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Musashi-1 Enhances Glioblastoma
Migration by Promoting ICAM1
Translation

1,2,3,4,5

Abstract

Glioblastoma multiforme (GBM) is a lethal brain tumor with a mean survival time of 1 year. One major reason for
therapeutic failure is that GBM cells have an extraordinary capacity to invade normal brain tissue beyond the
surgical margin, accounting for the lack of treatment efficacy. GBM cells that can infiltrate into the healthy brain
possess tumor properties of stemness and invasion, and previous studies demonstrate that Musashi-1 (MSI1), a
neural stem cell marker, plays an important role in the maintenance of stem cell status, cellular differentiation, and
tumorigenesis in cancers. By analyzing neuronal progenitor cell markers and stemness genes, we predicted that
MSI1T might be an important factor in GBM pathogenesis. Because inflammation aids in the proliferation and
survival of malignant cells, the inflammatory microenvironment also promotes GBM invasion, and intercellular
adhesion molecule-1 (ICAM1), a member of the immunoglobulin superfamily, is involved in inflammation. Our
results indicate that the above phenomena are likely due to MSI1 upregulation, which occurred simultaneously
with higher expression of ICAM1 in GBM cells. Indeed, MSI1 knockdown effectively suppressed ICAM1
expression and blocked GBM cell motility and invasion, whereas overexpressing ICAM1 reversed these effects.
According to RNA immunoprecipitation assays, MSI1-mediated mRNA interactions promote ICAM1 translation.
Finally, immunohistochemical analysis showed MSI1 and ICAM-1 to be coexpressed at high levels in GBM tissues.
Thus, the MSI1T/ICAM1 pathway plays an important role in oncogenic resistance, including increased tumor
invasion, and MSI1/ICAM1 may be a target for GBM treatment.
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Introduction

One of the most deadly malignant brain tumors in humans is
glioblastoma multiforme (GBM), also known as World Health
Organization (WHO) Grade IV malignant glioma. GBM appears to
be resistant to all current treatments, including surgery, drug
intervention and radiotherapy. This malignant tumor can develop
from primary GBM or progress from a low-grade glioma. The median
survival of GBM is approximately 15 months, and it is highly recurrent
even after surgical intervention, chemotherapy, radiation, and
immunotherapy [1]. Several mechanisms of GBM have been previously
reported. For example, in primary GBM, almost all cells were found to
highly express epidermal growth factor receptor (EGFR) and cyclin-
dependent kinase inhibitor 2A° (CDKN2A) and show loss of
heterozygosity (LOH), thereby repressing the level of phosphatase
and tensin homolog (PTEN) gene expression. Moreover, aberrations in
platelet-derived growth factor receptor (PDGFR) and Tp53 gene
expression levels are usually observed in secondary GBM [2]. In
addition, some signaling pathways are reported to modulate GBM
biological function, such as PI-3 K, NF-«kB, vascular endothelial growth
factors (VEGF) or STAT3, which are able to mediate GBM cell growth
and cell death [3]. Overall, two major factors underlie the poor clinical
outcome of GBM: its inflammatory properties and its aggressive
invasion into surrounding normal brain tissue.

Musashi-1 (MSI1), a member of the RNA-binding protein family,
is highly expressed in the central nervous system. The primary
structure and expression pattern of MSI1 have been reported among
nematode, fruit fly and ascidian species [4-6]. In fruit flies, loss of
MSI1 gene function causes asymmetrical division of sensory organ
precursor cells, indicating that MSI1 plays an important role in brain
organ development [7]. In mammals, MSI1 is conserved as an
important marker of neural stem cells or progenitor cells. Okano et al.
were the first to prove that MSI1 has multiple functions in regulating
cell fate decisions, maintenance of the stem cell state, differentiation
and tumorigenesis [8]. Moreover, MSI1 has been identified as a
functional modulator that mediates Notch signaling by suppressing
translation of m-Numb, the intracellular Notch signal inhibitor,
thereby maintaining the self-renewal ability of neural stem cells
(NSCs) [9]. The MSII protein was also reported to be present in the
polysomal fraction and to bind directly to a targeting molecule that
interacts with both translation initiation factors and mRNAs,
repressing the targeting molecule at the translational level [10]. In
addition to translational control, MSI1 is important in terms of
revealing the full picture of stem cell modulation. Tcf/Lef and the
SOX family maintain the cell renewal ability of stem cells, and Tef/
Lef and Sox family binding sequences are present in conserved regions
outside of protein-coding regions [11]. As MSI1 is strongly repressed
in human colon cancer, it is recognized as a colon cancer stem cell
marker in humans [12]. Furthermore, Sureban et al. showed that
MSI1 knockdown leads to tumor regression and promotes radiation-
induced apoptosis in colon cancer cells, indicating that MSI1 plays
important roles in cancer cell proliferation, apoptosis inhibition and
tumorigenesis modulation [13]. Additionally, expression of MSI1
correlates with the grade of malignancy and proliferative activity in
gliomas [14], and in vitro neurospheres derived from brain tumors
express MSI1 [15].

