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ABSTRACT

Glioma is the most malignant brain tumor and glioblastoma (GBM) is the
most aggressive type. The involvement of N-myc (and STAT) interactor (NMI)
in tumorigenesis was sporadically reported but far from elucidation. This study
aims to investigate roles of NMI in human glioma. Three independent cohorts, the
Chinese tissue microarray (TMA) cohort (N = 209), the Repository for Molecular
Brain Neoplasia Data (Rembrandt) cohort (N = 371) and The Cancer Genome Atlas
(TCGA) cohort (N = 528 or 396) were employed. Transcriptional or protein levels of
NMI expression were significantly increased according to tumor grade in all three
cohorts. High expression of NMI predicted significantly unfavorable clinical outcome
for GBM patients, which was further determined as an independent prognostic factor.
Additionally, expression and prognostic value of NMI were associated with molecular
features of GBM including PTEN deletion and EGFR amplification in TCGA cohort.
Furthermore, overexpression or depletion of NMI revealed its regulation on G1/S
progression and cell proliferation (both in vitro and in vivo), and this effect was
partially dependent on STAT1, which interacted with and was regulated by NMI.
These data demonstrate that NMI may serve as a novel prognostic biomarker and a
potential therapeutic target for glioblastoma.

INTRODUCTION and impeded progress of effective treatments [2]. Among
gliomas, glioblastoma multiforme (GBM) is the most

Glioma, accounting for approximately 30% of all common and malignant type, with median overall survival
primary brain and central nervous system (CNS) tumors of about 15-16 months [3] and 5-year survival rate less
and 80% of malignant primary brain and CNS tumors than 5% [1, 4]. Despite multimodal therapies including
[1], is often fast growing with poor prognosis for the maximal resection followed by adjuvant chemotherapy
patients. The characteristics of glioma including complex and radiotherapy [5], the clinical outcome of GBM
cellular composition, diffuse invasiveness and ability to patients remains dismal [6, 7]. Thus, valuable prognostic
evade therapies have puzzled researchers for decades biomarkers and potential molecular targets for GBMs have

www.impactjournals.com/oncotarget 4901 Oncotarget



been recently studied [8-12] and are still urgently desired,
and the underlying mechanisms remain to be elucidated.

Genetic alterations of several important genes may
contribute to the pathogenesis of GBM and differ from
patient to patient. Therefore, personalized treatment
regimens may be more effective for patients. Recently,
substantial efforts have been made in the identification of
molecular subtypes [13, 14] and biomarkers associated
with GBM patients’ survival [15-17], to better understand
the pathogenesis of GBM. Several public resources, such
as the Repository of Molecular Brain Neoplasia Data
(Rembrandt) database [18] and The Cancer Genome
Atlas (TCGA) network [19] have provided insight
into the molecular carcinogenesis of GBM, affording
opportunities for researchers to correlate gene expression
with multidimensional clinical and molecular features
of patients [15, 16, 20-22]. Based on gene expression
studies of GBM tissues, TCGA network identified several
distinct molecular subtypes of GBM, including classical,
mesenchymal, proneural and neural [23]. Subsequently,
another subgroup called glioma-CpG island methylator
phenotype (G-CIMP), which belonged to the proneural
subtype and was tightly associated with /DH mutation,
was further identified with significant survival benefit for
patients [24]. Thus, uncovering new molecular targets and
prognostic factors, and revealing the correlation of their
expression with molecular features of GBM, may provide
chances to improve the clinical outcome of GBM patients.

N-myc (and STAT) interactor (NMI), was first
identified in 1996 as an interactor of N-myc and C-myc
oncogenes using a yeast genetic screen [25], and further
reported to interact with several members of STATSs
and potentiate JAK/STAT pathway [26], which has
been demonstrated to participate in the development,
proliferation, invasiveness, inflammation, metastasis,
immune regulation and microenvironment of tumors [27].
Moreover, recent studies have revealed interactions of
NMI with a variety of proteins including BRCA1, Sox10,
IFI35, CKIP-1, Tip60, ARF, FMDV 2C, IRF7, IREla
and Hspl105B [28-37], with several of them suggesting
the involvement of NMI in cytokine response and virus-
related cellular process [33-35]. However, the function
of NMI, particularly its potential role in tumorigenesis,
has not been well characterized. Previous studies showed
that NMI was highly expressed in myeloid leukemias
and pancreatic ductal adenocarcinomas[25, 38]. By
contrast, it was reported recently that NMI retarded
breast cancer growth [39] while loss of NMI promoted
epithelial-mesenchymal transition of breast cancer [40,
41]. However, the function and prognostic significance of
NMI in glioma have never been studied.

In this study, we first investigated protein expression
of NMI in the Chinese glioma cohort using a tissue
microarray (TMA), and validated its mRNA expression
in a subset of this cohort and another two independent
cohorts, the Rembrandt cohort and the TCGA cohort.

We next estimated the clinical significance of NMI as
an independent prognostic factor in all three cohorts.
Expression and clinical significance of NMI were also
analyzed according to molecular features of GBM in
the TCGA cohort. Finally, we explored the functions
and potential molecular mechanisms of NMI in tumor
growth. Our data demonstrate NMI as a novel independent
prognostic factor for GBM patients and highlight an
important role of NMI in tumorigenesis and progression
of GBM.

RESULTS

NMI is elevated in human gliomas

In total, 209 cases of human glioma patients were
enrolled in the Chinese TMA cohort, including 8 pilocytic
astrocytomas (grade I), 60 diffuse astrocytomas (grade
1), 31 anaplastic astrocytomas (grade III) and 110
glioblastomas (GBM, grade IV) according to the WHO
grading schedule, and a tissue microarray (TMA) was
constructed. As shown in Table 1, the patients’ median
overall survival was 21 months for all gliomas and 12
months for GBMs. The expression levels of NMI protein
were investigated by immunohistochemical staining
performed on the TMA. We found that NMI was mainly
expressed in cytoplasm of cells. Compared to 16 cases
of normal tissues, the immunoreactivity of NMI was
unequivocally elevated in human gliomas and increased
according to WHO grades, while the highest expression
of NMI was observed in GBM samples (Figure 1A and
1B, Table 1).

We further addressed whether the NMI gene was
also augmented at the transcriptional level. Total RNA was
extracted from a subset of 42 human glioma specimens
(11 diffuse astrocytomas, 10 anaplastic astrocytomas and
21 glioblastomas) and 10 controls randomly selected
from this cohort and subjected to real-time quantitative
RT-PCR assays. The mRNA expression of NMI was also
significantly elevated in human gliomas and increased
according to WHO grades (Figure 1C), which was further
validated in an independent cohort with more samples,
namely the Rembrandt [18] cohort (Figure 1D). Together,
these results suggest that NMI is elevated in human
gliomas.

