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ABSTRACT

Background: Glioblastoma (GBM) has a high rate of local recurrence despite 
chemoradiotherapy (CRT). Genome-wide expression profiling was performed on 
patient tumors before and after chemoradiotherapy to identify genes and gene 
pathways associated with recurrence.

Results: Median time to recurrence was 8.9 months with median time to second 
surgery of 9.6 months. The microRNA (miRNA) analysis identified 9 oncologic and 
immune-related miRNAs to be differentially expressed, including the hypoxia-related 
miR-210 and the immune-modulatory miR-146b. More than 1200 differentially-
expressed genes were identified with RNA-sequencing (RNA-seq). Gene set 
enrichment analysis (GSEA) identified p53 signaling, Notch, Wnt, VEGF, and MEK 
gene sets enriched in recurrent GBM. Consistent with the miRNA profiling data, the 
miR-146b target gene set from GSEA analysis was also associated with recurrence.

Methods: Fourteen patients with GBM recurrence after CRT who had available 
tumor tissue from the initial diagnosis as well as recurrence were selected. Total 
RNA was isolated from formalin-fixed paraffin-embedded (FFPE) tumor specimens. 
Genome-wide expression profiling using RT-PCR for miRNA analysis and RNA-seq for 
messenger RNA (mRNA) analysis were conducted to identify differentially-expressed 
genes. GSEA was performed on the differential expression data. 

Conclusions: Genome-wide expression profiling identifies multiple oncologic and 
immune-related gene sets associated with GBM recurrence. In particular, immune-
related miR-146b is upregulated in recurrence and deserves further investigation.

www.oncotarget.com                  	             Oncotarget, 2018, Vol. 9, (No. 49), pp: 29036-29046

INTRODUCTION

Glioblastoma (GBM, World Health Organizaiton/
WHO grade IV) is the most common malignant primary 
brain tumor in adults and has an annual incidence of 3.2 
in 100,000 in the United States [1]. Based on a large 
randomized study, adjuvant radiation therapy (RT) and 
temozolamide (TMZ) after maximal safe resection is the 
standard of care for GBM, but the outcomes remain dismal 

despite multi-modality therapy with median progression-
free survival (PFS) of 6.9 months and overall survival 
(OS) of 14.6 months [2]. Outcomes have improved in 
recent clinical trials with median OS of approximately 17 
months [3, 4]. Tumor recurrence occurs predominantly 
inside the radiation field rather than distantly [5], 
suggesting a subpopulation of GBM cells that are highly 
resistant to chemoradiotherapy (CRT). With recurrence, 
treatment is more limited and outcomes remain poor 
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[6]. Recent advances in immunotherapy have generated 
excitement in developing novel approaches to treat this 
devastating disease [7, 8]. For example, programmed-
death-1 (PD-1), an immune checkpoint surface receptor 
expressed on lymphocytes, has been implicated as a 
mediator of immune suppression by tumors such as 
GBM [8]. Nivolumab, an anti-PD-1 checkpoint inhibitor, 
is currently under investigation in two randomized 
studies for newly diagnosed GBM (NCT02617589 and 
NCT02667587). However, chemoradiotherapy for GBM 
can result in severe and prolonged lymphopenia that 
may contribute to tumor recurrence and interfere with 
future success of immunotherapy [9, 10]. Thus, there is a 
clear need to better understand the mechanisms of GBM 
resistance to CRT and its interaction with immune system, 
which will be crucial for the discovery of novel therapies 
for this devastating disease. However, due to the difficulty 
of access to GBM tissue, particularly recurrent tumor 
tissue, detailed molecular profiling to compare changes in 
tumors before and after CRT have been limited.

MicroRNAs (miRNAs) are a family of small non-
coding RNA molecules (~22 nucleotides) that regulate 
expression of thousands of protein-coding genes [11]. 
With the ability to regulate the expression of a large 
number of genes, miRNAs function as master regulators 
of important processes such as cell growth, apoptosis, 
cancer initiation and progression [12, 13]. Functional 
studies with modulation of certain miRNAs have 
demonstrated direct effects on glioma stem cell properties 
and sensitivity to CRT [14–17]. There is also increasing 
evidence that miRNAs play important regulatory roles 
on the immune pathways currently targeted by the major 
immunotherapeutic approaches, including immune 
checkpoint blockade, adoptive cell transfer, cancer 
vaccines, and cytokine therapy [18]. 

Given the importance of miRNAs, we hypothesized 
that miRNA expression changes in GBM after CRT may 
allow an improved understanding of pathways responsible 
for treatment resistance. We also employed a genome-wide 
expression profiling approach of 14 GBM tumors before 
CRT and their corresponding recurrent tumor after CRT to 
identify oncologic and immune-related changes within the 
recurrent tumors after CRT. 

RESULTS

Patients and outcomes

Fourteen patients were eligible for the analysis 
(Supplementary Table 1). There were 7 females and 7 
males included in this study. The mean age was 53 years. 
Patients received RT with concurrent temozolomide 
followed by adjuvant temozolomide from 2006-2012. The 
median dose to the planning target volume was 60 Gy. Two 
patients had placement of carmustine implants (Gliadel 
wafer; Eisai Inc) at the time of initial surgery and one 

patient received concurrent bevacizumab. After recurrence 
but before the second salvage surgery, three patients 
received salvage bevacizumab-based chemotherapy, and 
one patient received laser interstitial thermal therapy 
(LITT). Median time to progression was 8.9 months 
(range: 2.9–24.4). Median time to second surgery was 10.3 
months (3.4–32.9). Only one patient was alive at the time 
of this analysis. Median OS was 23.1 months (12.3–72.0). 
O6-methylguanine-DNA-methyltransferase (MGMT) 
methylation and isocitrate dehydrogenase (IDH) status 
were largely not assessed in this patient cohort.

miRNA profiling identifies oncologic and 
immune-related miRNAs

miRNA profiling was performed for the initial and 
recurrent tumors for all 14 patients. A real-time reverse 
transcriptase-polymerase chain reaction (RT-PCR) 
based miRNA profiling experiment revealed 9 miRNAs 
differentially expressed with statistical significance in 
recurrent GBM (Table 1). The miRNA with the greatest 
fold change was miR-210 (recurrence/initial ratio 1.91, 
p = 0.003), which has established roles in cell survival, 
particularly in hypoxic conditions [23]. miR-146b, which has 
been shown to be a critical mediator of immune-regulatory 
pathways [24, 25], was also upregulated (recurrence/initial 
ratio 1.55, p = 0.02). Table 1 also shows several select 
predicted targets of the miRNAs based on miRDB prediction 
(http://mirdb.org) [26], which correspond to oncologic and 
immune-related genes, including Notch2 [27], TGFBR1 
[28], STAT3 [29], FGFRL1 [30], and NOVA1 [31].