Intercellular adhesion molecule-1 (ICAM1), a single-chain
76-110-kD glycoprotein, is a member of the immunoglobulin
supergene family [16]. ICAM1 expression has been found in several
cell types, including leucocytes, fibroblasts, endothelial cells, epithelial

cells and cultured human fetal brain astrocytes [17]. ICAM1 is involved
in several processes, including (1) inflammatory cell trafficking,
(2) leukocyte effector activity, (3) adhesion of antigen-presenting cells
to T lymphocytes during antigen presentation, (4) microbial
pathogenesis and (5) signal transduction pathways through outside-in
signaling events. During the development of inflammation, leukocytes
will interact with ICAM1 of the endothelium, allowing them to
cross the barrier [18]. Yu et al. revealed that secretory phospholipase
A(2) plays a substantial role in mediating the inflammatory signals
that induce ICAM1 expression in lung cancer cells and that inhibition
of the enzyme can significantly decrease ICAM1 expression and
subsequent cancer cell invasion [19]. In addition, Lin et al. showed that
thalidomide can suppress ICAM1 expression and inhibit ICAM1-
mediated cell invasion and metastasis in lung cancer [20]. In human
glioma, irradiation reportedly significantly elevated ICAM1 and
soluble-ICAMI levels, promoting migration and invasion phenotypes
[21].

In the present study, we found that ICAM1 induced GBM cells
to invade healthy brain tissue. MSI1 also appears to regulate
ICAM1, and ICAM1 may serve as a surface marker for invasive GBM
cells. To our knowledge, this study is the first to demonstrate
the crucial role of MSI1/ICAM1 interaction in GBM cell invasion.
These results will contribute to our understanding of the therapeutic
significance of targeting the MSI1/ICAMI interaction in future
GBM treatment.

Materials and Methods

Cell Line and Culture Conditions

The human glioblastoma cell lines U87MG, 8901, 8401, and 05MG
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco), penicillin
(10 IU/ml), and streptomycin (10 pg/ml) (Gibco) under standard
culture conditions (37 °C, 95% humidified air, and 5% CQO,). Culture
medium was refreshed every 2 days, and 100 g/mL G418 (Sigma) was
only added in the culture selecting plasmid-transfected cells. All cultures

were confirmed for no contamination of mycoplasma using MycoAlert
PLUS Mycoplasma Detection Kit (Lonza).

RT-PCR

Total RNA isolated using Trizol reagent (Ambion) was subjected
to reverse transcription performed using the SuperScript™ III Reverse
Transcriptase (Invitrogen, 18080093). RT-PCRs were performed
using SYBR Green Master Mix (Thermo Scientific) on the Step One
Plus Real-Time PCR instrument (Applied Biosystems). The
following primers were used for RT-PCR: MSI1 (NM_002442.3;
sense: 5'-GTCTCGAGTCATGCCCTACG-3’; antisense: 5'-
ACACGGAATTCGGGGAACTG-3', 147 bp), ICAMI1
(NM_000201.2; sense: 5'- ACGGAG CTCCCAGTCC TAAT -
3’; antisense: 5'-CTCCTTCTGGGGAAAGGCAG-3’, 138 bp),
and GAPDH (NM_002 046; sense: 5'- GACAGTCAGCCG-
CATCTTCT-3'; antisense: 5'-GCGCC CAATACGACC AAATC-
3’, 104 bp). GAPDH was included as the reference gene for
normalization. The AAc, method was used for quantification
analysis. The primers were listed in Supplementary Table 1.