NMI expression is correlated with several
molecular features of GBM in the TCGA cohort

We next examined the expression profile of the
NMI gene in another independent cohort with a larger
sample size, i.e. the TCGA [23] cohort. Consequently,
mRNA expression of NMI was discovered to have more
than 2 fold up-regulation in over 90% (499/528 for the

www.impactjournals.com/oncotarget

4902

Oncotarget



Affymetrix platform and 364/396 for the Agilent platform)
of GBMs compared to the normal controls (Figure 2A and
Supplementary Figure S1A). For better understanding of
the significance of NMI expression in GBMs, a correlation
analysis was further conducted between NMI expression
and molecular features of GBMs. TCGA network has
discovered a robust molecular classification of GBMs
based on gene expression, which classified GBMs into 4
different subtypes, namely classical, mesenchymal, neural,
and proneural [23]. Thus, we screened NMI expression
according to distinct molecular subtypes of GBM and
observed dramatically decreased NMI expression in the
proneural subtype compared with other three subtypes,
while NMI expression of each subtype was still evidently
higher than that of the normal controls (Figure 2B and
Supplementary Figure S1B).

TCGA network has further identified a distinct
subgroup of GBM called a glioma-CpG island methylator

phenotype (G-CIMP), which belonged to the proneural
subgroup and was tightly associated with /DHI somatic
mutation [24].Thus, we next explored NMI expression
according to molecular subgroup (proneural or non-
proneural, G-CIMP or non-G-CIMP) and status of /DH!
mutation. NMI expression in patients of the G-CIMP
subgroup or with /DHI mutation was found to be
significantly lower than non-G-CIMP or /DHI wild-type
patients (Supplementary Table S1). As shown in Figure
2C (left panel), in the G-CIMP subgroup, there was no
significant difference of NMI expression in patients with
or without /DHI mutation. However, in the proneural
subgroup, there was a dramatic reduction of NMI
expression in patients of the G-CIMP subgroup compared
with non-G-CIMP patients (Figure 2C and Supplementary
Figure S1C). Moreover, it was noteworthy that among the
non-G-CIMP subgroup, patients of the proneural subtype
expressed significantly lower NMI. Given that samples of

A Normal Glioma
Grade II (Diffuse Astrocytoma) Grade III (Anaplastic Astrocytoma)
x % - = . et
< ¢
3 .
52 -
o
n
4
L+ 100um
; -
&
b3
St
I3
2
®
L g
Mt £ 25 um
D, T
25
—~ 6 12
B = ) C S | B - D g\, |
20 : = L v S
B A c ¢ - v S
& 2 . v S 10
1o} [ Aa R vy v ?
g 8 : 5 .
E 10 go S Bl
= E . A . v % HH
= o A vegee
%0.5 € 2 . . v g . .
S
0.0 = 4 &
) Normal ~ Grade! Grade Il Gradelll Grade IV Normal Grade Il Grade lll  Grade IV Normal Grade Il Grade lll  Grade IV
(N=16)  (N=8)  (N=60) (N=31) (N=110) (N=10) (N=11) (N=10) (N=21) (N=21) (N=65) (N=58)  (N=227)

Figure 1: Protein expression and mRNA transcript of NMI gene are elevated in human gliomas. (A) NMI protein
expression was analyzed by immunohistochemistry staining and representative staining images in human glioma of different WHO grades
and normal brain specimens were shown as indicated. Magnification: x50, upper; X200, lower. Scale bars: 100 um, upper; 25 um, lower.
(B) Immunoreactivity scores of NMI staining in normal brain samples and WHO grade I to grade IV gliomas are represented as mean
+ SEM. (C) NMI mRNA expression was analyzed by real time RT-PCR assays in human glioma of different WHO grades and normal
brain tissues, and GADPH was used as an internal control. The value represents log2 of gene expression level of samples. (D) NMI gene
expression was compared between glioma of different WHO grades and normal tissues in the Rembrandt cohort. A single spot represents
the NMI expression value (log 2 scale) of an individual patient, with a line in the middle representing the median expression value and error
bars representing the SEM. Statistical differences between normal tissues and gliomas of different WHO grades were determined using two

tailed student’s t-test. *, P<0.05; **, P<0.01; *** P<0.001.
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Table 1: The clinicopathologic characteristics of the 209 glioma patients in the Chinese TMA cohort

WHO grade

Characteristics Al glioma (N=209) == 0 (-0 Grade Il (N=60) _ Grade Il (N=31) _ Grade IV (N=110)

Gender

Male 144 5(62.5%) 47(78.3%) 18(58.1%) 74(67.3%)

Female 65 3(37.5%) 13(21.7%) 13(41.9%) 36(32.7%)
Age at diagnosis (year)

<60 173 7(87.5%) 57(95.0%) 26(83.9%) 83(75.5%)

>60 36 1(12.5%) 3(5.0%) 5(16.1%) 27(24.5%)
Tumor origin

Primary 183 8(100%) 56(93.3%) 23(74.2%) 96(87.3%)

Secondary 26 0(0.0%) 4(6.7%) 8(25.8%) 14(12.7%)
Extend of resection

Gross total 164 6(75.0%) 49(81.7%) 25(80.6%) 84(76.4%)

Partial 45 2(25.0%) 11(18.3%) 6(19.4%) 26(23.6%)
NMI expression

Low 175 8(100.0%) 55(91.7%) 26(83.9%) 86(78.2%)

High 34 0(0.0%) 5(8.3%) 5(16.1%) 24(21.8%)
OS (month)

median (95% CI) 21(17.36-24.64) NA* 73(56.57-89.43) 25(15.17-34.83) 12(10.45-13.55)
PFS (month)

median (95% CI) 19(15.36-22.64) NA* 73(39.84-106.16)  25(18.25-31.75) 10(7.66-12.34)

Abbreviations: OS, overall survival; PFS, progression-free survival; CI, confidence interval.

*NA, not available due to a large proportion of censored cases.

G-CIMP displayed concerted hypermethylation at a large
number of loci [24], we asked whether the expression
mode of NMI according to molecular subtypes of GBM
was correlated with its methylation level. Interestingly, as
shown in Figure 2C (right panel), among the non-G-CIMP
subgroup, NMI methylation level was significantly higher
in the proneural subtype compared with non-proneural
subtypes. Furthermore, among the proneural subtype,
G-CIMP patients had further increased methylation
level of NMI compared with the non-G-CIMP subgroup.
Additionally, the reverse correlation of NMI expression
and its methylation level was consistently observed
(Supplementary Figure S1D).

TCGA analyses of GBM have identified several
critical genetic aberrations, including mutations in 7P53,
PTEN, NFI, EGFR, RBI, PIK3RI, IDHI, PIK3CA,
SPTAI, ATRX, KEL, GABRAG, LZTR1, CTNND2, BRAF,
amplifications of EGFR, CDK4, PDGFRA, MDM?2,
MET, MDM4, CDK6, MYCN, CCND2, PIK3CA, AKT3,
and deletions of CDKN2A4, CDKN2B, PTEN, CDKN2C,
RBI1, PARK?2 and NF'1 [19, 42]. To further explore the
expression profile of the NMI gene, we examined the
association between its expression and these common
genetic alterations in GBM. Consequently, we found
that besides /DHI mutation, NMI expression was also
significantly associated with PTEN deletion and EGFR
amplification (Figure 2D and Supplementary Figure S1E),
PDGFRA amplification, RBI mutation and 7P53 mutation

in both platforms (Supplementary Table S1).