RNA-seq analysis

Given the multiple oncologic and immune-related 
miRNAs differentially expressed in recurrent GBM, a 
large-scale genome-wide expression profiling study using 
RNA-sequencing (RNA-seq) was employed to identify 
genes and gene pathways associated with recurrence. Due 
to limited RNA quality from two patients as well as the 
initial tumor of a third patient, RNA-seq was employed 
on 11 initial and 12 recurrent RNA samples. More than 
1200 genes were identified that were differentially 
expressed with statistical significance (p < 0.05) 
(Supplementary Table 2). Selected genes related to iron-
metabolism, oncologic pathways, and immune function 
are shown in Table 2, including transferrin (TF), ferritin 
(FTL), fibroblast growth factor 1 (FGF1), TNF receptor-
associated factor 4 (TRAF4), and signal transducer and 
activator of transcription 1 (STAT1).

GSEA implicates multiple oncologic and 
immune-related genes in recurrence

Given the significant number of genes differentially 
expressed, gene set enrichment analysis (GSEA) 
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Table 1: miRNA differentially expressed in recurrent high-grade glioma
miRNA Fold change p-value Select predicted targets (mirdb)

hsa-mir-210 1.91 0.003 IGF2, FGFRL1, AIFM3, CEND1

hsa-mir-191 1.44 0.005 TMOD2 (neuronal), MAPK9, CRCAM, CDK6, Notch2, DAPK1, TRAF3, 
BDNF

hsa-mir-101 1.66 0.005 TGFBR1, GLTSCR1

hsa-mir-126* 0.44 0.016 MACC1, MAP3K2, TNFAIP8L3, RASAL2, CCNT2, MAPK10, TRAF6

hsa-mir-96 0.33 0.018 MTSS1, SDC2, NEUROD4, MAP2K1, RAB35

hsa-mir-146b 1.55 0.024 ITPR2, RGS4, IL1A, NAV3, NOVA1, SRSF6

hsa-mir-25 0.72 0.024 CD69, JMY, RAB23, MYO1B, MAP2K4

hsa-mir-24 1.41 0.031 CALCR, AAK1, KSR2

hsa-mir-20a 0.69 0.034 MAP3K2, PDCD1LG2, AAK1, TNFRSF21, NEDD4L
Fold change represents the mean expression value of recurrent glioma divided by initial tumor. P-value calculated using a 
paired Student’s T-test.

Table 2: Select differentially-expressed genes in recurrent GBM    
Upregulated in recurrence

Gene name Gene symbol Relative expression P-value
transferrin TF 5.34 0.0085
interferon-induced protein with tetratricopeptide repeats 2 IFIT2 3.54 0.0006
apoptosis-associated tyrosine kinase AATK 3.38 0.0125
cyclin-dependent kinase 18 CDK18 3.30 0.0292
breast carcinoma amplified sequence 1 BCAS1 2.94 0.0221
microtubule-associated protein 7 MAP7 2.59 0.0101
fibroblast growth factor receptor 2 FGFR2 2.42 0.0400
ferritin, light polypeptide FTL 2.35 0.0025
fibroblast growth factor 1 FGF1 2.22 0.0058
signal transducer and activator of transcription 1 STAT1 2.08 0.0019
lysosomal-associated membrane protein 2 LAMP2 1.78 0.0008

Downregulated in recurrence
Gene name Gene symbol Relative expression P-value
neurocan NCAN 0.26 0.0433
glutamate receptor, ionotropic, AMPA 2 GRIA2 0.45 0.0334
fatty acid binding protein 7, brain FABP7 0.48 0.0236
ets variant 1 ETV1 0.49 0.0209
nestin NES 0.52 0.0370

TNF receptor-associated factor 4 TRAF4 0.53 0.0334

melanoma antigen family D, 4 MAGED4 0.54 0.0076

neuro-oncological ventral antigen 1 NOVA1 0.55 0.0330

P-values calculated using a two-sided Student’s T-Test
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was employed to identify pathways associated with 
recurrence. Using this statistical tool, recurrent GBM 
was noted to be enriched in gene sets associated with 
the MEK, KRAS, Notch, VEGF, and Wnt pathways, 
among others (Supplementary Table 3). Additionally, 
the gene sets associated with P53, iron metabolism, 
and interferon signaling were associated with GBM 
recurrence (Figure  1A–1D). Given the association 
between GBM recurrence and immune-related genes and 
gene sets, we explored the immunologic story further. 
Multiple immune-related gene sets were associated 
with recurrence (Figure 1C–1D and data not shown). 
Using the Leading Edge analysis in the GSEA statistical 
software package [22] (Figure 2A), an overlap region 
corresponding to multiple immune-related genes present 
in multiple enriched gene sets was identified (Figure 2B). 
Multiple immune-regulatory interferon-related genes as 
well as STAT1/2 (Signal Transducer and Activator of 

Transcription) in particular, which plays a key role in 
tumor progression [32–34] and immune-modulation [29, 
35–37], were present in this overlap region.

miR-146b gene set identified in GBM recurrence

We previously demonstrated increased expression 
levels of the immune-modulatory miRNA, miR-146b, 
in tumor tissue isolated from recurrent GBM (Table 1). 
Interestingly, GSEA analysis of all miRNA gene sets revealed 
that the gene set corresponding to miR-146b targets was 
found to be enriched in GBM recurrence (Figure 3). Multiple 
immune-related targets of miR-146b have been identified by 
miRDB prediction (http://mirdb.org). Supplementary Table 
4 shows several miR-146b target immune-related genes with 
decreased expression from the RNA-seq dataset comparing 
gene expression between recurrent and initial tumors, 
including Nova1, HNRNPD/AUF1A, and SNX22. 