RNA Immunoprecipitation (RIP)

RIP was performed in U87MG and 05MG using anti-FLAG M2
magnetic beads (Sigma, M8823). In brief, cells were cross-linked in
0.1% formaldehyde for 10 minutes prior to harvest and lysis. RIP was



1204

~
1

o
1

o
1

»
1

w
1

N
1

No. of invasive cells

=
1

Relative mRNA expression ratio of MSI1

o
[

C
05M G
T OSMG o S
sh-Ser sh-MSI1 E sh-MSI1 ’ *
MSI1| - : y g1
: E J =
[ / i
O O 804 >
Aamq.pcll|§ @ == =~ 0ol liL_
‘»
©
>
USTMG £ Us7MG
L )
-] -
Crl MS1 ; 2 Ctrl MSi1 =
MSI1| s - G j 15 *
5 b \ zr -
) % .._,s> PP E 1.0
Actin [ -] S
3 S & ==
0.0-
05MG uUs7’MG

Figure 1. MSI1 promotes invasion and motility in GBM cells. (A) MSI1 expression in different GBM cell lines by western blotting. All data are represented as the mean = SD, n = 3.
(B) GBM-05MG cells had higher invasive abilities than did GBM-8901, GBM-8401 and GBM-U87MG cells. All data are represented as the mean = SD, n = 3. Scale bars, 100 um. (C)
(Upper) Short hairpin RNA (sh-MSI1) against MSI1 to knock down MSI1 expression in 05MG cells by western blot and qPCR; (Lower) overexpressed MSI1 in US7MG cells by western
blot and gPCR. (D) (Upper) Transwell invasion assay using GBM-05MG cells transfected with scrambled shRNA control vector (sh-Scr) versus sh-MSI1; (Lower) transwell invasion
assay using GBM-U87MG cells transfected with the vector control (Ctrl) versus ectopic MSI1. All data are represented as the mean + SD, n = 3, Scale bars, 100 um. *P < .01 by
Student's t-test. (E) (Upper) Representative trajectories and quantification of speed of GBM-05MG cells transfected with sh-Scr vector versus sh-MSI1; (Lower) representative
trajectories and quantification of speed of GBM-U87MG cells transfected with the vector Ctrl versus ectopic MSI1. (sh-Scr; n = 10 for each group). *P < .01 by Student's t-test.

6L0Z G ON ‘Lz oA eisejdoaly

uonesBipy seoueyul LIAYII /L-IUSesnjA BIA BwoISe|qoljD)

e 18 U]

LoV


Image of Figure 1

462  Glioblastoma via Musashi-1/ ICAM1 Enhances Migration

Lin et al.

Neoplasia Vol. 21, No. 5, 2019

performed using the Magna RIP RNA-binding protein immune-
precipitation kit (Millipore, 17-700) according to the manufacturer’s
instructions. RNA in each eluted sample was reverse-transcribed by
using SuperScript™ III Reverse Transcriptase (Invitrogen, 18080093)
and analyzed by RT-PCR. Each PCR was performed with HiFi-Kapa
PCR master mix (Kapa Biosystems, KK2101) and analyzed by
electrophoresis. The 1% mRNA of the sample was used as input
meanwhile, the RIP sample by using IgG was used as negative
control. Detection was performed using specific primers, including
MSI1 (NM_002442.3; sense: 5'-GCCCAAGATGGTGACTC-
GAA-3’, antisense: 5'-AGGAATGGCTGTAAGCTCG G-3’, 496
bp), ICAM1 (NM_000201.2; sense: 5'-TTGGGCACTGCTGTC-
TACTG-3’, antisense: 5-ATGTCCAGACATGACCGCTG-3/,
438 bp), P21 (NM_000389.4; sense: 5'-AGTCAGTTCCTTGTG-
GAGCC-3/, antisense: 5'-ATCTGTCATGCTGGTCTGCC-3/,
517 bp), and GAPDH (NM_002 046; sense: 5'-CTCATGACCA-
CAGTCCATGC-3’, antisense: 5'-TTCAGCTCTGGGAT-
GACCTT-3’, 548 bp).

