day 22, cells
were maintained in the media containing 150 uM TMZ until
day 42; on day 43, cells were maintained in the media con-
taining 200 uM TMZ for 21 days. The surviving cells were
gradually expanded into 12-well plates and 6- and 10-cm
dishes with 200 uM TMZ treatment. The healthy and TMZ-
resistant cells were maintained in the media containing
200 uM TMZ. The resistance characteristics were confirmed
using a colony formation assay.

Colony Formation Assay

One hundred U87MG and TMZ-resistant U87MG cells were
seeded onto 6-cm dishes and incubated for 3 days. On day 4,
cells were treated with the indicated dose of TMZ for addi-
tional 9 days, and the media containing TMZ was renewed
every 2 days. On day 12, cell colonies were stained with
0.05% crystal violet (Sigma-Aldrich) overnight. After wash-
ing by tap water, cell colonies were photographed by a scan-
ner, and the number of colony was quantified by the Image J
software (National Institute of Mental Health, Bethesda, MD,
USA).

Glioma Sphere Culture and Treatment

Using a previously established protocol [30, 31], the cells
(1.6 x 10°) were suspended in F12/DMEM (Thermo Fisher
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Scientific) containing 20 ng/ml FGF (Sigma-Aldrich), 20 ng/
ml EGF (Sigma-Aldrich), and N, supplement (Thermo Fisher
Scientific); seeded onto 6-cm dishes coated with poly
(2-hydroxyethyl methacrylate) (Santa Cruz Biotechnology,
Inc., Dallas, TX, USA); and incubated at 37 °C and 5% CO,
for the indicated time. The number of spheres was quantified
using Image] software (National Institute of Mental Health).

Transfection

The cells were transfected with the indicated plasmids
using Polyjet reagent (SignaGen Laboratories, Rockville,
MD, USA) according to the manufacturer’s instructions.
The plasmid, pEGFP-C2-NCL (GFP-NCL), was con-
structed as previously described [32]. For transfection of
GFP-NCL, 2 x 10° cells were seeded onto 6-well plates
and incubated overnight. Two micrograms of GFP-NCL
was diluted in a 1.5-ml Eppendorf tube containing 100 ul
serum-free media; 6 ul of Polyjet reagent was diluted in a
1.5-ml Eppendorf tube containing 100 ul serum-free me-
dia. After mixing and spinning down, serum-free media
containing Polyjet reagent was transferred into a 1.5-ml
Eppendorf tube containing serum-free media and GFP-
NCL plasmid. After incubating for 15 min at room tem-
perature, the mixture containing the plasmid and Polyjet
reagent was transferred into the well containing 2 x 10°
cells and 1 ml growth media. To overexpress GFP-NCL in
spheroid US7MG, cells were transfected with the GFP-
NCL plasmid overnight and subsequently subjected to
sphere culture methods.

Lentivirus-Mediated Gene Knockdown

The shRNA-expressing lentiviruses targeting scramble
(Clone ID: ASNO0O00O0O0OO0O0OO1; oligo sequence:
CCGGAGTTCAGTTACGATATCATGTCTCGAGA
CATTCGCGAGTAACTGAACTTTTTT; target sequence:
none), NCL (Clone ID: TRCN0000062284; oligo se-
quence: CCGGCGGTGAAATTGATGGAAATAAC
TCGAGTTATTTCCATCAATTTCACCGTTTTTG;target
sequence: CGGTGAAATTGATGGAAATAA), or MDM2
(Clone ID: TRCNO0000355725; oligo sequence:
CCGGATTATCTGGTGAACGACAAAGCTCGAGC
TTTGTCGTTCACCAGATAATTTTTTG; target se-
quence: ATTATCTGGTGAACGACAAAG) were con-
structed at the RNAi Core Facility of Academic Sinica
(Taipei, Taiwan) and were used according to the provider’s
instructions.