Figure 1: Gene Set Enrichment Analysis (GSEA) in recurrent glioma. GSEA of differential expression between recurrent and 
initial high-grade glioma demonstrates that recurrent GBM is enriched in genes that participate in the p53 tumor suppressor pathway (A), 
heme metabolism (B) and interferon signaling (C–D). ES–enrichment score, NES–normalized enrichment score, FDR–false discovery 
ratio.
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miR-146b fold change associated with local 
recurrence

The median fold change of miR-146b between 
recurrent and initial tumors was 1.5 (range: 0.6–5.4). 
Low miR-146b change (ratio < 1.5) was associated with 
significantly improved freedom from salvage surgery ( 
FFSS) (Figure 4B, p = 0.01) and a trend toward improved 
freedom from local recurrence (FFLR) (Figure 4A, p = 0.06). 
However, the local control did not translate to significant 
difference on OS (p = 0.45, Figure 4C). Cox regression 
analysis (Supplementary Table 5) using miR-146b ratio as a 
continuous variable showed an association with time to local 
recurrence (hazard ratio [HR] 1.59, 95% confidence interval 
[CI] 1.007–2.52, p = 0.047) as well as time to salvage surgery 
(HR 1.68, 95% CI 1.06–2.69, p = 0.03), but not with time to 
death (HR 1.32, 95% CI 0.86–2.04, p = 0.21).

DISCUSSION

This pilot study compared miRNA and mRNA 
expression profiles of 14 pairs of GBM tumors before 
CRT and after recurrence. It identified several candidate 
oncologic and immune-related miRNAs and gene 
sets differentially expressed in recurrent GBM. In 
particular, the immune-modulatory miRNA miR-146b 
was significantly increased at recurrence and may be a 
promising target for future studies. Due to the difficulty 

after repeated biopsy of intracranial tumors, detailed 
expression profiling studies of miRNA and transcriptome 
(or RNA) of GBM tumors before and after CRT have been 
limited in the literature. Park et al. previously performed 
a miRNA analysis on 2 untreated GBM tumors and 2 
recurrent GBM tumors after CRT (from two different 
patients) where they identified 43 miRNAs with at least 
two-fold changes in expression levels in both of the 
recurrent tumors (miR-146b is not among them) [38]. 
However, given the recurrent and initial tumors were 
not from the same patients and the extremely limited 
sample size, it’s difficult to interpret this study’s findings. 
Bo et al. [39] analyzed the publically available miRNA 
profile data from 12 paired primary and recurrent GBM 
samples using microarrays. They noted that miR-146b 
was downregulated in the recurrent samples. However, 
the treatments of these 12 patients before their recurrences 
were not described, so there may be inherent differences 
between the patient populations. Furthermore, the 
discrepancy may be due to the differences in the miRNA 
profiling techniques. The PCR-based platform in the 
current study has shown greater detection specificity 
(at single-base level) than the microarray platform, and 
it is commonly used to validate microarray or RNA-
seq results. Other studies have conducted genome and 
exome sequencing of larger cohorts of paired initial and 
recurrent GBM tumors, but they did not specifically 
analyze miRNA expression changes [40, 41]. These 

Figure 2: Immune-related genes associated with recurrent glioma. Genes differentially expressed in recurrent gliomas enriched 
across multiple immunologic gene sets. Investigation of the top most enriched genes in the various immunologic gene sets from the GSEA 
(A) results in the boxed overlap region (B).
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studies paint complex pictures of mutation alterations and 
evolutionary trajectories of GBM tumors during CRT but 
do not explore the potential of common miRNA pathways 
in GBM resistance. The differentially higher expression 
of miR-146b in recurrent GBM found in our analysis of 
paired recurrent and initial GBM is in contradiction to 

investigations from Li et al. [42], Katakowski et al. [43], 
Liu et al. [44] and Yang et al. [45], who all demonstrated 
that overexpression of miR-146b in a GBM cell culture 
system reduces migration/invasion and increases apoptosis 
and radiosensitivity. These results need to be taken with 
the necessary caveats of an in vitro culture system which 

Figure 3: Immune-related gene set miR-146b associated with recurrent glioma. GSEA reveals gene set associated with 
targets of miR-146b associated with recurrent glioma, linking miRNA profiling results with RNA-seq gene expression analysis. ES–
enrichment score, NES–normalized enrichment score, FDR–false discovery ratio.

Figure 4: Clinical outcomes stratified by miR-146b expression ratio. Kaplan-Meier estimates of clinical outcomes stratified by 
high and low miR-146b ratios between recurrent vs initial tumors (A) freedom from local recurrence, (B) freedom from salvage surgery, 
and (C) overall survival.
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inherently lacks the complexity of GBM recurrence in 
vivo. Our hypothesis presented in this manuscript is that 
miR-146b upregulation in recurrence plays a role in GBM 
immune-suppression potentially at a later stage of the 
tumor progression event, ultimately resulting in tumor 
recurrence. This manuscript challenges the notion of miR-
146b functioning as solely a tumor suppressor. Based on 
our investigation of human GBM recurrent tumor tissue in 
relation to the paired initial tumor, the role of miR-146b in 
tumorigenesis, tumor progression, and tumor maintenance 
is likely more complex than has been previously reported 
in the literature. 

A vast number of potential targetable pathways in 
GBM have been identified in preclinical studies, but few 
have shown efficacy in the clinical setting. Complicating 
clinical efficacy is the heterogeneity of these tumors 
stemming from the complexity of their molecular makeup 
[41, 46]. This complexity is highlighted in the results 
presented in this study using a Gene Set Enrichment 
Analysis (GSEA) with recurrent GBM enriched in MEK, 
NOTCH, SRC, RAF, P53, VEGF, and WNT gene sets. 
Studies have shown redundant activation of numerous 
signaling pathways, which likely explains the futility of 
single-drug therapies [47]. 

This study implicates the immune-modulatory 
miRNA miR-146b as an important factor to drive 
GBM recurrence after chemoradiotherapy. Multiple 
studies have established an immune-modulatory role 
for miR-146b, including suppression of IL-6 allowing 
p16-dependent tumorigenesis in breast cancer [24], as 
well as suppression of multiple other pro-inflammatory 
cytokines and chemokines such as TNF-alpha, IL-
8, and IL-10 [25]. Park et al. implicated miR-146b 
in dendritic cell survival and cytokine production 
via targeting of TRAF6 and IRAK1 [48]. Lu et al. 
also recently showed that miRNA-146b are highly 
expressed in regulatory T cells (Tregs) and play a 
vital role in their expansion, survival, and suppressor 
function [49]. Since Tregs have been implicated as a 
major contributor to the evasion of immunosurveillance 
by GBM and are correlated with poor prognosis [50], 
our finding may be a reflection of the miRNA changes 
of the infiltrating immune cells within the tumor 
microenvironment rather than the tumor cells. Our 
gene expression results highlight several established 
miR-146b immune-modulatory targets, including 
HNRNPD/AUF1A and SNX22 (Supplementary Table 
4). HNRNPD/AUF1A is a nuclear ribonucleoprotein 
with roles in NF-kB signaling and interleukin 
expression [51]. SNX22 has been shown through 
its role in endocytosis to down-regulate CD4 [52]. 
As immunotherapy continues to develop for GBM, 
an improved understanding of the role of miR-146b 
may help to develop novel approaches to overcome 
the high level of immune suppression by the GBM 
microenvironment [53–55]. 