Flow Cytometry Analysis

The cells were incubated with the antibodies in phosphate-buffered
saline containing 1% bovine serum albumin and 0.1% sodium azide.
After incubating with antibody against IL8 (GeneTex, GTX43428),
POSTN (BosterBio, M01378), PRDM1 (Merck, 05-1570), SP1
(Merck, FCABS345F), or ICAMI1 (GeneTex, GTX20020), the cells
were washed with PBS twice and applied into FACS Calibur flow
cytometer (BD Biosciences). The corresponding isotype immuno-
globulins were used as controls. The data were analyzed with Cell
Quest software (BD Biosciences).

mRNA Stability Assays

ICAM1 mRNAs were quantified relative to GAPDH at various
times after addition of Actinomycin D (ActD; 6.5 pg/ml; Sigma—
Aldrich) to the cell culture medium. After ActD treatment, RNA was
extracted from shCtrl or shMSI1 GBM-05MG cells using TRIZOL
(Invitrogen), and RNA species were detected by RT-PCR analysis.
The primers are the same with the primer used in gRT-PCR.

A
Biological process Count p-value Benjamini
cell-cell adhesion 11  0.00059 0.29
receptor internalization 5 0.001 0.33
movement of cell or subcellular component 6 0.0021 0.46
membrane organization 4 0.0045 0.65
mRNA 3-end processing 4  0.015 0.84
regulation of cell migration 5 0.018 0.82
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Figure 2. ICAM1 is more highly expressed in GBM cells expressing greater levels of MSI1-compared to GBM cells expressing lower levels
of MSI1. (A) Gene ontology classification. (B) Schema for identifying genes under conditions of >3-fold differences between U87MG/MSI1
and U87MG/Ctrl cells, <0.75-fold differences between 05MG/sh-MSI1 and 05MG/sh-Scr cells, and migration-associated factors. (C) gPCR
analysis of ICAM1 in US7MG /Ctrl, UB7MG /MSI1, 056MG/sh-Scr, and 06MG /sh-MSI1 cells. *P < .01 by Student's t-test. Data shown are

the mean + SD of three independent experiments.
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Western blot assays

Western blot assays were performed by using antibodies, including
mouse anti B-Actin (1:1000; Millipore, mab1501), rabbit anti-
LIN28 (1:1000; Cell signaling, #3695), rabbit anti-MSI1 (1:1000;
Novus Biologicals, NBP1-32812) and mouse anti-ICAM1 (1:1000;
OriGene Technologies, AM26247PU-N). The antibodies were listed
in Supplementary Table 2.

Immunohistochemistry Staining

GBM clinical samples were stained by using antibodies, including
rabbit anti-MSI1 (1:100; Novus Biologicals, NBP1-32812) and
mouse anti-ICAM1 (1:100; OriGene Technologies, AM26247PU-
N). The antibodies were listed in Supplementary Table 2.