Western Blotting

Cellular proteins were lysed by RIPA lysis buffer (EMD
Millipore, Billerica, MA, USA) containing protease

inhibitors (EMD Millipore), and protein concentration
was determined by BCA assay (Thermo Fisher
Scientific). Twenty micrograms of proteins were subject-
ed to western blotting. After protein electrophoresis and
transfer, the blocked PVDF membrane was incubated
with primary antibody, including anti-NCL (1:2000;
Santa Cruz Biotechnology, Inc.), anti-CD133 (1:1000;
Proteintech Group, Chicago, IL, USA), anti-Sox2
(1:1000; GeneTex, Inc., Irvine, CA, USA), anti-Bmil
(1:1000; GeneTex, Inc.), anti-Oct4 (1:1000; Cell
Signaling Technology, Danvers, MA, USA), anti-
MDM2 (1:1000; Santa Cruz Biotechnology, Inc.), anti-
ubiquitin (1:2000; GeneTex, Inc.), anti-acetyl-lysine
(1:2000; Cell Signaling Technology), anti-p300
(1:2000; GeneTex, Inc.), anti-Nanog (1:1000; GeneTex,
Inc.), anti-HDAC2 (1:1000; EMD Millipore), anti-
pSTAT3 (1:1000; Cell Signaling Technology), anti-
STAT3 (1:3000; Santa Cruz Biotechnology, Inc.), anti-
pJNK (1:1000; Cell Signaling Technology), anti-JNK
(1:3000; Cell Signaling Technology), anti-pERK
(1:2000; Cell Signaling Technology), anti-ERK
(1:5000; EMD Millipore), anti-pAkt (1:1000; Cell
Signaling Technology), anti-Akt (1:3000; Santa Cruz
Biotechnology, Inc.), anti-pp38 (1:1000; Cell Signaling
Technology), anti-p38 (1:3000; Cell Signaling
Technology), anti-PARP (1:1000; Cell Signaling
Technology), anti-caspase 3 (1:1000; Cell Signaling
Technology), anti-GAPDH (1:20,000; Proteintech
Group), or anti-tubulin (1:20,000; Sigma-Aldrich), at
4 °C overnight. After incubation with secondary anti-
body conjugated with HRP (1:20,000; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA,
USA), the signals amplified using enhanced chemilumi-
nescence reagent (ECL, GE Healthcare Life Sciences)
were captured using the ChemiDoc™ Touch Imaging
System (Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

Protein Stability Analysis

The cells were treated with 10 uM cycloheximide (CHX), and
20 pg of the lysates was collected at the indicated times for
western blot using the anti-NCL antibody.

Immunoprecipitation

Five hundred micrograms of proteins were incubated with
2 ng of the anti-NCL antibody or IgG (Santa Cruz
Biotechnology, Inc.) for 1 h at 4 °C, and the cell lysates con-
taining the antibody were mixed with 50 pl of protein A/G
PLUS agarose (Santa Cruz Biotechnology, Inc.) for 1 h at
4 °C. After centrifugation at 3000 rpm for 5 min at 4 °C, the
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immune-complex was collected and analyzed using western
blot.

RT-qPCR

TRIsure reagent (SignaGen Laboratories) was used to prepare
total RNA according to the manufacturer’s instructions. The
cDNA was synthesized using the SensiFAST™ cDNA
Synthesis Kit (Bioline USA, Inc., Taunton, CA, USA) and
was subjected to real-time PCR using the SensiFAST™
SYBR® Hi-ROX Kit (Bioline USA Inc.) in a
StepOnePlus™ Real-Time PCR System (Thermo Fisher
Scientific). The following primers were used for qPCR:
Sox2, F-AAATGGGAGGGGTGCAAAAGAGGAG, R-
CAGCTGTCATTTGCTGTGGGTGAT G; Bmil, F-
TGGAGAAGGAATGGTCCACTT C, R-GTGAGGAA
ACTGTGGATGAGGA; Oct4, F-CTTGCTGCAGAAGT
GGGTGGAGGAA, R-CTGCAGTGTGGGTTTCGGGCA;
NCL, F-ATGGTGAAGCTCGCGAAGGC, R-ATCCTCCT
CTTCATCACTGT; and GAPDH, F-CCATCACCATCTTC
CAGGAG, R-CCTGCTTCACCACCTTCTTG.