Since this study is a small pilot study of genome-
expression profiling, its findings need to be interpreted 
with the following limitations. As this study is based on 
a limited sample size and a highly selected population 
of GBM patients who underwent salvage surgery for 
recurrence after CRT, the finding should be considered 
hypothesis-generating. The small sample size limits 
the use of stringent FDR-controlling method. External 
validation using a larger sample size, ideally using a multi-
institutional tumor bank, will be necessary to confirm 
our finding. Recent data have also shown significant 
regional and cellular heterogeneity within GBM [56, 57]. 
Therefore, the expression profiling of our samples may 
only represent snap-shots of the complex composition of 
the tumor cells and tumor-infiltrating immune cells, and 
other methods such as single-cell RNA-seq to compare 
tumor cells before and after treatment will be needed to 
provide validation in the future. Furthermore, our study 
does not prove causality that the expression change 
of miR-146b represents the mechanism driving the 
recurrence rather than passive treatment-induced changes. 
Functional studies in vitro and in vivo will be needed to 
further confirm the role of miR-146b in promoting GBM 
recurrence.

In conclusion, this study presents multiple 
deregulated miRNAs and gene pathways after CRT 
and implicates the immune-modulatory miR-146b 
as a potential factor in GBM recurrence. Additional 
investigations are warranted to validate the association 
of miR-146b with GBM recurrence and to understand its 
mechanisms.

MATERIALS AND METHODS

Patient selection

Eligible patients with pathologically diagnosed 
GBM were identified from our institutional review board 
(IRB)–approved database. They were required to have 
received standard fractionated RT and concurrent daily 
TMZ at 75 mg/m2 after maximal safe resection. These 
patients were also required to have sufficient pathologic 
tissue from the initial surgery before CRT and the salvage 
surgery at the time of recurrence after CRT. Additional 
salvage chemotherapies were allowed prior to the salvage 
surgery. This study was reviewed and granted approval by 
the IRB.

RNA isolation from tumor specimens

Formalin-fixed paraffin-embedded (FFPE) tumor 
blocks from the initial and salvage surgeries were 
collected for pathological analysis. FFPE specimens were 
stained with hematoxylin and eosin (H&E), reviewed 
by a board-certified neuro-pathologist (CC) to confirm 
diagnosis and to demarcate tumor regions. This was 
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followed by macrodissection of 10-micron unstained 
sections in order to remove non-tumor tissues. Total 
RNA was then extracted using the miRNeasy FFPE Kit 
(Qiagen) according to the manufacturer’s protocol.

miRNA profiling

miRNA expression profiling of 96 miRNAs 
implicated in tumorigenesis was performed using our 
laboratory’s previously described method, which is based 
on RT-PCR, the details of which have been described 
previously [19]. The RT reaction was performed with 
the High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Foster City, CA). Each RT reaction 
included 150 ng of tumor RNA and miRNA-specific RT 
primers. RT-PCR was performed with Power SYBR 
Green PCR Master Mix (Applied Biosystems) and 
miRNA-specific PCR primers. Raw profiling data based 
on PCR threshold cycles (Ct) were normalized using a 
quantile-based scaling method, which has been described 
previously [19].

RNA-seq for gene expression profiling in 
recurrent and initial GBM

RNA-seq was performed to allow identification 
and quantification of expression of genes in a given 
tumor sample by a single massively parallel sequencing 
run [20]. Details of the experimental protocol has 
been described previously [21]. Total RNA was used 
to construct multiplexed cDNA libraries, which were 
provided to the Genome Technology Access Center 
(GTAC) at Washington University School of Medicine 
for sequencing. Ribosomal RNA (rRNA) was removed 
using the RiboMinus kit (Life Technologies) and custom 
designed rRNA probes. rRNA-depleted total RNA was 
used as template for RNA-seq library construction using 
the NEBNext mRNA Library Prep kit (New England 
BioLabs). Double-stranded cDNA was synthesized 
from rRNA-depleted total RNA, end-repaired, dA-
tailed, and then ligated to standard Illumina adaptor 
oligonucleotides. Adaptor-ligated cDNA libraries were 
loaded into HiSeq 2000 (Illumina) for sequencing. Raw 
RNA-seq data (in fastq format) were made available after 
the sequencing runs, which were parsed to align each 
sequence read to the original RNA sample. Sequencing 
reads were modified to remove low quality reads and 
clustered before mapping to the human transcriptomes. 
Gene expression levels were normalized using a strategy 
based on the length of the transcript as well as the 
number of total read counts from each sample (reads per 
kilobase per million, RPKM).

Gene Set Enrichment Analysis (GSEA)

Differential gene expression profiles were generated 
using RNA-seq from recurrent GBM (n = 12) and the 

initial tumor (n = 11). Utilizing GSEA software available 
from the Broad Institute [22], gene sets with member 
genes enriched in recurrent GBM were discovered. 
Statistically significant gene sets were considered with 
p-value < 0.05 and FDR (false discovery ratio) < 0.25. 
ES (enrichment score) reflects the degree to which a gene 
set is over-represented in our dataset of differentially 
expressed genes. NES (normalized enrichment score) is 
the ES normalized for gene set size.

Statistical analysis

All time points were determined from the date 
of initial surgery. Statistical significance (p < 0.05) for 
differential expression was calculated using the Student’s 
T-test. Median value of the fold change in miR-146b 
expression in recurrent vs initial tumors was used as 
cutoff to identify high fold change (mir-146b ratio ≥ 1.5) 
vs low fold change (mir-146b ratio < 1.5). Freedom from 
local recurrence (FFLR), freedom from salvage surgery 
(FFSS), and overall survival (OS) were evaluated using 
the Kaplan-Meier method and compared using the log-
rank test. Cox regression analysis was utilized to evaluate 
the association of miR-146b fold change with clinical 
outcomes. Statistical analyses were performed with the 
Statistical Package for Social Sciences, version 22 (IBM 
SPSS Statistics, Chicago, IL, USA). Significance was 
defined as a p value ≤ 0.05. All statistical tests were two 
sided.