Results

MSII Enhances Invasion and Motility in GBM Cells

GBM lines were established from tumor tissues of diagnosed
WHO grade 1V glioblastoma patients and used as a cell model for
investigating tumor enrichment [22]. MSI1 silencing attenuated the
migration and invasion activities of colon cancer cells, and MSI1 was
reported to be associated with differentiation, tumor mass, and
invasion of gallbladder adenocarcinoma [23,24]. However, the role of
MSI1 in GBM remains unclear. To determine the relationship
between malignancy and MSI1 expression, we compared levels in
four GBM cell lines: 05MG, 8901, 8401, and U87MG GBM cells.
According to western blot analysis, 05MG cells, with the greatest
invasion and migration capacities, exhibited the highest levels of MSI
protein among the cell lines (Figure 14, left panel). Consistent with
the immunoblotting results, MSII mRNA was 5.01 + 0.34-fold
higher in 05MG cells than in U87MG cells; expression levels of MSI1
mRNA were 2.58 + 0.41 and 2.24 + 0.28 in 8901 and 8401 GBM
cells, respectively (Figure 14, right panel). To further compare
invasion ability among these cell lines, we performed a transwell assay
to examine whether the cells with high MSI1 expression also had
higher invasion ability in vitro. Bright-field images showed more
05MG cells escaping from the transwell device compared to the other
cell lines (Figure 1B, left). Based on quantification, the numbers for
05MG, 8901, 8401, and U87MG cells were 110 + 5,83 + 4,47 + 6,
and 30 + 5, respectively (Figure 15, right), suggesting that 05MG cells
have higher invasion ability. To further identify the effect of MSI1 in
regulating tumor invasion, we used short hairpin RNA (sh-MSI1)
against MSI1 to knock down MSI1 expression in 05MG cells
(Figure 1C, upper). Compared to the control group (sh-Scr),
MSI1 knockdown significantly reduced the number of invasive cells
(Figure 1D), showing that MSI1 may be essential for GBM invasion.
We also overexpressed MSI1 in U87MG cells, with a low in vitro level
of MSI1 expression, using lentivirus infection (Figure 1C, lower) and
observed that MSI1 overexpression induced a significant increase
in invasion cell number (Figure 1D). Next, MSI1-knockdown GBM
(sh-MSI1) cells were subjected to a cell tracking assay, which provides a
means for comparing motility in a knockdown (sh-Scr vs sh-MSI1 in
05MG) or overexpression (Ctrl vs MSI1 in U87MG) group. The
recorded tracks in 2 dimensions (2D) of the knockdown or
overexpression group are shown in Figure 1£, and the distance per
minute was converted into a migration rate (tm/min). These assays
revealed that MSI1 knockdown significantly reduced cell motility but
that MSI1 overexpression promoted cell motility. Taken together, the
above results demonstrated that MSI1 might manipulate cell invasion
and motility in vitro.

MSI1 Promotes GBM Tumor Invasion via ICAM1 Induction

Based on our immunoblotting results (Figure 14), U87MG cells
can be viewed as an MSI1-negative GBM line and 05MG cells as an
MSI1-positive GBM line. To investigate the mechanism underlying
how MSI1 affects GBM invasion and motility, we aimed to
determine which genes are upregulated in MSI1-overexpressing
U87MG cells and those oppositely downregulated in MSII
knockdown 05MG cells using Affymetrix 133 plus a microarray to
detect transcriptional changes. We found that 559 genes were
upregulated in MSI1-overexpressing GBM-U87MG cells and that
4703 genes were downregulated in MSI1-knockdown GBM-05MG
cells. We then performed Gene Ontology (GO) analysis, which
revealed that MSI1 is correlated with several biological processes,
including cell-cell adhesion, receptor internalization, cell movement
or subcellular component, membrane organization, mRNA 3’-end
processing, and cell migration regulation (Figure 24). To identify
specific genes downstream of MSI1 and related to migration, we
correlated the 559 and 4703 genes with defined migration-associated
factors [25] to reveal 247 common genes. Eventually, we obtained
five genes from the microarray results: ICAMI1, IL8, POSTN,
PRDM1, and SP1 (Figure 2B). In addition, among those with altered
expression, a number of cancer-associated genes, such ABCC4,
BRCA2, and JAK1, were upregulated (Supplemental Table 3), and
many tumor suppressors were downregulated, including WT1, NF2,
MSH2, MLH1, and MSH6 (Supplemental Table 4). Several studies
have revealed that ICAM1 promotes invasion and migration of GBM
cells and that ICAM1 silencing prolongs survival of glioblastoma in
vivo [21,26]. Therefore, we employed quantitative polymerase chain
reaction (QPCR) to examine the mRNA expression of [ICAM1 in both
groups (knockdown vs control in 05MG or overexpressed vs control
in U87MG). The results show ICAM1 mRNA expression to be
upregulated and downregulated in MSII-overexpressing and
-knockdown GBM cells (Figure 2C).