Statistical Analysis

Student’s ¢ test was used to compare the differences between
the groups. Protein stability was compared using a two-way
analysis of variance (ANOVA). P <0.05 was considered sta-
tistically significant.

Results

NCL Downregulation in Recurrent and TMZ-Resistant
Gliomas

Because the role of NCL in the occurrence of drug
resistance is unknown, we compared NCL levels in gli-
omas with or without TMZ resistance. In Fig. la, NCL
mRNA was significantly decreased in recurrent GBM
according to GSE4271, suggesting that NCL downregu-
lation is involved in drug resistance. In addition, glioma
stem-like cells potentially contribute to TMZ resistance.
Therefore, we established TMZ-resistant GBM cells
(Fig. 1b) and found that NCL was significantly de-
creased concomitant with the significant upregulation
of stemness markers, including CD133, Sox2, Bmil,
and Oct4, in TMZ-resistant US7MG and pt#l11 cells
(Fig. 1c, d). These results suggest that the decreased
expression of NCL contributes to the TMZ resistance
of the expanding GSC population.
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The Reduction of NCL Expression in Glioma Stem-Like
Spheres

Based on the reduction of NCL in TMZ-resistant cells which
exhibit GSC stemness, we attempted to evaluate the expres-
sion of NCL in GSC. Therefore, compared with adherent gli-
oma cells, we evaluated the NCL expression in GSC-like
spheres of U7MG, U373MG, A172, and pt#l11 cells
(Fig. 2A). As the spheres developed stemness, characterized
by CD133, Sox2, Oct4, and Bmil, NCL expression was sig-
nificantly decreased in spheroid US7MG, U373MG, A172,
and pt#11 cells (Fig. 2B). In particular, the spheroid formation
of US7MG/GSC is more significant than that of A172, U373,
and pt#11 cells (data not shown). These findings suggest that
NCL is a negative regulator of GSC enrichment.

MDM2-Mediated Ubiquitination Degrades NCL in GSC

To characterize the mechanism underlying NCL downregula-
tion in GSC, we analyzed NCL mRNA in U§7MG and
U373MG cells, both of which were cultured in adherent type
and spheroid type of GSC. In Fig. 3a, NCL mRNA expression
remained stable, whereas the mRNA level of stemness
markers was significantly increased as the spheres developed,
suggesting that transcription is not involved in NCL alter-
ations in GSC. Therefore, we tested NCL protein stability, as
shown in Fig. 3b, and found that NCL protein was significant-
ly more unstable for degradation in GSC. Protein stability is
highly modulated by posttranslational modification, particu-
larly ubiquitination. Accordingly, NCL ubiquitination was
identified in spheroid U87MG/GSC, but not in adherent
U87MG cells (Fig. 3c). Because NCL was shown to interact
with MDM2 [33, 34], we postulated that MDM?2 is the E3
ligase for NCL ubiquitination; therefore, this interaction in
GSC was identified (Fig. 3c). Interestingly, NCL acetylation
was lost in GSC (Fig. 3c¢), in which NCL interacted with
HDAC?2 (Fig. 3c) but not with HDAC1 or HDAC3 (data not
shown). To demonstrate whether MDM?2 influences NCL for
GSC enrichment, MDM2-knocked down cells were induced
to develop stem-like spheres. MDM?2 knockdown not only
impaired sphere formation but also increased NCL protein
levels (Fig. 3d, e). Furthermore, MDM?2 knockdown signifi-
cantly abolished NCL ubiquitination in GSC to rescue NCL
degradation (Fig. 3e). All together, these findings suggest that
MDM2-mediated NCL ubiquitination is important for GSC
enrichment.