NMI serves as an independent prognostic factor
for GBM patients

To investigate the relationship between NMI
expression and clinical prognosis, we first analyzed the
prognostic significance of NMI expression in the Chinese
TMA cohort. Kaplan-Meier analyses showed that in all
glioma patients, high NMI expressers had significantly
shorter overall survival (OS) and progression-free survival
(PES; Figure 3A, left panels) than those with low NMI
expression. As higher tumor grade is an indubitable
risk factor for glioma, we further did similar analyses
in patients of each WHO grade (except grade I due to
insufficient sample size). As shown in Figure 3A (center
panels), NMI expression did not affect clinical outcome
for grade II and III glioma patients. However, high NMI
expression could predict significantly unfavorable OS and
PFS for patients with GBM (Figure 3A, right panels).

Moreover, subsequent univariate and multivariate
Cox regression analyses were further conducted to
determine the independence of the prognostic value of
NMI. After correction for clinical characteristics suggested
to be significant prognostic factors in the univariate Cox
regression, high NMI expression was an independent risk
predictor of both OS (P = 0.011, HR = 1.72, 95% CI =
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Table 2: Univariate and multivariate Cox regression of NMI immunoreactivity for overall

survival and progression-free survival in all glioma patients and GBM patients in the Chinese

TMA cohort
. Univariate Cox Regression Multivariate Cox Regression
Characteristics
P HR (95% CI) P HR (95% CI)
All glioma (N=209)

oS

Gender (male vs. female) 0.276

Age (>60 vs. <60) 3.94E-04 2.02(1.37-2.98) 0.103

Tumor origin (Secondary vs. Primary) 0.604

Resection (gross total vs. patial) 0.030 0.66(0.45-0.96) 0.008 0.59(0.40-0.87)

Grade (IIT+1V vs. I+ID) 1.73E-14  5.93(3.76-9.34) 2.89E-13 5.67(3.56-9.03)

NMI immunoreactivity (high vs. low) 0.001 1.95(1.30-2.91) 0.011 1.72(1.13-2.60)
PFS

Gender (male vs. female) 0.200

Age (=60 vs. <60) 0.001 1.98(1.35-2.92) 0.106

Tumor origin (Secondary vs. Primary) 0.151

Resection (gross total vs. patial) 0.020 0.65(0.45-0.93) 0.012 0.62(0.43-0.90)

Grade (ITII+1V vs. I+1I) 1.14E-14  5.41(3.52-8.30) 5.84E-13  5.02(3.24-7.79)

NMI immunoreactivity (high vs. low) 0.006 1.76(1.18-2.62) 0.048 1.51(1.00-2.28)

GBM (N=110)

OS

Gender (male vs. female) 0.426

Age (>60 vs. <60) 0.084

Tumor origin (Secondary vs. Primary) 0.852

Resection (gross total vs. patial) 0.966

NMI immunoreactivity (high vs. low) 0.025 1.71(1.07-2.74) 0.025 1.71(1.07-2.74)
PFS

Gender (male vs. female) 0.138

Age (>60 vs. <60) 0.088

Tumor origin (Secondary vs. Primary) 0.283

Resection (gross total vs. patial) 0.913

NMI immunoreactivity (high vs. low) 0.049 1.60(1.00-2.57) 0.049 1.60(1.00-2.57)

Abbreviations: OS, overall survival; PFS, progression-free survival; CI, confidence interval, HR,

hazard ratio.

Table 3: Univariate and multivariate Cox regression of NMI expression for overall survival in

GBM patients of the Rembrandt cohort

Univariate Cox Regression

Multivariate Cox Regression

Characteristics
P HR (95% CI) P HR (95% CI)
Gender (male vs. female) 0.522
Age (>60 vs. <60) 6.12E-06  2.23(1.58-3.15) 1.92E-06  2.34(1.65-3.32)
NMI expression (high vs. low) 0.003 1.60(1.18-2.17) 0.002 1.69(1.21-2.37)

Abbreviations: HR, hazard ratio; CI, confidence interval.
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1.13-2.60) and PFS (P = 0.048, HR = 1.51, 95% CI =
1.00-2.28) for all glioma patients (Table 2). In addition,
high NMI expression could also be an independent risk
factor for OS (P =0.025, HR = 1.71, 95% CI = 1.07-2.74)
and PFS (P = 0.049, HR = 1.60, 95% CI = 1.00-2.57) of
GBM patients (Table 2).

Similar analyses conducted in the Rembrandt
cohort revealed that, high NMI mRNA expression could
significantly predict a worse OS for GBM patients in
comparison with low NMI expression (Figure 3B), which
could also serve as an independent prognostic factor in a
multivariate Cox regression model (P =0.002, HR = 1.69,
95% CI = 1.21-2.37; Table3).

We further explored the correlation between NMI
expression and GBM patients’ clinical outcome in the
TCGA cohort. High NMI expression was validated to be
a unfavorable predictor for patients” OS and PFS (Figure
3C and Supplementary Figure S1F, left panels). We next
carried out Kaplan-Meier survival analyses stratified by
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patients’ overall survival between MGMT unmethylated factor of human glioblastoma.

and methylated patients was only observed in one platform

(Supplementary Table S2 and S3). NMI regulates glioma proliferation in vitro
Multivariate Cox regression further confirmed the

prognostic value of NMI as an independent predictor for

GBM patient’s OS (the Affymetrix platform, P = 0.021, . To explore t.he biological significance of NMI in
HR = 1.54, 95% CI = 1.07-2.23; the Agilent platform, P ghoma, we 1nYest1gated whether NMI could affe?ct cell
= 0.034, HR = 1.78, 95% CI = 1.05-3.04) and PFS (the proliferation. First, NMI stably overexpressed or sllgnced
Affymetrix platform, P = 0.033, HR = 1.55, 95% CI = .U251.and U$7 cells were established by lentiviruses
1.04-2.32; the Agilent platform, P = 0.017, HR = 2.10, mfect?on, while the empty vector (vector) or shRNA
95% CI = 1.14-3.86) in the TCGA cohort, after adjusting targeting LacZ (shLacZ) served as control groups

respectively. The efficiency of NMI overexpression
and knockdown was validated by real-time PCR
(Supplementary Figure S2) and western blot (Figure 4A)

for clinical characteristics and molecular features (Table 4
and Supplementary Table S4). Taken together, these results
indicate that NMI could be an independent prognostic
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Figure 3: High expression of NMI predicts a poor clinical outcome in human gliomas. (A) Kaplan-Meier survival curves
were plotted according to different NMI immunoreactivity level for overall survival (OS, upper panels) and progression-free survival (PFS,
lower panels) of all glioma patients and patients of different WHO grades in the Chinese TMA cohort. (B) Kaplan-Meier curve was plotted
according to different NMI gene expression for overall survival of GBM patients in the Rembrandt cohort. (C) Kaplan-Meier plots were
estimated according to different NMI gene expression for overall survival (upper panels) and progression-free survival (lower panels) of
all GBM patients (left panels), or considering the mutation status of PTEN (center panels) or EGFR (right panels) simultaneously, in the
TCGA cohort (Affymetrix platform). P values were obtained from log-rank test, while hazard ratio (HR) and 95% confidence interval (CI)
were determined by univariate Cox regression model.
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Table 4: Univariate and multivariate Cox regression of NMI expression for
overall survival and progression-free survival in GBM patients of the TCGA

cohort (the Affymetrix platform)