We next examined whether the protein expression of these five
genes screened from the microarray analysis was also stimulated by
MSI1 overexpression. Flow cytometry analysis revealed that
proportions of 1.31 + 0.98%, 0.071 = 0.08%, 1.48 £ 0.95%,
1.41 + 1.46%, and 39.1 + 3.53% for IL8, POSTN, PRDMI,
SP1, and ICAMI, respectively. ICAM1 was significantly upregulated
by MSI1 overexpression (Figure 34), and the population of ICAM1-
positive U87MG cells was significantly increased with MSI1
overexpression. Furthermore, we employed western blotting to
compare differences in ICAM1 levels between MSI1 knockdown
and control cells; to further address the causal effect, we combined
ICAM1 knockdown with the presence or absence of MSII.
Immunoblotting revealed that MSI1 overexpression resulted in
upregulation of ICAM1 but that ICAM1 overexpression did not
cause MSI1 upregulation. Consistently, we found that MSI1 can
facilitate ICAM1 expression. ICAM1 knockdown did not signifi-
cantly suppress the MSI1 level in U87MG cells, and ICAM1
overexpression did not change MSI1 levels in 05MG cells, suggesting
that ICAM1 does not influence MSI1 levels (Figure 3B). Moreover,
we compared the invasion ability of GBM-U87/MSI1 and GBM-
05MG/sh-Scr cells to investigate whether MSI1 affects the invasion
ability mediated by ICAMI signaling. Compared to shMSII
treatment, ICAM1 overexpression rescued the invasion ability of
05MG cells (Figure 3C). We also observed that shICAMI
significantly suppressed invasion ability in the presence of MSI1
overexpression. The above results indicate that ICAM1 is essential for
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Figure 4. MSI1-mediated mRNA interaction promotes ICAM1
translation. Representative immunoblotting analysis of ICAM1,
Flag, and LIN28 in (A) UB7MG cells. B-Actin was used as the loading
control (upper panel). RNA-immunoprecipitation of Flag-control or
Flag-MSI1-overexpressing cell lines was performed using an
antibody against Flag (IP-Flag). RT-PCR analysis for detecting
mRNA expression of ICAM1, p21, and GAPDH (lower panel). To
confirm RNA-mediated inhibition of MSI1, RNase A was used to
eliminate total RNA in vitro, demonstrating that MSI1 promotes
ICAM1 translation in an RNA-dependent manner. Input was 5% of
total mRNA, and IgG was used as a negative control. (B)
Identification of the effect of MSI1 on stabilizing ICAMT mRNA
in the UB7MG cell line. Control or MSI1-overexpressing US7MG
cells were treated with the transcriptional inhibitor actinomycin
D (Act D, 6.5 ug/ml), and total RNA was harvested at 0, 1, 2 3
and 4 hr. posttreatment. ICAM1T mRNA levels were determined
relative to GAPDH by RT-PCR and quantitated using ImageJ
software.

MSI1-mediating invasion. Because 05MG cells are derived from a
patient with GBM who had been treated with irradiation and
chemotherapy, we suggest that inability of ICAM1 overexpression to
fully rescue suppressed 05MG cell invasion was the result of radio- or
drug selection. Significant suppression by shICAM1 was observed in
U87MG cells overexpressing MSI1, which also supports our
suggestion. However, ICAM1 knockdown suppressed invasion ability
in the presence of MSII, indicating that MSI1 regulates invasion

ability via [ICAM1.