Inhibition of HDAC Prevents NCL Ubiquitination
and Impairs GSC Enrichment

Based on the acetylation loss of NCL in GSC, we attempted to
determine whether HDAC-mediated NCL deacetylation is im-
portant for GSC. As shown in Fig. 4a, following treatment
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Fig. 1 Reduction of NCL expression in recurrent and TMZ-resistant
glioma. a The mRNA level of NCL was retrieved from the GSE4271
database. The comparison was performed using Student’s ¢ test
(*P < 0.05). b The sensitivity of U§7MG and US§7MG-R to TMZ was
evaluated based on colony formation and was shown as the quantitative
result. After seeding cells for 3 days, cells were treated with TMZ for
additional 9 days and stained with crystal violet. Independent experiments

with suberoylanilide hydroxamic acid (SAHA), a potent
HDAC inhibitor, spheroid formation was significantly
inhibited. In addition, SAHA increased NCL expression ac-
companied by Sox2 downregulation and apoptosis, as evi-
denced by PARP and caspase 3 cleavage (Fig. 4b). To deter-
mine whether SAHA increases transcription of NCL promoter
resulting in the upregulation of the NCL protein, we analyzed
NCL mRNA expression and found that SAHA did not affect
NCL mRNA expression (Supplementary Fig. S1), and we
speculated that acetylation is involved in NCL protein stabil-
ity. In particular, SAHA significantly extended the half-life of
NCL protein in GSC (Fig. 4¢). Furthermore, SAHA rescued
acetylation through abolishing the interaction with HDAC2

were performed three times in triplicate. The difference between two
groups was analyzed by Student’s # test. P value was indicated. ¢ The cell
lysates were subjected to western blotting using the antibody
recognizing NCL, CD133, Oct4, Bmil, or tubulin. d Quantitated results
of western blotting in ¢. Experiments were performed three times
independently, and the difference was analyzed by Student’s ¢ test
(*P < 0.05, **P < 0.01)

and prevented ubiquitination by inhibiting the interaction with
MDM2 (Fig. 4d), leading to NCL accumulation in GSC.
These results suggest that NCL is deacetylated by HDAC2,
followed by MDM2-mediated ubiquitination in GSC. The
restoration of acetylation by inhibiting HDAC successfully
prevents NCL ubiquitination and impairs GSC enrichment.

Activation of STAT3 and JNK-Mediated Signaling
Contributes to NCL Reduction and GSC-Like Spheres

Formation

To investigate the mechanism contributing to NCL reduc-
tion in GSC, we analyzed the phosphorylation of several
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Fig. 2 The decrease of NCL in
GSC-like spheres compared with
normal glioma. Spheres were
induced and cultured as described
in the “Materials and Methods.”
A Representative images of
adherent and spheroid glioma
cells. The formation of GSC
sphere was induced and cultured
according to the “Materials and
Methods” section. Magnification
x10; scale bar 100 pum. B The
lysates of adherent and spheroid
glioma, including US7MG,
U373MG, A172, and pt#l11 cells,
were collected on the indicated
day and were subjected to western
blotting. The protein level of NCL
was quantified and normalized to
tubulin. a adhered cells.
Experiments were performed
three times independently and
difference between two groups
was analyzed by Student’s # test
(P* < 0.05, P** < 0.01,

P##% < 0.001)
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kinases in adherent GBM and GSC-like spheres. As
shown in Fig. 5a, compared with adherent US§7MG and
pt#11 cells, the phosphorylation of STAT3 and JNK1 was
significantly increased in both spheroid U87MG and
pt#11. Spheroid pt#11, not spheroid U87MG cells, exhib-
ited the significantly increased levels of phosphorylated
Akt and ERK (Fig. 5a). Accordingly, we proposed that
the reduction of NCL in GSC is caused by the activation
of STAT3 and JNK, and subsequent experiments showed
that the blockade of JNK or STAT3 by SP600125 or
FTY720, respectively, is sufficient to rescue NCL reduc-
tion in spheroid US7MG (Fig. 5b, c¢) and pt#11 cells
(Supplementary Fig. S2). All together, these findings in-
dicate that STAT3- and JNK-mediated signaling promotes
GSC enrichment by downregulating NCL expression.
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NCL Inhibits GSC Enrichment and Sensitizes Glioma
to TMZ Treatment