ACKNOWLEDGMENTS 

We would like to thank the American Board of 
Radiology Holman Research Pathway for providing 
protected research time (to SSK) to conduct this study.

CONFLICTS OF INTEREST 

We have no conflicts of interests to disclose for this 
work.

FUNDING 

Funding provided by the National Institutes of 
Health (R01GM089784 to XW) and Department of 
Radiation Oncology at Washington University School of 
Medicine.

REFERENCES

1.	 Ostrom QT, Gittleman H, Liao P, Rouse C, Chen Y, 
Dowling  J, Wolinsky Y, Kruchko C, Barnholtz-Sloan J. 
CBTRUS statistical report: primary brain and central 
nervous system tumors diagnosed in the United States in 
2007-2011. Neuro-oncol. 2014; 16:iv1–63. https://doi.
org/10.1093/neuonc/nou223.

https://doi.org/10.1093/neuonc/nou223
https://doi.org/10.1093/neuonc/nou223


Oncotarget29044www.oncotarget.com

  2.	 Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, 
Taphoorn MJ, Belanger K, Brandes AA, Marosi C, 
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, et al, 
and European Organisation for Research and Treatment 
of Cancer Brain Tumor and Radiotherapy Groups, and 
National Cancer Institute of Canada Clinical Trials Group. 
Radiotherapy plus concomitant and adjuvant temozolomide 
for glioblastoma. N Engl J Med. 2005; 352:987–96. https://
doi.org/10.1056/NEJMoa043330.

  3.	 Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, 
Blumenthal DT, Vogelbaum MA, Colman H, Chakravarti A, 
Pugh S, Won M, Jeraj R, Brown PD, Jaeckle KA, et al. 
A randomized trial of bevacizumab for newly diagnosed 
glioblastoma. N Engl J Med. 2014; 370:699–708. https://
doi.org/10.1056/NEJMoa1308573.

  4.	 Chinot OL, Wick W, Mason W, Henriksson R, Saran F, 
Nishikawa R, Carpentier AF, Hoang-Xuan K, Kavan P, 
Cernea D, Brandes AA, Hilton M, Abrey L, Cloughesy T. 
Bevacizumab plus radiotherapy-temozolomide for newly 
diagnosed glioblastoma. N Engl J Med. 2014; 370:709–22. 
https://doi.org/10.1056/NEJMoa1308345.

  5.	 Brandes AA, Tosoni A, Franceschi E, Sotti G, Frezza G, 
Amistà P, Morandi L, Spagnolli F, Ermani M. Recurrence 
pattern after temozolomide concomitant with and 
adjuvant to radiotherapy in newly diagnosed patients 
with glioblastoma: correlation With MGMT promoter 
methylation status. J Clin Oncol. 2009; 27:1275–79. https://
doi.org/10.1200/JCO.2008.19.4969.

  6.	 Stupp R, Wong ET, Kanner AA, Steinberg D, Engelhard 
H, Heidecke V, Kirson ED, Taillibert S, Liebermann F, 
Dbalý V, Ram Z, Villano JL, Rainov N, et al. NovoTTF-
100A versus physician’s choice chemotherapy in recurrent 
glioblastoma: a randomised phase III trial of a novel 
treatment modality. Eur J Cancer. 2012; 48:2192–202. 
https://doi.org/10.1016/j.ejca.2012.04.011.

  7.	 Finocchiaro G, Pellegatta S. Perspectives for immunotherapy 
in glioblastoma treatment. Curr Opin Oncol. 2014; 26:608–
14. https://doi.org/10.1097/CCO.0000000000000135.

  8.	 Reardon DA, Freeman G, Wu C, Chiocca EA, 
Wucherpfennig KW, Wen PY, Fritsch EF, Curry WT Jr, 
Sampson JH, Dranoff G. Immunotherapy advances for 
glioblastoma. Neuro-oncol. 2014; 16:1441–58. https://doi.
org/10.1093/neuonc/nou212.

  9.	 Grossman SA, Ye X, Lesser G, Sloan A, Carraway H, 
Desideri S, Piantadosi S, and NABTT CNS Consortium. 
Immunosuppression in patients with high-grade gliomas 
treated with radiation and temozolomide. Clin Cancer Res. 
2011; 17:5473–80. https://doi.org/10.1158/1078-0432.
CCR-11-0774.

10.	 Huang J, DeWees TA, Badiyan SN, Speirs CK, Mullen DF, 
Fergus S, Tran DD, Linette G, Campian JL, Chicoine MR, 
Kim AH, Dunn G, Simpson JR, Robinson CG. Clinical 
and Dosimetric Predictors of Acute Severe Lymphopenia 
During Radiation Therapy and Concurrent Temozolomide 

for High-Grade Glioma. Int J Radiat Oncol Biol Phys. 2015; 
92:1000–07. https://doi.org/10.1016/j.ijrobp.2015.04.005.

11.	 Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, 
and function. Cell. 2004; 116:281–97. https://doi.
org/10.1016/S0092-8674(04)00045-5.

12.	 Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck 
D, Sweet-Cordero A, Ebert BL, Mak RH, Ferrando AA, 
Downing JR, Jacks T, Horvitz HR, Golub TR. MicroRNA 
expression profiles classify human cancers. Nature. 2005; 
435:834–38. https://doi.org/10.1038/nature03702.

13.	 Hammond SM. MicroRNAs as oncogenes. Curr Opin Genet 
Dev. 2006; 16:4–9. https://doi.org/10.1016/j.gde.2005.12.005.

14.	 Godlewski J, Nowicki MO, Bronisz A, Williams S, Otsuki 
A, Nuovo G, Raychaudhury A, Newton HB, Chiocca EA, 
Lawler S. Targeting of the Bmi-1 oncogene/stem cell renewal 
factor by microRNA-128 inhibits glioma proliferation and 
self-renewal. Cancer Res. 2008; 68:9125–30. https://doi.
org/10.1158/0008-5472.CAN-08-2629.

15.	 Shi L, Zhang S, Feng K, Wu F, Wan Y, Wang Z, Zhang J, 
Wang Y, Yan W, Fu Z, You Y. MicroRNA-125b-2 confers 
human glioblastoma stem cells resistance to temozolomide 
through the mitochondrial pathway of apoptosis. Int J Oncol. 
2012; 40:119–29. https://doi.org/10.3892/ijo.2011.1179.