Univariate Cox Regression

Multivariate Cox Regression

Characteristics
P HR (95% CI) P HR (95% CI)
0S

Gender (male vs. female) 0.464

Age (>60 vs. <60) 1.42E-10  1.94(1.58-2.37) 3.97E-04 1.72(1.28-2.33)
Tumor origin (Secondary vs. Primary) 4.42E-05  0.39(0.25-0.62) 0.001 0.39(0.22-0.69)
MGMT (methylated vs. unmethylated) 0.002 0.67(0.52-0.87) 0.025 0.72(0.54-0.96)
G-CIMP (positive vs. negative) 3.39E-08 0.32(0.21-0.48) 0.177

Subtype (proneural vs. non-proneural) 0.038 0.79(0.63-0.99) 0.124

PTEN (deletion vs. wild type) 0.001 1.64(1.23-2.18) 0.149

EGFR (amplification vs. wild type) 1.07E-04  1.85(1.35-2.52) 0.252

PARK?2 (deletion vs. wild type) 0.529

PDGFRA (amplification vs. wild type) 0.287

CDKG6 (amplification vs. wild type) 0.002 1.50(1.16-1.92) 0.223

RBI (deletion vs. wild type) 0.953

IDH1 (mutation vs. wild type) 1.00E-04  0.37(0.23-0.61) 0.783

NMI expression (high vs. low) 0.001 1.49(1.19-1.87) 0.021 1.54(1.07-2.23)

PFS

Gender (male vs. female) 0.35

Age (260 vs. <60) 7.77E-05  1.57(1.25-1.96) 0.489

Tumor origin (Secondary vs. Primary) 1.82E-06 0.29(0.18-0.49) 7.74E-06  0.21(0.10-0.41)
MGMT (methylated vs. unmethylated) 0.025 0.73(0.55-0.96) 0.008 0.65(0.47-0.89)
G-CIMP (positive vs. negative) 4.30E-07  0.29(0.18-0.47) 0.255

Subtype (proneural vs. non-proneural) 0.038 0.76(0.59-0.99) 0.045 1.58(1.01-2.45)
PTEN (deletion vs. wild type) 0.003 1.64(1.18-2.29) 0.698

EGFR (amplification vs. wild type) 4.56E-05 2.20(1.51-3.21) 0.281

PARK? (deletion vs. wild type) 0.743

PDGFRA (amplification vs. wild type) 0.807

CDK6 (amplification vs. wild type) 0.025 1.38(1.04-1.82) 0.358

RBI (deletion vs. wild type) 0.97

IDH] (mutation vs. wild type) 0.015 0.50(0.29-0.87) 0.26

NMI expression (high vs. low) 0.003 1.45(1.13-1.85) 0.033 1.55(1.04-2.32)

Abbreviations: G-CIMP, Glioma-CpG Island Methylator Phenotype; OS, overall survival, PFS,

progression-free survival; HR, hazard ratio; CI, confidence interval.

analyses.

We then studied the impact of NMI on glioma cell
proliferation in vitro. Cell growth was first determined
by CCK-8 assay within a 5-day period monitoring.
The results showed that enforced expression of NMI
significantly promoted the proliferation of U251 and
U87 cells compared with control groups (Figure 4B,
upper panels) whereas the blockade of endogenous NMI
expression in both U251 and U87 cells markedly inhibited
cell growth in comparison with the controls (Figure 4B,

lower panels). In addition, we further examined the effect
of ectopic NMI expression on long-term cell growth
using a clonogenic assay in U251 cells. The colony
forming ability of U251 cells with overexpressed NMI
was evidently enhanced (Figure 4C, left panels), whereas
colonies number of NMI silenced U251 cells dramatically
decreased compared to control cells (Figure 4C, right
panels). The effects of NMI overexpression and deletion
on glioma cells were also validated in another cell line,
namely A172 (Supplementary Figure S3). These results
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suggest that NMI promotes the proliferation of glioma
cells in vitro, depletion of which diminishes glioma cell
growth.

Ectopic NMI expression affects glioma cell growth
in vivo

We further examined the role of NMI in glioma
growth in vivo using a subcutaneous xenograft mouse
model. Stable NMI expressed or NMI silenced U87 cells
and their corresponding control cells were subcutaneously
injected into right flanks of immunodeficient nude mice.
Similar to our former findings, overexpression of NMI
enhanced tumor growth during the whole period (Figure
4D, upper left panel). Tumors of the NMI overexpression
group were also substantially heavier and larger than those
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of the control group (Figure 4D, center left and lower left
panels). In contrast, abrogation of NMI considerably
retarded the xenograft tumor growth and resulted in
apparently lighter and smaller tumors than those of the
control group (Figure 4D, right panels). Taken together,
these findings reveal an important role of NMI in
regulation of glioma growth in vivo.

NMI regulates G1/S phase progression of glioma
cell cycle

To elucidate the mechanism by which NMI
influences glioma cell proliferation, we next determined
whether cell cycle distribution was regulated. The effects
of NMI depletion on cell cycle progression of U251 and
A172 glioma cells were characterized by flow cytometric
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Figure 4: NMI promotes glioma cell growth in vitro and in vivo. (A) Lentivirus-delivered overexpression and knock-down of
NMI in U251 and U87 human glioma cell lines were validated by western blot analysis. Two independent shRNAs were used to stably
knock down expression of NMI. ACTIN served as a loading control. (B) The cell growth curve of NMI overexpression and knockdown
cells was determined by CCK-8 assay. (C) The indefinite proliferation ability of NMI overexpression and knockdown cells was examined
using clonogenic cell survival assay. Bars represent the numbers of the colonies (lower panels). (D) The in vivo glioma cell growth of U87
cell line was determined by xenograft model assay, NMI overexpression (left panels) and knockdown (right panels) cells were transplanted
into nude mice, and monitored every 2-3 days. Tumor growth curves were determined (upper panels), tumor weight (center panels) and
size (lower panels) were shown. Each experiment was performed in triplicate. Error bars represent the SEM of the mean value. Statistical
analysis was determined by two tailed student’s t-test. *, P<0.05; **, P<0.01; *** P<0.001; #, P<0.0001.
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analyses. Compared with the control shRNA infected
cells, NMI silenced glioma cells showed a substantial
increase in the percentage of the GO/G1 phase and marked
decrease in the S phase (Figure 5A). To investigate the
underlying molecular events in changes of cell cycle, we
further measured expression levels of several important
proteins involved in cell cycle by western blot assays. As
a result, depletion of NMI triggered reduction of Cyclin
E, Cyclin D1, CDK2, CDK4, CDK6 and E2F1 proteins,
and dephosphorylation of Rb (Figure 5B). Together, these
results suggest that knockdown of endogenous NMI could
induce GO/G1 cell cycle arrest in glioma cells.