To confirm whether NCL impairs GSC enrichment, we sub-
jected U87MG-expressing GFP-NCL to sphere culture. As
shown in Fig. 6A, GFP-NCL not only reduced the size but
also significantly decreased the number and size of spheroid
U87MG cells (Fig. 6A). Furthermore, the stem-like character-
istics, as evidenced by Sox2, Oct4, and Bmil expression, were
significantly decreased by NCL (Fig. 6B). Additionally, the
inhibitory effect of NCL on Sox2 and Oct4 was due to tran-
scription inhibition and mRNA destabilization
(Supplementary Fig. S3). Therefore, we speculated that NCL
prevents TMZ resistance as a result of its inhibitory effect on
GSC enrichment. In Fig. 6C, spheroid US7MG cells exhibited
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Fig.3 MDM2 degrades NCL through inducing ubiquitination in GSC. a
The mRNA levels of NCL and stemness markers. b Adherent and
spheroid U87MG cells were treated with 10 uM CHX, and the cell
lysates were harvested at the indicated times for western blotting.
Lower panel, the stability of NCL protein in adherent and spheroid
U87MG cells was compared using two-way ANOVA. Experiments were
performed three times independently. P value is indicated. The protein
level of NCL at the indicated treatment time of CHX in adherent and
spheroid U87MG was compared using Student’s ¢ test (¥*P < 0.05,
*##P < 0.01, ***P < 0.001). ¢ Five hundred of cell lysates from adherent
(a) and spheroid (s) U87MG cells were immunoprecipitated using the
anti-NCL antibody, and the immune-complex was analyzed by western
blotting using the anti-ubiquitin, anti-MDM2, anti-NCL, anti-acetyl-
lysine (Ac-K), anti-p300, anti-HDAC2, or anti-Nanog antibody.

resistance to 200 uM TMZ, whereas GFP-NCL-expressing
spheres were destroyed in response to treatment with
100 uM TMZ. In addition, TMZ exhibited a more potent
effect in NCL-expressing spheres on inducing apoptosis, as
characterized by caspase 3 cleavage (Fig. 6C). We also exam-
ined the effect of NCL on TMZ sensitivity in adherent
U87MG cells and found that NCL overexpression enhanced
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antibody. Right panel, quantitated results. Experiments were performed
three times independently, and the difference was analyzed by Student’s ¢
test (*P < 0.05). f Left panel, the lysates of spheroid U87MG with or
without MDM2 knockdown were immunoprecipitated using the anti-
NCL antibody, and the precipitates were analyzed by western blotting
using the anti-ubiquitin or anti-MDM?2 antibody. Right panel, the
ubiquitination of NCL was quantified and analyzed by Student’s ¢ test
(*P < 0.05)

TMZ-decreased cell survival (Supplementary Fig. S4). In con-
trast, NCL knockdown surprisingly induced the formation of
spheroid US7MG cells and increased Sox2 expression
(Fig. 7a, b). Moreover, NCL knockdown significantly attenu-
ated TMZ-induced apoptosis, as evidenced by cleaved PARP
and caspase 3 (Fig. 7c, d). Based on these results, in TMZ-
sensitive glioma, acetylated NCL constitutively inhibits Sox2,
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Fig. 4 Effect of SAHA on GSC formation and NCL expression. a After
treatment with SAHA for 48 h, the GSC spheres on day 6 were
photographed. Magnification x10; scale bar 100 pm. b GSC spheres
were collected for protein preparation and analyzed by western blotting.
Lower panel, the quantitative results of NCL and Sox2. Experiments were
performed three times independently, and the difference was analyzed by
Student’s ¢ test (¥*P < 0.05, **P < 0.01). ¢ Upper panel, in the presence or
absence of SAHA, the GSC spheres on day 6 were treated with CHX for
the indicated times. The NCL expression was analyzed by western
blotting, and the stability was compared using two-way ANOVA (lower

Oct4, and Bmil to prevent GSC expansion, and in TMZ-
resistant cells, HDAC2-mediated deacetylation and MDM2-
mediated ubiquitination induce NCL degradation to de-
repress Sox2, Oct4, and Bmil, leading to GSC enrichment
and TMZ resistance (Fig. 8).