16.	 Yang YP, Chien Y, Chiou GY, Cherng JY, Wang ML, Lo 
WL, Chang YL, Huang PI, Chen YW, Shih YH, Chen MT, 
Chiou SH. Inhibition of cancer stem cell-like properties 
and reduced chemoradioresistance of glioblastoma using 
microRNA145 with cationic polyurethane-short branch PEI. 
Biomaterials. 2012; 33:1462–76. https://doi.org/10.1016/j.
biomaterials.2011.10.071.

17.	 Zhang S, Wan Y, Pan T, Gu X, Qian C, Sun G, Sun L, Xiang 
Y, Wang Z, Shi L. MicroRNA-21 inhibitor sensitizes human 
glioblastoma U251 stem cells to chemotherapeutic drug 
temozolomide. J Mol Neurosci. 2012; 47:346–56. https://
doi.org/10.1007/s12031-012-9759-8.

18.	 Romano G, Kwong LN. Diagnostic and therapeutic 
applications of miRNA-based strategies to cancer 
immunotherapy. Cancer Metastasis Rev. 2018; 37:45–53. 
https://doi.org/10.1007/s10555-017-9716-7.

19.	 Wang X. A PCR-based platform for microRNA expression 
profiling studies. RNA. 2009; 15:716–23. https://doi.
org/10.1261/rna.1460509.

20.	 Ozsolak F, Milos PM. RNA sequencing: advances, 
challenges and opportunities. Nat Rev Genet. 2011; 12:87–
98. https://doi.org/10.1038/nrg2934.

21.	 Jiang Z, Liu W, Wang Y, Gao Z, Gao G, Wang X. Rational 
design of microRNA-siRNA chimeras for multifunctional 
target suppression. RNA. 2013; 19:1745–54. https://doi.
org/10.1261/rna.039677.113.

22.	 Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert 
BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR, 
Lander ES, Mesirov JP. Gene set enrichment analysis: 
a knowledge-based approach for interpreting genome-
wide expression profiles. Proc Natl Acad Sci USA. 2005; 
102:15545–50. https://doi.org/10.1073/pnas.0506580102.

https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa1308573
https://doi.org/10.1056/NEJMoa1308573
https://doi.org/10.1056/NEJMoa1308345
https://doi.org/10.1200/JCO.2008.19.4969
https://doi.org/10.1200/JCO.2008.19.4969
https://doi.org/10.1016/j.ejca.2012.04.011
https://doi.org/10.1097/CCO.0000000000000135
https://doi.org/10.1093/neuonc/nou212
https://doi.org/10.1093/neuonc/nou212
https://doi.org/10.1158/1078-0432.CCR-11-0774
https://doi.org/10.1158/1078-0432.CCR-11-0774
https://doi.org/10.1016/j.ijrobp.2015.04.005
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1038/nature03702
https://doi.org/10.1158/0008-5472.CAN-08-2629
https://doi.org/10.1158/0008-5472.CAN-08-2629
https://doi.org/10.3892/ijo.2011.1179
https://doi.org/10.1016/j.biomaterials.2011.10.071
https://doi.org/10.1016/j.biomaterials.2011.10.071
https://doi.org/10.1007/s12031-012-9759-8
https://doi.org/10.1007/s12031-012-9759-8
https://doi.org/10.1007/s10555-017-9716-7
https://doi.org/10.1261/rna.1460509
https://doi.org/10.1261/rna.1460509
https://doi.org/10.1038/nrg2934
https://doi.org/10.1261/rna.039677.113
https://doi.org/10.1261/rna.039677.113
https://doi.org/10.1073/pnas.0506580102


Oncotarget29045www.oncotarget.com

23.	 Siegal T, Charbit H, Paldor I, Zelikovitch B, Canello T, 
Benis A, Wong ML, Morokoff AP, Kaye AH, Lavon I. 
Dynamics of circulating hypoxia-mediated miRNAs and 
tumor response in patients with high-grade glioma treated 
with bevacizumab. J Neurosurg. 2016; 125:1008–15. 
https://doi.org/10.3171/2015.8.JNS15437.

24.	 Al-Ansari MM, Aboussekhra A. miR-146b-5p mediates 
p16-dependent repression of IL-6 and suppresses paracrine 
procarcinogenic effects of breast stromal fibroblasts. 
Oncotarget. 2015; 6:30006–16. https://doi.org/10.18632/
oncotarget.4933.

25.	 Curtale G, Mirolo M, Renzi TA, Rossato M, Bazzoni F, 
Locati M. Negative regulation of Toll-like receptor 4 
signaling by IL-10-dependent microRNA-146b. Proc 
Natl Acad Sci USA. 2013; 110:11499–504. https://doi.
org/10.1073/pnas.1219852110.

26.	 Wong N, Wang X. miRDB: an online resource for 
microRNA target prediction and functional annotations. 
Nucleic Acids Res. 2015; 43:D146–52. https://doi.
org/10.1093/nar/gku1104.

27.	 Tchorz JS, Tome M, Cloëtta D, Sivasankaran B, Grzmil M, 
Huber RM, Rutz-Schatzmann F, Kirchhoff F, Schaeren-
Wiemers N, Gassmann M, Hemmings BA, Merlo A, 
Bettler B. Constitutive Notch2 signaling in neural stem 
cells promotes tumorigenic features and astroglial lineage 
entry. Cell Death Dis. 2012; 3:e325. https://doi.org/10.1038/
cddis.2012.65.

28.	 Tran HC, Wan Z, Sheard MA, Sun J, Jackson JR, Malvar J, 
Xu Y, Wang L, Sposto R, Kim ES, Asgharzadeh S,  
Seeger  RC. TGFβR1 Blockade with Galunisertib 
(LY2157299) Enhances Anti-Neuroblastoma Activity of the 
Anti-GD2 Antibody Dinutuximab (ch14.18) with Natural 
Killer Cells. Clin Cancer Res. 2017; 23:804–13. https://doi.
org/10.1158/1078-0432.CCR-16-1743.

29.	 Bu LL, Yu GT, Wu L, Mao L, Deng WW, Liu JF, 
Kulkarni AB, Zhang WF, Zhang L, Sun ZJ. STAT3 Induces 
Immunosuppression by Upregulating PD-1/PD-L1 in 
HNSCC. J Dent Res. 2017; 96:1027–34. https://doi.
org/10.1177/0022034517712435.