Interaction and mutual regulation of NMI and
STAT1

Although NMI has been shown to interact with
STAT1, a member of JAK/STAT pathway [26], none of
that was reported in glioma. Moreover, the former view
of STAT1, which generally considered it as a tumor
suppressor [43], has been shattered by emerging evidences
that elevated STAT1 was associated with facilitated tumor
progression [44]. Hence, we assessed the relationship
between NMI and STATTI in glioma. Initially, we found
that the mRNA expression of NMI and STAT1 was
positively correlated with each other in the TCGA cohort
(Supplementary Figure S4). Furthermore, to confirm the
interaction of NMI and STAT1, a co-IP assay was applied,
in which U251 glioma cells were infected with lentiviruses
carrying Flag-tagged NMI and STAT1 expressing vectors

while empty vector served as a control. As shown in
Figure 6A, both STAT1a and STATI1p (two isoforms of
the STAT1 protein) could be readily detected in the Flag-
NMI immunoprecipitates of cells overexpressing both
Flag-NMI and STAT1 but not in control cells. To further
determine whether NMI localizes in the same cellular
compartment of STAT1, we co-transfected U251, U87
and 293T cells with pEGFP-NMI and pmCherry-STAT1
expression plasmids and examined the locations of NMI
and STAT1 under fluorescence microscopy. We found
that NMI and STAT1 showed dominant expression in
the cytoplasm rather than the nucleus with both of the
fluorescent signals merged with each other (Figure 6B),
indicating the co-localization of NMI and STAT1 within
glioma cells.

We next asked whether NMI and STAT1 could
regulate each other. To this end, we overexpressed STAT1
or NMI in U251 and U87 cells, followed by detection
of the protein expression of the other one. As shown in
Figure 6C, we observed considerable upregulation of
NMI in response to STAT1 overexpression. Moreover,
NMI overexpression also resulted in remarkable increase
of STAT1. Collectively, these data suggest that NMI and
STAT1 not merely interact with each other in glioma cells,
but have a mutual regulation.

NMI regulates glioma growth via STAT1

To explore the role of STAT1 in glioma growth, we
assessed proliferation of U251 cells overexpressed or lost
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Figure 5: NMI regulates G1/S phase progression of glioma cell cycle. (A) The cell cycle distribution of U251 (left panels) and
A172 (right panels) glioma cells after depleting endogenous NMI expression. Error bars represent the SEM of the mean value. Statistical
analysis was determined by two tailed student’s t-test. *, P<0.05. (B) The effects of NMI depletion on cell cycle related proteins in the G1/S
transition were determined by western blot analysis. ACTIN served as a loading control.
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STAT1 by CCK-8 assays. The efficiency of STAT1 silence hypothesized that NMI may affect glioma cell growth

was validated by real time PCR and western blot assays via regulation of STATI1. To test our hypothesis, we
(Supplementary Figure S5). We found that overexpression evaluated whether STAT1 could alter the effect of NMI
of STAT 1a increased cell growth slightly, which reached on glioma cell growth. As shown in Figure 6E (left panel),
statistical significance at day 4 (P < 0.05, Figure 6D, left by comparing the first two columns, NMI enhanced
panel) relative to the empty vector control, while STAT1f U251 cell growth significantly as expected. However, the
enhanced cell proliferation evidently (Figure 6D, left enhancement of cell growth was completely abrogated
panel). In contrast, depletion of STAT1 expression could by additional depletion of STAT1 (comparing the last
dramatically inhibit glioma cell growth in comparison two columns with the first two, Figure 6E, left panel).
with the control (Figure 6D, right panel). Furthermore, as shown in Figure 6E (right panel), the

Given the role of NMI in regulation of glioma cell inhibition of cell proliferation mediated by NMI depletion
growth and STAT1 expression as mentioned above, and (comparing the first two columns) was also partly
regulatory role of STAT1 in glioma cell proliferation, we attenuated by accompanying overexpression of STAT1a
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Figure 6: NMI interacts with STAT1 and promotes glioma cell proliferation via regulating STAT1 expression. (A)
Interaction between NMI and STAT1 was validated by co-immunoprecipitation assay. Input or Flag-beads immunoprecipitated fraction of
lysate of U251 cells infected with NMI-Flag or STAT1 expressing lentivirus were immunobloted with STAT1 antibody. Molecular weight
marker is as indicated. Non-specific bands are indicated by arrows. (B) Colocalization of NMI-GFP (green) and STAT1-mCherry (red)
was confirmed in 293T, U251 and U87 cell lines. Cells were transfected with corresponding plasmids and observed with a fluorescence
microscopy 48 hours later. Scale bars: 20 um. (C) Overexpression of NMI or STAT1 increased the protein expression level of the other one
in U251 and U87 cell lines. Cells were lysed and subjected to Western blot analysis. ACTIN served as a loading control. (D) Overexpression
(left panel) or knockdown (right panel) of STAT1 promoted or inhibited U251 cell proliferation respectively, examined by CCK-8 assay.
(E) Promotion of human glioma cells proliferation mediated by NMI is dependent on its regulation on STAT1. U251 cells infected with
STAT1-deletion or control lentivirus were transduced with NMI-expressing or control lentivirus (left panel). STAT1 expressing or control
cells were infected with NMI-suppression or control lentivirus (right panel). Cck-8 assay was performed 4 days after seeding on plates to
assess cell proliferation. Each experiment was performed in triplicate. Error bars represent the SEM of the mean value. Statistical analysis
was determined by two tailed student’s t-test. *, P<0.05; **, P<0.01; ***, P<0.001; #, P<0.0001.
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(comparing the middle two groups with the first two),
and totally diminished by simultaneous overexpression
of STAT1p (comparing the last two groups with the first
two). Taken together, these data indicate that the effect
of NMI on glioma cell proliferation is dependent on its
regulation of STATI.

DISCUSSION

Despite recent advances in clinical therapies, the
overall outcome of patients with GBM changed little over
the past two decades [6]. Thus, new effective prognostic
biomarkers and therapeutic targets for GBM are of urgent
need. The present research identified NMI as a novel
prognostic factor for GBM, which was also a regulator of
tumor proliferation.

NMI is a protein identified to interact with a variety
of proteins involved in tumor development, progression,
inflammation and immune regulation [25, 26, 29, 30,
32, 33]. However, no study has reported the prognostic
significance of NMI in human cancers including glioma
. Hence, our study aimed to unveil the indispensable
roles of NMI in glioma progression. Our TMA analyses
revealed evident up-regulation of NMI protein in human
glioma tissues, which was significantly increased
according to tumor grade. The remarkable augmentation
of NMI expression was confirmed on the mRNA level in
a subset of this cohort using real-time PCR assays. We
also explored the clinical significance of NMI, and found
that it may serve as an independent prognostic factor. Due
to differences of genetic background between populations
[14], we subsequently validated these findings in another
two independent cohorts, the Rembrandt [18] and TCGA
[19] cohorts, with larger sample sizes. These data revealed
that NMI is a significant prognostic factor and might play
an important role in glioma progression.