Discussion

In this study, we demonstrated that NCL downregulation in GSC
contributed to TMZ resistance. Lower expression of NCL was
accompanied by the upregulation of markers of GSC, including
CD133, Oct4, Bmil, and Sox2. We further demonstrated that the
protein level of NCL was decreased in GSC stem-like spheres. In
particular, both HDAC2-mediated deacetylation and MDM2-
mediated ubiquitination contributed to protein instability of
NCL in GSC, leading to protein degradation. Furthermore, p-
STAT3 and p-JNK, both of which are required for GSC-like
spheres enrichment [35, 36], caused NCL downregulation.
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panel). Experiments were performed three times independently. P value
is indicated. The protein level of NCL at the indicated treatment time
point of CHX was compared using Student’s ¢ test (*P < 0.05). d
Upper panel, the immune-complex precipitated using the anti-NCL
antibody was analyzed by western blotting using the anti-acetyl-lysine,
anti-HDAC2, anti-ubiquitin, or anti-MDM2 antibody. Lower panel, both
acetylation and ubiquitination of NCL were quantified. @ adherent, s
spheroid. Experiments were performed three times independently, and
the difference was analyzed by Student’s 7 test (*P < 0.05, **P < 0.01)

Moreover, NCL enhanced TMZ-induced apoptosis, character-
ized by detecting caspase 3 and PARP cleavages. Accordingly,
NCL sensitizes the response of GBM to TMZ through inhibiting
GSC formation.

Over the past decade, NCL has been identified as an onco-
genic protein that regulates proliferation, metastasis, and an-
giogenesis [18]. In addition to expression, NCL localization is
essential for tumor development. Membrane NCL cooperates
with surface receptors, such as EGFR, ErbB2, and TGFf3
receptor, to promote tumorigenicity [37-39]. Strategies
targeting surface NCL have been identified [40], thus impli-
cating a critical role for NCL in tumor development. However,
the role of NCL in cancer stem cell enrichment, which con-
tributes to chemoresistance, remains unclear. The results of
the present study provide a novel insight into how NCL sup-
presses GSC to prevent the occurrence of TMZ resistance.

Although we clarified that NCL was decreased in recurrent
glioma and GSC (Figs. 1 and 2), it remains unclear whether
NCL is a biomarker to predict the response of patients to TMZ
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administration. However, additional studies are needed to con-
firm whether patients with low NCL expression exhibit a poor
response to TMZ. The NCL downregulation in GSC is differ-
ent from that in both breast cancer stem cells and hematopoi-
etic progenitor cells whose NCL is upregulated [21, 41]. The
discrepancy between these controversial results remains un-
known. In addition to regulating GSC expansion, NCL affects
drug sensitivity by regulating the DNA repair system. The
deletion of NCL/Nsr1 reduces the sensitivity to camptothecin
by affecting topoisomerase I localization [42]. NCL also in-
hibits nucleotide excision repair, which antagonizes TMZ
treatment [43]. To confirm whether NCL affects TMZ
sensitivity in GSC-independent pathways, we showed
that TMZ exhibited a stronger effect on inhibiting cell
survival in adherent glioma cells overexpressing GFP-
NCL (Supplementary Fig. S4). The underlying mecha-
nism remains unknown.
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Studies on NCL acetylation have not been well established.
In the present study, we indicated that NCL acetylation con-
fers to enhanced protein stability, which has never been re-
ported. In addition, because NCL ubiquitination was identi-
fied, the E3 ligase for this modification should be determined.
Previously, NCL was shown to associate with MDM2 and
antagonize the function of this protein [33], and MDM2 has
been implicated in the stemness development of GBM [44].
Therefore, we examined whether MDM2 interacts with NCL
in GSC and found that acetylation blocked MDM2-mediated
NCL ubiquitination in GSC (Fig. 4), suggesting that acetyla-
tion competes with ubiquitination through an unknown mech-
anism. Other studies have indicated that NCL acetylation at
the K88 residue is involved in mRNA maturation and splicing
[45], suggesting the importance of acetylation for NCL stabil-
ity and function. Proteins such as drosha, COMMDI, and
epithelial sodium channel have been shown to require
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Fig. 6 Effect of NCL overexpression on GSC enrichment and GBM
sensitivity to TMZ. A After transfection with GFP-NCL, U87MG cells
were induced to form GSC spheres for 7 days, which were photographed
(left) and quantified (right). Magnification x2.5; scale bar 25 pm;
magnification x10; scale bar 100 pm. Experiments were performed
three times independently, and the difference was analyzed by Student’s
ttest (*P < 0.05). B The cell lysates of day 7 spheroid US7MG cells were
analyzed by western blotting (/eff), and the expression of stemness
markers was quantified (right panel). Experiments were performed
three times independently, and the difference was analyzed by Student’s