30.	 Tsuchiya S, Fujiwara T, Sato F, Shimada Y, Tanaka E, 
Sakai Y, Shimizu K, Tsujimoto G. MicroRNA-210 regulates 
cancer cell proliferation through targeting fibroblast growth 
factor receptor-like 1 (FGFRL1). J Biol Chem. 2011; 
286:420–28. https://doi.org/10.1074/jbc.M110.170852.

31.	 Zhi F, Wang Q, Deng D, Shao N, Wang R, Xue L, Wang S, 
Xia X, Yang Y. MiR-181b-5p downregulates NOVA1 to 
suppress proliferation, migration and invasion and promote 
apoptosis in astrocytoma. PLoS One. 2014; 9:e109124. 
https://doi.org/10.1371/journal.pone.0109124.

32.	 Thota B, Arimappamagan A, Kandavel T, Shastry AH, 
Pandey P, Chandramouli BA, Hegde AS, Kondaiah P, 
Santosh V. STAT-1 expression is regulated by IGFBP-3 
in malignant glioma cells and is a strong predictor of poor 
survival in patients with glioblastoma. J Neurosurg. 2014; 
121:374–83. https://doi.org/10.3171/2014.4.JNS131198.

33.	 Alkharusi A, Yu S, Landázuri N, Zadjali F, Davodi B, 
Nyström T, Gräslund T, Rahbar A, Norstedt G. Stimulation 
of prolactin receptor induces STAT-5 phosphorylation and 
cellular invasion in glioblastoma multiforme. Oncotarget. 
2016; 7:79572–83. https://doi.org/10.18632/oncotarget.12840.

34.	 Mukthavaram R, Ouyang X, Saklecha R, Jiang P, 
Nomura N, Pingle SC, Guo F, Makale M, Kesari S. Effect 
of the JAK2/STAT3 inhibitor SAR317461 on human 
glioblastoma tumorspheres. J Transl Med. 2015; 13:269. 
https://doi.org/10.1186/s12967-015-0627-5.

35.	 Arimoto KI, Löchte S, Stoner SA, Burkart C, Zhang Y, 
Miyauchi S, Wilmes S, Fan JB, Heinisch JJ, Li Z, Yan M, 
Pellegrini S, Colland F, et al. STAT2 is an essential adaptor 
in USP18-mediated suppression of type I interferon 
signaling. Nat Struct Mol Biol. 2017; 24:279–89. https://
doi.org/10.1038/nsmb.3378.

36.	 Lin CC, Jiang W, Mitra R, Cheng F, Yu H, Zhao  Z. 
Regulation rewiring analysis reveals mutual 
regulation between STAT1 and miR-155-5p in tumor 
immunosurveillance in seven major cancers. Sci Rep. 2015; 
5:12063. https://doi.org/10.1038/srep12063.

37.	 Govender U, Corre B, Bourdache Y, Pellegrini S, Michel F. 
Type I interferon-enhanced IL-10 expression in human 
CD4 T cells is regulated by STAT3, STAT2, and BATF 
transcription factors. J Leukoc Biol. 2017; 101:1181–90. 
https://doi.org/10.1189/jlb.2A0416-187RR.

38.	 Park EC, Kim G, Jung J, Wang K, Lee S, Jeon SS, Lee ZW, 
Kim SI, Kim S, Oh YT, Shin JH, Jang HS, Choi BO, Kim 
GH. Differential expression of MicroRNAs in patients with 
glioblastoma after concomitant chemoradiotherapy. OMICS. 
2013; 17:259–68. https://doi.org/10.1089/omi.2012.0065.

39.	 Bo LJ, Wei B, Li ZH, Wang ZF, Gao Z, Miao Z. 
Bioinformatics analysis of miRNA expression profile 
between primary and recurrent glioblastoma. Eur Rev Med 
Pharmacol Sci. 2015; 19:3579–86.

40.	 Wang J, Cazzato E, Ladewig E, Frattini V, Rosenbloom DI, 
Zairis S, Abate F, Liu Z, Elliott O, Shin YJ, Lee JK, 
Lee IH, Park WY, et al. Clonal evolution of glioblastoma 
under therapy. Nat Genet. 2016; 48:768–76. https://doi.
org/10.1038/ng.3590.

41.	 Kim H, Zheng S, Amini SS, Virk SM, Mikkelsen T, Brat DJ, 
Grimsby J, Sougnez C, Muller F, Hu J, Sloan AE, Cohen ML, 
Van Meir EG, et al. Whole-genome and multisector exome 
sequencing of primary and post-treatment glioblastoma 
reveals patterns of tumor evolution. Genome Res. 2015; 
25:316–27. https://doi.org/10.1101/gr.180612.114.

42.	 Li Y, Wang Y, Yu L, Sun C, Cheng D, Yu S, Wang Q, Yan Y, 
Kang C, Jin S, An T, Shi C, Xu J, et al. miR-146b-5p 
inhibits glioma migration and invasion by targeting 
MMP16. Cancer Lett. 2013; 339:260–69. https://doi.
org/10.1016/j.canlet.2013.06.018.

43.	 Katakowski M, Zheng X, Jiang F, Rogers T, Szalad A, 
Chopp M. MiR-146b-5p suppresses EGFR expression and 
reduces in vitro migration and invasion of glioma. Cancer 

https://doi.org/10.3171/2015.8.JNS15437
https://doi.org/10.18632/oncotarget.4933
https://doi.org/10.18632/oncotarget.4933
https://doi.org/10.1073/pnas.1219852110
https://doi.org/10.1073/pnas.1219852110
https://doi.org/10.1093/nar/gku1104
https://doi.org/10.1093/nar/gku1104
https://doi.org/10.1038/cddis.2012.65
https://doi.org/10.1038/cddis.2012.65
https://doi.org/10.1158/1078-0432.CCR-16-1743
https://doi.org/10.1158/1078-0432.CCR-16-1743
https://doi.org/10.1177/0022034517712435
https://doi.org/10.1177/0022034517712435
https://doi.org/10.1074/jbc.M110.170852
https://doi.org/10.1371/journal.pone.0109124
https://doi.org/10.3171/2014.4.JNS131198
https://doi.org/10.18632/oncotarget.12840
https://doi.org/10.1186/s12967-015-0627-5
https://doi.org/10.1038/nsmb.3378
https://doi.org/10.1038/nsmb.3378
https://doi.org/10.1038/srep12063
https://doi.org/10.1189/jlb.2A0416-187RR
https://doi.org/10.1089/omi.2012.0065
https://doi.org/10.1038/ng.3590
https://doi.org/10.1038/ng.3590
https://doi.org/10.1101/gr.180612.114
https://doi.org/10.1016/j.canlet.2013.06.018
https://doi.org/10.1016/j.canlet.2013.06.018


Oncotarget29046www.oncotarget.com

Invest. 2010; 28:1024–30. https://doi.org/10.3109/0735790
7.2010.512596.