Characterized by particular molecular heterogeneity,
glioblastoma has recently been classified into distinct
subtypes based on gene expression profiles. In TCGA data
analyses, we found a significantly reduced expression of
NMI in the proneural subtype compared to other subtypes.
The reason of the relative lower expression in the
proneural subtype (still higher than the normal controls)
remains unclear. A glioma-CpG island methylator
phenotype (G-CIMP) was identified as a distinct subgroup,
which belonged to the proneural subtype and predicted a
better prognosis for GBM patients [24]. Thus we asked
whether lower expression of NMI was correlated to the
G-CIMP subgroup. Moreover, G-CIMP was tightly
correlated with /DH mutation [24], which was recently
identified as an important diagnostic and prognostic
molecular biomarker of human glioma [45-50] and
believed to be sufficient to establish G-CIMP [51]. So we
further analyzed the expression profile of NMI according
to G-CIMP and /DH mutation, and found significantly
lower NMI expression in the G-CIMP subgroup and

IDH mutated subgroup. However, even in non-G-CIMP
patients within the proneural subtype, NMI expression
was still significantly lower than non-proneural subtypes,
indicating that G-CIMP only partially contributed to the
lower NMI expression in the proneural subtype. Within
the G-CIMP subgroup, there was no difference of NMI
expression between /DH1 wild-type and mutated patients,
suggesting that the observation of lower NMI expression
in /DHI mutated subgroup was indeed due to the effect
of G-CIMP. Given that G-CIMP was defined as concerted
hypermethylation at a large number of loci, we further
addressed whether the expression profile of NMI was
associated with its methylation level. Consequently, we
discovered successively increased methylation level of
NMI gene in non-proneural subtypes, the proneural non-
G-CIMP subgroup and the G-CIMP subgroup, which
was completely consistent with their corresponding
expression level, suggesting a potential epigenetic
mechanism on regulation of NMI expression. However,
further investigations are underway to examine upstream
regulation of NMI expression in gliomas.

We also attempted to explore the relationship
of NMI with common molecular aberrations of GBM.
Interestingly, we observed enhanced NMI expression in
PTEN deleted or EGFR amplified patients. We further
analyzed the impact of NMI expression on patients’
survival stratified by these molecular features. It was
rather remarkable that, NMI expression could divide
patients with wild-type PTEN or EGFR into two subsets
with completely distinct clinical outcome, which was
more pronounced than in all patients. However, NMI
could not predict prognosis for patients with deleted
PTEN or amplified EGFR, suggesting that the prognostic
value of NMI was dependent on status of PTEN and
EGFR alteration. In other words, patients with low NM/
expression and concomitant no genetic aberration of PTEN
or EGFR may have rather favorable clinical outcome,
the underlying mechanisms of which warranted further
perspective studies.

Current understandings of NMI revealed its dual
roles in tumor growth. On one hand, it facilitated tumor
proliferation in several cancer cell lines including myeloid
leukemias and pancreatic ductal adenocarcinomas [25]. On
the other hand, NMI was recently indicated as a potential
tumor suppressor in breast cancer [39]. But it is worth
noting that the former research was only performed in
established cell lines, while the latter study was only based
on the overexpression of NMI. In addition, due to the
heterogeneity and different genetic background of tumors,
it is possible that one gene plays different roles in different
temporal and spatial context [52]. Hence, the functions
and mechanisms of NMI in tumor progression are still
far from elucidation. In our study, we observed that NMI
overexpression promoted cell proliferation, whereas NMI
depletion dramatically hampered cell growth in vitro and
in vivo. In addition, the effects of NMI on glioma cell
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growth were possibly mediated by its regulation on G1/S
progression of cell cycle, which was further validated
by accompanied changes of cell cycle related proteins.
These results were consistent with our clinical data that
high NMI expressers had shorter survival, which further
highlighted the therapeutic potential of NMI in GBM
treatment. Moreover, since none of the existing reports
took advantage of the clinical samples, our study provided
valuable evidences for the functional clarification of NMI
in GBM.

Previous finding has shown the interaction between
NMI and STAT1 [26], yet none was reported in glioma.
Consistently, our study confirmed that NMI interacted
with STAT1, and these two proteins co-localized in the
cytoplasm, while the mechanisms by which NMI regulated
STAT1 needed more investigation. JAK/STAT pathway
participates in multiple cellular processes including
those related to tumor progression. Of all STATs, STAT1
is traditionally classified as a tumor suppressive protein
which is thought to play a key role in immune surveillance
of tumors [43]. However, accumulating evidences have
correlated upregulated STAT1 with cellular resistance to
DNA-damaging agents and increased tumor progression
in multiple types of cancers [44, 53, 54]. In addition, the
expression of STAT1 was reported to predict poor clinical
outcome in GBM [22]. Our study confirmed that STAT1
overexpression evidently enhanced GBM cell proliferation
whereas depletion of STAT1 considerably impeded cell
growth. Moreover, we also demonstrated that the NMI
induced glioma cell proliferation was dependent on
STAT1, whereas the differences between the two isoforms
of STAT1 were not well understood. Considering that NMI
has been reported to interact with various proteins [28-
35], it is reasonable to assume that besides STAT1, other
interactors of NMI may also be involved in development
and progression of human glioma, which warrant further
investigation.

In summary, we conclude that NMI is significantly
elevated in human GBMs, and predicts shorter overall
and progression-free survival for patients with GBM
as a novel and independent prognostic factor, as found
in TMA analysis of a Chinese cohort and confirmed in
two independent international cohorts. Furthermore,
the expression profile and clinical significance of NMI
are associated with several molecular features of GBM.
Moreover, NMI plays an important role in glioma cell
growth both in vitro and in vivo, suggesting its potential
application as a therapeutic target for glioma.

METHODS

Patients and tissue samples

For the Chinese TMA cohort, human glioma tissue
specimens of different WHO grades were obtained at the
time of surgery at the Department of Neurosurgery in
Changzheng Hospital, Second Military Medical University
(SMMU), between January 2000 and December 2010.
Normal brain tissue samples were taken from trauma
patients for whom partial resection of normal brain was
required as decompression treatment for their severe head
injuries. Tumor histology was confirmed independently
by two neuropathologists. All the patients or their legal
surrogates were asked for permission with written
informed consent to the surgical procedures and the use
of resected tissue specimens. The selection criteria of this
study were as follows: 1) the subject had no history of
other tumors; 2) the subject had complete clinical data,
including age, gender, clinical manifestations, extent of
resection, histological type and pathological grade; 3)
the subject underwent evaluation by enhanced head MRI
scans for tumor relapse or progression after surgery at
least once every six months; 4) the tissue samples were of
sufficient quality for experimental use. The study protocol
and acquisition of tissue specimens were approved by the
Specialty Committee on Ethics of Biomedical Research,
SMMU, Shanghai, China.
and