acetylation to maintain protein stability and prevent
ubiquitination [46—48].

Although NCL has been shown to enhance leukemia
stemness [21], the effect of NCL on the stemness markers
responsible for self-renewal remains unclear. In Fig. 5, NCL
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t test (*P < 0.05). C After GFP-NCL overexpression, the spheroid
US87MG cells on day 5 were treated with TMZ for 48 h. The GSC spheres
were photographed (@) and counted (b). Magnification x2.5; scale bar
25 pm; magnification x10; scale bar 100 pm. Experiments were per-
formed three times independently, and the difference was analyzed by
Student’s ¢ test (**P < 0.01, ***P < 0.001). ¢ Subsequently, the spheres
were homogenized to prepare protein lysates, and the lysates were ana-
lyzed by western blotting. d Quantitative results. Experiments were per-
formed three times independently, and the difference was analyzed by
Student’s ¢ test (P value is indicated)

significantly decreased the expression of Sox2, Oct4, and
Bmil at the protein level, whereas CD133 was not affected
(Fig. 5b). However, NCL increases CD133 in leukemia pro-
genitor cells [21]. The discrepancy between these differences
may be attributed to different cancer types, but this question
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Fig. 7 Effect of NCL silence on a shNCL lentivirus (mOI)
GSC enrichment and GBM
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Fig. 8 The present study demonstrates that NCL is acetylated, and NCL
inhibits stemness development in TMZ-sensitive glioma. In contrast, in
STAT3- and JNK-induced GSC spheres, NCL protein was degraded

through HDAC2-mediated deacetylation and MDM2-mediated
ubiquitination, thus leading to the enhancement of stemness and TMZ
resistance
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needs further elucidation. In terms of NCL containing RNA-
binding domains [18, 49], we confirmed that NCL decreased
Sox2 and Oct4 mRNA stability (Supplementary Fig. S3B).
However, although NCL has been implicated as an RNA sta-
bilizer, these data are not consistent with this theory. In addi-
tion, NCL, which lacks zinc-finger domains for binding to
DNA, was also shown to regulate gene transcription [18,
49]. The results indicating that NCL decreased Sox2 and
Oct4 promoter activity (Supplementary Fig. S3A) are distinct
from most studies claiming that NCL exerts a positive effect
on transcription. However, NCL was reported to inhibit c-myc
promoter activity [50], and c-myc expression is involved in
glioma progression and recurrence in parallel with Oct4 ex-
pression [51]. These findings suggest that NCL may attenuate
GSC expansion through the inhibition of c-myc-mediated
GSC self-renewal.

According to these findings, NCL plays a negative role in
GSC development and sensitizes the response of glioma to
TMZ. The reduction of NCL, resulting from HDAC2-
mediated deacetylation and MDM2-mediated ubiquitination,
is required for GSC expansion. The role of NCL in GSC is
different from that in normal glioma. However, it remains
unclear whether NCL expression is an independent predictor
of chemotherapeutic efficiency in glioma patients, and addi-
tional clinical studies are needed to confirm this hypothesis.
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