MSI1-Mediated mRNA Interaction Promotes ICAMI Translation

Given that MSI1 is an RNA-binding protein, upregulation of
ICAMI in the presence of MSI1 led us to investigate whether MSI1
modulates ICAM1 expression through an RNA-dependent mecha-
nism. To identify whether MSI1 directly interacts with ICAM1
mRNA in GBM, we conducted RNA immunoprecipitation (RIP)
experiments in the U87MG cell line by pulling down MSI1-bound
RNAs. Immunoblot analysis revealed that MSI1 overexpression
induces ICAM1 upregulation under physiological conditions but
does not induce LIN28 upregulation (Figure 44 upper panel). We
used the cancer-stemness transcription factor LIN28, which plays a
crucial role in GBM malignancy [27], as a positive control for an
MSI1-binding protein. Importantly, MSI1 was immunoprecipitated
with ICAM1 and p21 mRNA in GBM cells (Figure 44 lower panel).
Because p21 mRNA has been reported to be an MSI1 target, this
mRNA was utilized a positive control [28,29]. Furthermore, ICAM1
upregulation was eliminated by RNase A addition, and we observed
the complete clearance of ICAM1 mRNA, indicating that the
presence of ICAM1 mRNA is critical for MSI1 induction. However,
RNase A-mediated mRNA elimination did not affect upregulation of
LIN28, suggesting that increased LIN28 expression is not RNA
dependent. This evidence that MSI1 does not directly interact with
the ICAMI protein but does interact with its mRNA suggests that
MSI1 contributes to a regulatory mechanism via RNA-binding
activity and protects or facilitates ICAM1 translation in the presence
of mRNA in GBM cells. To investigate the contribution of MSI1 to
ICAM1 mRNA stability, mRNA decay was detected by qRT-PCR.
Control or MSI1-overexpressing GBM-U87MG cells were treated
with actinomycin D (ActD) (6.5 pg/ml) for 0, 1, 2, 3, and 4 h, and
ICAM1 mRNA levels were measured at the indicated time point
(Figure 4B). This analysis showed that ICAM1 mRNA was very
stable at 0 to 4 h under MSI1 overexpression; without overexpression,
ICAM1 mRNA was less stable. These results show that MSI1 can
stabilize ICAM1 mRNA, which likely contributes to ICAM1

expression.

MSI1/ ICAM1-Expressing Cells are Enriched in Clinical GBM
Samples

Based on the results of the in vitro experiments, we used
immunohistochemistry (IHC) staining to evaluate MSI1 and
ICAM1 expression in nine GBM patient samples. To emphasize
the role of MSI1 and ICAMI in high-grade GBM, we compared
expression among GBM and low-grade glioma (LGG). Compared to
LGG, GBM clinical samples showed high MSI1 and ICAMI
expression in two GBM patient samples, as revealed by IHC staining
against the MSI1 antigen (Figure 5, A and B). IHC staining of MSI1
and ICAM1 was then applied to further identify the relationship
between MSI1 and ICAMI, revealing that MSI1 highly colocalized
with ICAM1 in clinical GBM samples. Furthermore, according to the
Rembrandt brain database, the survival rate of MSI1™8"/ICAM1 high
GBM patients is poor (Figure 5C): among 151 patients, MSI1""
(76) and ICAM1™#" (76) showed significantly lower survival rates.
These results indicate that both MSI1 and ICAM1 are critical for
patient survival. However, we could not clearly distinguish the
survival rates of MSI1-positive (76 patients), ICAMI-positive (76
patients), or double-positive patients (35 patients), suggesting that
MSI1 and ICAM1 may share the same mechanism. As the survival
rate of double-positive patients was not lower than that of MSI1- or
ICAM1-positive patients, MSI1I/ICAM1 axis regulation strongly
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Figure 5. (A) IHC staining detected MSI1 in LGG and GBM patient samples. Scale bars, 100 um. All data are presented as the mean + SD,
n = 10, *P < .01 by Student's t-test. (B) IHC staining detected ICAM1 in LGG and GBM patient samples. Scale bars, 100 um. All data are
presented as the mean = SD, n = 10, *P < .01 by Student's t-test. (C) MSI1 and ICAM1 protein co-localization in tissues by IHC staining.
Scale bars,100 um. All data are presented as the mean = SD, n = 10, *P < .01 by Student's t-test. (D) Different Kaplan—Meier plots of
GBM patients with high MSI1 expression, high ICAMTexpression, and high MSI1/ICAM1 expression. (E) Schematic illustration depicting
that MSI1-mediated mRNA interaction promotes ICAM1 translation and tumor invasion.
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influences the survival rate of double-positive GBM patients. In other
words, the survival of double-positive patients appears to be similar to
that of each single-positive patient because the major factor affecting the
survival rate related to MSI1 is dependent of that related to ICAM1.
This indicates that MSI1 affects survival rates through the same pathway
as ICAMI1. All patients received the full course of concurrent
chemoradiotherapy after surgery. Overall, MSI1 possibly mediates
translation of ICAM1, whereas MSI1 may serve as a predictive index for
ICAM1 expression. In summary, we conclude that MSI1 might
mediate ICAMI1 translation, which plays an important role in
regulating tumor migration and invasion (Figure 5D).