Tissue microarray construction

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissues of 209
specimens with different grades of astrocytic glioma
and 16 normal tissue samples were used to construct an
tissue microarray (TMA) as described previously [55, 56]
(Shanghai Biochip Company). An central independent
neuropathological review was performed for tumor
diagnosis before TMA construction. The slides of each
case were evaluated, and areas corresponding to the
most cellular and diagnostic regions were selected after
verification with hematoxylin and eosin (H&E) staining.
1.5 mm core punch samples were taken from specimens
and cut as 4-um-thick sections, which were then
deparaffinized. Endogenous HRP activity was blocked
with 3% H,O,. Antigen retrieval was achieved by boiling
in sodium citrate buffer (pH 6.0). After blocking in 10%
normal goat serum, immunostaining was performed
using a mouse anti-NMI monoclonal antibody (ab56437;
Abcam) at 1:650 dilution. Finally, the visualized signal
was developed with 3,3’-diaminobenzidine (DAB) and the
slides were counterstained in hematoxylin. The sections
incubated with normal mouse serum instead of the primary
antibody were used as negative controls.
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The results of immunohistochemical staining
were evaluated by two independent pathologists in a
blinded manner without prior knowledge of the clinical
information of the patients. The evaluation of the
staining density, intensity and the calculation of total
immunoreactivity score were described previously [57].
Briefly, the percentage of positive staining cells was
scored 0-3 (0 points for no cells stained, 1 points for <
25%, 2 points for 25-75%, and 3 points for > 75% of cells
stained ), and the intensity of immunoreactivity was also
graded on a scale of 0-3 (0 for no immunostaining, 1 for
light-brown color, 2 for medium-brown color, and 3 for
dark-brown color ). The two scores were then multiplied
to yield a total immunoreactivity score regarding the
expression of NMI protein in a sample. Negative cases (-)
had a total score of 0, weakly positive (+) cases had a total
score of 1-2, moderately positive (++) cases had a score
of 3-4, and strongly positive (+++) cases had a total score
of 6-9. NMI expression was denoted as low (-,+) or high
(++,+++) to divide the patients into two groups.

RNA extraction, cDNA synthesis, and quantitative
real-time PCR

Fresh-frozen tissues from 42 human glioma patients
and 10 normal brain samples were used for total RNA
extraction using the Trizol reagent (Invitrogen) according
to the manufacturer’s instructions. Reverse transcription
of total RNA was conducted using ReverTra Ace qPCR
RT Master Mix (Toyobo). Quantitative real-time PCR
was performed using THUNDERBIRD SYBR qPCR Mix
(Toyobo) on ABI PRISM 7900HT instruments (Applied
Biosystems). The amplification was done in a total volume
of 10 pul with the following steps: an initial denaturation
step at 95°C for 5 minutes, followed by 40 cycles of
denaturation at 95°C for 15 seconds and elongation at 60°C
for 45 seconds. A melting curve analysis of each sample
was used to check the specificity of amplification, and
each sample was assayed in triplicate. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as the
endogenous control, and the 224 method [58] was used as
relative quantification measure of differential expression.
All PCR primers were listed in Supplementary Table S5.

In silico analyses of TCGA and Rembrandt data

Another two independent datasets of GBMs,
the Repository of Molecular Brain Neoplasia Data
(Rembrandt) [18] cohort (N = 371 ) and The Caner
Genome Atlas (TCGA) [19] cohort (N = 528 for the
Affymetrix platform and N = 396 for the Agilent platform),
were also included in the present study. Expression and
clinical significance of NMI gene were analyzed in the
Rembrandt database (http://caintegrator.nci.nih.gov/
rembrandt/). For the TCGA cohort, multidimensional

data of gene expression, clinical information, common
mutations, copy number alterations, methylation levels
and molecular subtypes were obtained from TCGA data
portal (http://tcga-data.nci.nih.gov/tcga/) and cBioPortal
(http://www.cbioportal.org/public-portal/), to analyze the
expression profile and prognostic value of NMI gene, and
their relationships with these molecular features.

Cell culture and transfection

U251, U87 and A172 human malignant glioma
cell lines, and 293T human embryonic kidney cell line
were purchased from Cell Bank of Chinese Academy of
Sciences (Shanghai, China) where they were authenticated
by mycoplasma detection, DNA-Fingerprinting, isozyme
detection and cell vitality detection. All these cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Life Technologies) supplemented with 10% fetal bovine
serum (FBS; Life Technologies) and penicillin (100 units/
ml)/streptomycin (100 pg/ml) (Life Technologies) and
maintained at 37°C in an atmosphere of humidified air
containing 5% CO,.

Transfection procedures were described in
our previous study [59]. Briefly, plasmid DNA were
introduced into appropriate cells cultured in 24-well
plates for 48 hours using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.

Plasmids and constructions

High fidelity enzyme KOD plus neo (Toyobo) was
used for PCR amplification for all the constructions,
which were verified by sequencing. For co-localization
study, NMI and STAT1 were fused to GFP or mCherry
fluorescent protein. In detail, the coding sequence of the
NMI gene was amplified from cDNA of U87 cell line by
PCR and cloned into pEGFP-C3 plasmid (Clontech) at the
Xhol and BamHI restriction sites at the C-terminal of GFP
in frame to generate the plasmid GFP-NMI, whereas the
two different transcript variants of the STAT] gene were
cloned into pmCherry-C1 plasmid (Clontech) at the Bg/II
and Kpnl restriction sites at C-terminal for the expression
of mCherry-fused STAT1 isoform o or B designated
mCherry-STAT1-V1 or mCherry-STAT1-V2, respectively.
GFP-NMI and mCherry-STAT1 (V1 or V2) were co-
transfected in different cell lines, and fluorescence images
were captured using Nikon ECLIPSE Ni-U microscopy
(Nikon, Japan) and managed using NIS Elements D4.00
software (Nikon, Japan).

To overexpress NMI or STAT1, corresponding
coding sequences were subcloned from abovementioned
GFP-NMI or mCherry-STAT1 constructs into a lentiviral
vector pCDH-CMV-EFI1-copGFP (pCDH; System
Biosciences) at the Xbal — BamHI and Nhel — BamHI
restriction sites respectively, to generate constructions
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named pCDH-NMI, pCDH-STAT1-V1 and pCDH-
STAT1-V2. The pCDH-Flag-NMI construction was
generated by fusing a sequence encoding a Flag tag at the
N-terminal of NMI encoding sequence.

To interfere NMI or STAT1 expression, target
sequences were selected from the Public TRC Portal
(http://www.broadinstitute.org/rnai/public/) [60]. The
21-nucleotide target sequences of NMI and STAT1 were
as follows: shNMI-1(clone ID: TRCN0000022050):
5’-GCCAAGCCAGTTCCATTAAAT-3’;
shNMI-2(clone ID TRCN0000293456):
5’-TTAACCCGGATTACTGTAAAT-3’ ;
shSTAT1-1(Clone ID TRCN0000004265):
5’-CCCTGAAGTATCTGTATCCAA-3’ ;
shSTAT1-2(Clone ID TRCN0000004267):
5’-CTGGAAGATTTACAAGATGAA-3’ Sequence
against the LacZ gene served as a control designated
shLacZ: 5’-GGATCAGTCGCTGATTAAA-3* [61].
Corresponding sense and anti-sense oligonucleotides
(Supplemental Table S5) were synthesized, annealed and
cloned into the Hpal - Xhol sites of pLL3.7 lentiviral
vector [62].