44.	 Liu J, Xu J, Li H, Sun C, Yu L, Li Y, Shi C, Zhou X, Bian X, 
Ping Y, Wen Y, Zhao S, Xu H, et al. miR-146b-5p functions 
as a tumor suppressor by targeting TRAF6 and predicts the 
prognosis of human gliomas. Oncotarget. 2015; 6:29129–
42. https://doi.org/10.18632/oncotarget.4895.

45.	 Yang W, Yu H, Shen Y, Liu Y, Yang Z, Sun T. MiR-146b-5p 
overexpression attenuates stemness and radioresistance 
of glioma stem cells by targeting HuR/lincRNA-p21/β-
catenin pathway. Oncotarget. 2016; 7:41505–26. https://
doi.org/10.18632/oncotarget.9214.

46.	 Virk SM, Gibson RM, Quinones-Mateu ME, Barnholtz-
Sloan JS. Identification of variants in primary and recurrent 
glioblastoma using a cancer-specific gene panel and whole 
exome sequencing. PLoS One. 2015; 10:e0124178. https://
doi.org/10.1371/journal.pone.0124178.

47.	 Gilbert MR. Recurrent glioblastoma: a fresh look at 
current therapies and emerging novel approaches. Semin 
Oncol. 2011; 38:S21–33. https://doi.org/10.1053/j.
seminoncol.2011.09.008.

48.	 Park H, Huang X, Lu C, Cairo MS, Zhou X. MicroRNA-
146a and microRNA-146b regulate human dendritic cell 
apoptosis and cytokine production by targeting TRAF6 and 
IRAK1 proteins. J Biol Chem. 2015; 290:2831–41. https://
doi.org/10.1074/jbc.M114.591420.

49.	 Lu Y, Hippen KL, Lemire AL, Gu J, Wang W, Ni X, 
Ranganathan P, Levine BL, Riley JL, June CH, Turka LA, 
Munn DH, Garzon R, et al. miR-146b antagomir-treated 
human Tregs acquire increased GVHD inhibitory potency. 
Blood. 2016; 128:1424–35. https://doi.org/10.1182/
blood-2016-05-714535.

50.	 Ooi YC, Tran P, Ung N, Thill K, Trang A, Fong BM, 
Nagasawa DT, Lim M, Yang I. The role of regulatory T-cells 
in glioma immunology. Clin Neurol Neurosurg. 2014; 
119:125–32. https://doi.org/10.1016/j.clineuro.2013.12.004.

51.	 Sadri N, Schneider RJ. Auf1/Hnrnpd-deficient mice develop 
pruritic inflammatory skin disease. J Invest Dermatol. 2009; 
129:657–70. https://doi.org/10.1038/jid.2008.298.

52.	 Landi A, Vermeire J, Iannucci V, Vanderstraeten H, Naessens 
E, Bentahir M, Verhasselt B. Genome-wide shRNA screening 
identifies host factors involved in early endocytic events for 
HIV-1-induced CD4 down-regulation. Retrovirology. 2014; 
11:118. https://doi.org/10.1186/s12977-014-0118-4.

53.	 Jackson C, Ruzevick J, Phallen J, Belcaid Z, Lim M. 
Challenges in immunotherapy presented by the glioblastoma 
multiforme microenvironment. Clin Dev Immunol. 2011; 
2011:732413. https://doi.org/10.1155/2011/732413.

54.	 Waziri A. Glioblastoma-derived mechanisms of systemic 
immunosuppression. Neurosurg Clin N Am. 2010; 21:31–
42. https://doi.org/10.1016/j.nec.2009.08.005.

55.	 Authier A, Farrand KJ, Broadley KW, Ancelet LR, 
Hunn MK, Stone S, McConnell MJ, Hermans IF. Enhanced 
immunosuppression by therapy-exposed glioblastoma 
multiforme tumor cells. Int J Cancer. 2015; 136:2566–78. 
https://doi.org/10.1002/ijc.29309.

56.	 Gill BJ, Pisapia DJ, Malone HR, Goldstein H, Lei L, 
Sonabend A, Yun J, Samanamud J, Sims JS, Banu M, 
Dovas A, Teich AF, Sheth SA, et al. MRI-localized biopsies 
reveal subtype-specific differences in molecular and cellular 
composition at the margins of glioblastoma. Proc Natl Acad 
Sci USA. 2014; 111:12550–55. https://doi.org/10.1073/
pnas.1405839111.

57.	 Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, 
Wakimoto H, Cahill DP, Nahed BV, Curry WT, Martuza RL, 
Louis DN, Rozenblatt-Rosen O, Suvà ML, et al. Single-cell 
RNA-seq highlights intratumoral heterogeneity in primary 
glioblastoma. Science. 2014; 344:1396–401. https://doi.
org/10.1126/science.1254257. 

https://doi.org/10.3109/07357907.2010.512596
https://doi.org/10.3109/07357907.2010.512596
https://doi.org/10.18632/oncotarget.4895
https://doi.org/10.18632/oncotarget.9214
https://doi.org/10.18632/oncotarget.9214
https://doi.org/10.1371/journal.pone.0124178
https://doi.org/10.1371/journal.pone.0124178
https://doi.org/10.1053/j.seminoncol.2011.09.008
https://doi.org/10.1053/j.seminoncol.2011.09.008
https://doi.org/10.1074/jbc.M114.591420
https://doi.org/10.1074/jbc.M114.591420
https://doi.org/10.1182/blood-2016-05-714535
https://doi.org/10.1182/blood-2016-05-714535
https://doi.org/10.1016/j.clineuro.2013.12.004
https://doi.org/10.1038/jid.2008.298
https://doi.org/10.1186/s12977-014-0118-4
https://doi.org/10.1155/2011/732413
https://doi.org/10.1016/j.nec.2009.08.005
https://doi.org/10.1002/ijc.29309
https://doi.org/10.1073/pnas.1405839111
https://doi.org/10.1073/pnas.1405839111
https://doi.org/10.1126/science.1254257
https://doi.org/10.1126/science.1254257

	The immune-related microRNA miR-146b is upregulated in glioblastoma recurrence
	Please let us know how this document benefits you.
	Recommended Citation

	Microsoft Word - 100710.docx