Discussion
GBM is a high-mortality brain tumor in humans. Surgery,
traditional chemotherapy, and radiation therapy have been applied
as clinical strategies to treat GBM patients. Recently, “postoperative
radiation plus temozolomide (TMZ) followed by adjuvant TMZ
chemotherapy has become the standard clinical strategy for treating
newly diagnosed GBM and recurrent GBM patients. However,
there is a high risk of recurrence and poor treatment outcomes.
As GBM cells invading normal brain tissue because of inflammation
can escape surgical resection [30], understanding the link
between GBM cell
for developing effective therapies. To our knowledge, the
present study is the first to show that MSI1 directly mediates
mRNA interaction, promoting ICAMI translation and tumor
invasion.

Tumor invasion consists of several discrete steps, including tumor cell
interaction with extracellular matrix (ECM) ligands, hydrolytic

invasion and inflammation is critical

destruction of the matrix via the release of proteolytic enzymes, and
subsequent migration of the tumor cells through the area of destruction.
Of all these steps, recent studies indicate that the ability of tumor cells to
digest the ECM by secreting proteolytic enzymes best correlates with
tissue invasiveness. Indeed, IHC analysis of the border zone between a
glioma and the brain (glial limitans externa) has shown it to contain
interstitial collagen, laminin, fibronectin, and type IV collagen. Invasion
of most primary human brain tumors is thought to be accomplished at
least in part by elevated levels of proteases that breach connective tissue
barriers to cause vascular remodeling and destruction of normal brain
tissue. For example, Kesanakurti et al. reported that ICAMI regulates
radiation-induced invasion and migration in glioma [21], and blockade
of VEGF receptors, such as VCAMI and ICAMI, by tivozanib
exhibited potential antitumor effects on human glioblastoma cells [31].
Yuji et al. revealed that targeting ICAM1 prolongs survival in mice
bearing bevacizumab-resistant glioblastoma [26]. Moreover, a previous
study showed an essential role for cooperative NF-kB and STAT3
recruitment to ICAM-1 intronic consensus elements in regulating
radiation-induced invasion and migration in glioma [21]. Based on
these studies and our data, we suggest that elevated ICAM 1 expression is
responsible for increased invasion by GBM cells.

Based on prior findings that MSI1 is a marker of neural stem
cells and progenitor cells [32], our data show that MSI1 is a
functional marker of tumor invasion in GBM. In fact, MSII is
emerging as a regulator of multiple critical biological processes
relevant to cancer initiation, progression, and drug resistance [32].
Uren et al. revealed that MSI1 is a central regulator of adhesion
pathways in GBM [33], and MSI1 promotes chemoresistant granule
formation via PKR/elF2a signaling in refractory glioblastoma [34].
Our results reveal that the higher MSI1 expression in GBM-

05MG cells and the invasive phenotype of these cells correlate with
enhanced ICAM1 expression. Nonetheless, the molecular mechanism
of MSI1-dependent induction of tumor invasion in GBM has
remained unclear. Recent studies have shown that MSI1 directly
binds to the promoter region of PYGO?2 in esophageal squamous cell
carcinoma [35]. Here, we demonstrate that MSI1-mediated mRNA
interaction promotes ICAMI1 translation and enhances tumor
invasion.

In conclusion, our study shows that activating MSI1/ICAM1
signaling promotes migration and invasion abilities. We believe that
the MSII/ICAMI1 axis might be a latent therapeutic target for
suppressing GBM invasion. Our results provide insight into the
development of potential treatments that may be able to overcome
GBM tumorigenicity, which is a frequent challenge of current GBM
treatment therapies.

Appendix A. Supplementary Data
Supplementary data to this article can be found online at heeps://
doi.org/10.1016/j.ne0.2019.02.006.
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