Lentivirus production and transduction

Lentiviral production and transduction were
conducted as previously described [63]. Briefly, 293T cells
were co-transfected with the lentiviral expression vector
pCDH (empty vector as a control) and corresponding
constructions together with lentiviral packaging plasmids
pLP/VSVG, pLP1 and pLP2 for overexpression of target
genes, and with lentiviral vectors pLL3.7-shRNAs and
corresponding packaging vectors psPAX2 and pMD2.G
for gene silence. The supernatants of lentiviral particles
were collected 48 hours post transfection, filtered through
0.45-pum syringe filters (Millipore) to remove cell debris
and used either immediately or stored at -80°C. U251
and U87 human glioma cells were plated in 24-well
plates overnight to achieve 30% confluence the following
day, and infected in the presence of 4 pg/mL polybrene
(Sigma-Aldrich) with the lentiviruses carrying the pPCDH
expression vector or shRNAs against NMI or STAT1
along with their corresponding controls. Overexpression
and knockdown of target genes were validated by real-
time PCR and Western blot analysis.

Cell proliferation assay and Clonogenic assay

For cell proliferation assay described previously
[64], different cell lines were seeded in 96-well plates
(about 2000 cells/well) in sextuple. Cells were allowed
to grow for 4 to 5 days and cell proliferation analysis
was performed by Cell Counting Kit-8 (CCK-8; Dojindo
Laboratories) assay at different time points according to
the manufacturer’s instructions. After an incubation of 2

hours at 37°C, absorbance was measured at 450 nm using
a microplate reader iMark (Bio-Rad). The absorbance at
630 nm was used as a reference.

The effects of NMI overexpression or knockdown
on long-term growth of glioma cells were assessed by
clonogenic assays as preciously described [65]. Different
cell lines were seeded in 6-well plates (about 2000 cells/
well) in triplicate. The medium was replaced every 3 days,
and cells were allowed to grow for 2 weeks before being
fixed with ice-cold methanol and stained with Giemsa’s
stain, and the number of colonies (defined as cell clusters
consisting of at least 50 cells) was then counted.

Cell cycle analysis

Cell cycle distribution was analyzed as described
previously [64]. Briefly, glioma cells were infected by
lentiviruses delivering shRNAs against NMI or LacZ as a
negative control, and harvested 4 days later, followed by
propidium iodide (10png/mL) staining in the presence of
RNase (10pg/mL) for 30 minutes at 4°C in the dark. The
fractions of viable cells in GO/G1, S and G2 phases of cell
cycle were determined using a FACs flow cytometer and
Cell Quest FACS system (Becton-Dickinson).

Subcutaneous xenograft model

Subcutanious xenograft model of malignant glioma
was established as previously described [66-71]. Briefly,
approximately 5x10° of U87 cells infected with NMI
overexpression or deletion lentiviruses were injected
subcutaneously into the right flanks of 4-week-old male
athymic nude mice (BALB/c nu/nu; Slac Laboratory
Animal). For each group 6 mice were used. Tumor size
was monitored 3 times a week using a vernier caliper
and determined by measuring the length (/) and the width
(w), followed by calculating the volume (V' = [w*2).
Mice were sacrificed by dislocation of vertebrac when
the longest diameter of the largest xenograft of a group
reached 3 cm, and tumor weights were determined. All
animal studies were carried out in accordance with the
protocols approved by the Institutional Animal Care and
Use Committee of Fudan University.

Co-immunoprecipitation and Western blot

Co-immunoprecipitation (co-IP) was conducted
as previously described [72]. Briefly, U251 cells stably
overexpressing NMI-Flag and STAT1 (a or B) via
lentivirus infection were lysed in NP-40 lysis buffer
[50 mM Tris-HCI pH7.5, 150 mM NaCl, 1% (v/v) NP-
40] with protease inhibitors cocktail (Sigma-Aldrich)
added freshly. Immunoprecipitation of NMI-Flag was
performed by adding 10 ul of anti-Flag M2 magnetic

www.impactjournals.com/oncotarget

4915

Oncotarget



beads (Sigma-Aldrich) per 0.6 to 0.8 mg of protein lysate.
Cell extracts with anti-Flag M2 magnetic beads were
incubated overnight at 4°C on a rocking platform. Finally
the immunocomplex was washed four times using the lysis
buffer and boiled in the SDS loading buffer followed by
western blot analysis.

Western blot was performed as described
previously [73]. Briefly, cells were lysed in the
radioimmunoprecipitation assay (RIPA) buffer [SO mM
Tris-HCI pH 8.0, 150 mM NaCl, 1% (v/v) NP-40, 0.5%
(w/v) Sodium deoxycholate, 0.1% (w/v) SDS] with
protease inhibitors cocktail (Sigma) added freshly. The
lysates were separated by 10% SDS-PAGE and transferred
to polyvinylidene difluoride membranes (Millipore), which
were blocked in 5% milk for 1 hour and then probed with
antibodies against NMI(1:200; ab56437; Abcam), STAT1
(1:1000; #9172; Cell Signaling Technology), Cyclin E
(1:500; PC438-500UG; Oncogene), Cyclin D1 (1:1000;
#2926; Cell Signaling Technology), CDK2 (1:1000;
60312-1-1g; Proteintech), CDK4 (1:1000; 11026-1-AP;
Proteintech), CDK6 (1:2000; 19117-1-AP; Proteintech),
Rb (1:1000; 17218-1-AP; Proteintech), phospho-Rb
Ser807/811 (1:1000; #8516; Cell Signaling Technology),
E2F1 (1:1000; 3240-1; Epitomics), or ACTIN (1:4000;
M20010; Abmart) as a loading control. Blots were
developed with Immobilon Western Chemiluminescent
HRP Substrate (Millipore) and visualized on G: Box
Chemi XRS5 (Syngene).

Statistical analysis

Differences between two groups were analyzed by
two-tailed student’s t-test. For survival analysis, overall
survival (OS) was defined as the elapsed time between
diagnosis and death or the last follow-up (if death was not
observed during the follow-up period), and progression-
free survival (PFS) was defined as the time from diagnosis
to the date of tumor recurrence or further growth of
residual tumor detected by enhanced MRI scan, or the date
of death or the last contact of the patient (if progression
didn’t happen). Survival curves were estimated by the
Kaplan-Meier method and compared using the log-rank
test. To construct a model for the prediction of survival,
univariate and multivariate Cox proportional-hazards
regression analyses were performed, in which clinical
variables with P < 0.05 in univariate analysis were
pooled into multivariate analysis. For the TCGA cohort,
receiver operating characteristic (ROC) curve was used
to determine the cutoff point of NMI expression levels in
the survival analyses, and the score localized closest to
the point at both maximum sensitivity and specificity was
selected [74]. Correlations between continuous variables
were assessed by linear regression model, and Pearson r
and P value were calculated. SPSS 15.0 software (SPSS
Inc.) was used for all statistical analysis and P < 0.05 was
considered statistically significant for all tests. Figures

were plotted in SPSS 15.0 or GraphPad Prism 5.
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