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therapy, we studied MSI1 in the context of radiation sensitivity. Knockdown of MSI1 led to a decrease
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Glioblastoma multiforme is the most aggressive form of
glioma and is the most common among primary brain tu-
mors. The current standard of care for newly diagnosed
glioblastoma is surgical resection, followed by concurrent
temozolomide and radiotherapy, then by maintenance
chemotherapy with temozolomide. Unfortunately, this route
offers a median survival of only approximately 14
months."” Recently, the addition of tumor-treating fields to
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maintenance temozolomide has extended overall survival to
20.5 months.” Local recurrence is a problem that has been
observed for many years, suggesting that tumors may harbor
a subset of radio-resistant cells that can repopulate a tumor,
even after aggressive treatment. Different molecular factors
are thought to play a role in radiation resistance, such as
altered expression of molecules involved in growth factor
receptor signaling pathways, DNA damage and repair, and
angiogenesis; consequentially, multipathway-targeted ther-
apies have been proposed as a more effective way to treat
cancer.” In the past decade, much progress has been made in
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understanding the cellular and molecular heterogeneity in
glioblastoma, and its links to clinical aggressiveness, dif-
ferential response to chemotherapy and radiation treatments,
and different patient outcomes. Despite the advances, it is
clear that many alterations implicated in glioblastoma
initiation and development remain unknown. In particular,
the role of aberrant post-transcriptional regulation in glio-
magenesis, mediated primarily by RNA-binding proteins, is
underexplored and deserving of extra attention.

The stem cell—related RNA-binding protein Musashil
(MSI1) is emerging as an important oncogenic factor in
numerous tumor types, including glioblastoma multiforme,
in which it is frequently up-regulated.” MSII is evolution-
arily conserved, displays important functions during ner-
vous system development and embryogenesis, and serves as
an important regulatory molecule in neural stem cells by
balancing self-renewal and differentiation.” Widespread
gene regulatory activities both as a repressor and activator of
translation’ '? suggest that MSI1 promotes and potentiates
tumorigenesis in multiple ways. In glioblastoma multiforme,
MSI1 influences numerous cancer-relevant processes. Our
functional genomic analysis showed that MSII controls
hundreds of targets that are preferentially located in path-
ways such as focal adhesion, adherens junction, Wnt sig-
nalling pathway, Janus kinase/signal transducers and
activators of transcription, p53, mitogen-activated protein
kinase, and ErbB and suggests that MSI1 could be an
interesting therapeutic target."” However, it remains to be
determined how high levels of MSII impact glioblastoma
therapy, as its overexpression correlates with poor prog-
nosis. ' Here, we elucidate the role that MSI1 has on DNA
damage repair and radio-resistance. We demonstrate that
MSI1 mediates glioblastoma cell survival after radiation
through increased DNA damage repair by end-joining (EJ),
presumably via its stabilization of DNA-dependent protein
kinase catalytic subunit (PKcs).

Materials and Methods

Cell Lines, Transfection, and Reagents

U251 and U343 glioblastoma cells were obtained from
ATCC (Rockville, MD), and U20S cells with stably inte-
grated EJ5—Green fluorescent protein (GFP)'” were ob-
tained from Dr. Jeremy Stark (City of Hope, Duarte, CA).
Cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 1% Pen/Strep
(Life Technologies, Carlsbad, CA). glioblastoma tran-
scriptome data performed in the study by Uren et al'® were
used for authenticating the U251 and U343 cell lines.
Cells were transiently transfected with control siRNA or
MSI1  siRNA  using  Lipofectamine = RNAIMAX
(MSI1HSS106732, MSI1THSS106733, MSITHSS106734;
Life Technologies). MSI1 or DNA-PKcs transgenic
expression was achieved after transfecting U251 cells with
pcDNA3.1-MSI1 or pCMV-F2_k_DNA-PKcs (obtained
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from Dr. David Chen, University of Texas Southwestern,
Dallas, TX) vectors and GeneJammer transfection reagent
(Agilent Technologies, Santa Clara, CA). For sustained
suppression of MSII expression, short hairpin RNA
(shRNAmir) GIPZ lentiviral vector carrying shRNA tar-
geting MSI1 (shMSI1) and a nonspecific shRNA control
(shCtrl) (Thermo Fisher Scientific, Rochester, NY) were
used for transducing glioblastoma cells, according to the
manufacturer’s protocol.

Clustered Regularly Interspaced Short Palindromic
Repeat

Two MSII target sequences (5'-CACCGTGGGGCGCGT-
CAGTCTCCAT-3'/5'-CACCGCGAATACTTCGGCCAGT-
TCG-3') were cloned into lenti—clustered regularly inter-
spaced short palindromic repeat v2 plasmid (catalog number
52961; Addgene, Cambridge, MA) and used for co-
transfecting U251 cells. After selection using puromycin,
cells were submitted to cell cloning by serial dilution in 96-
well plates. Single colonies were transferred to a 12-well
plate and allowed to grow. Three different clones were
analyzed in this work.

Clonogenic Assay

Cells were plated after appropriate dilution and ionizing
radiation (IR) treatment was performed on the next day at a
dose ranging from 0.15 to 5 Gy. A cabinet X-ray system
(CP-160 Cabinet X-Radiator; Faxitron X-Ray Corp., Tuc-
son, AZ) was used for all treatments. After IR, cells were
cultured for 10 to 14 days. Then, cells were stained with
crystal violet and all colonies of 50 or more cells were
manually counted. The survival fraction, expressed as a
function of IR, was estimated according to the following
formula: Survival fraction = Colonies formed/(Cells
seeded x Plating efficiency of the control group/100).

Alternatively, crystal violet was dissolved from stained
plates, and optic density was measured with a microplate
reader at 570 nm. All experiments were performed in
triplicate.

Alkaline Comet Assay

Cells were plated, subjected to IR, and collected at different
time points. The alkaline comet assay was performed
according to Singh et al,'® with some modifications. Briefly,
after cell lysis, the slides were washed three times (5 mi-
nutes each) with electrophoresis buffer (300 mmol/L. NaOH/
1 mmol/L EDTA, pH >13.0) and placed in horizontal
electrophoresis tank filled with electrophoresis buffer to
allow for DNA unwinding for 20 minutes. Electrophoresis
was performed for 20 minutes at 25 V (300 mA). Subse-
quently, the slides were neutralized three times (5 minutes
each) with 400 mmol/L. Tris—HCI1 (pH 7.5), fixed with
100% ethanol, and dried at room temperature. All steps
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were conducted under dim light to prevent the occurrence
of additional DNA damage. Each slide was stained with
20 pg/mL ethidium bromide and covered with a coverslip
before analysis. Images were captured on an Eclipse
TE2000-U microscope (Nikon Instruments, Melville, NY)
at x40 magnification. Data are presented as the mean values
of tail moment £ SD. Tail moment values of 50 randomly
selected cells per slide from duplicate slides were scored
using the Scion Image software package version 4.0.3.2
(NIH, Bethesda, MD) and used as the index of DNA
damage.

Quantitative Reverse Transcription and PCR

Total RNA was extracted using the TRIzol reagent (Life
Technologies), following the manufacturer’s instructions.
Reverse transcription was performed using the High-
Capacity c¢cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) with random priming. After
reverse transcription, quantitative PCR was performed using
the Gene Expression Assay (Applied Biosystems) in Tag-
Man Gene Expression Master Mix (Applied Biosystems) for
mRNA analysis. Real-time PCRs were performed on a 7500
Real-Time PCR System (Applied Biosystems). Data were
acquired using the SDS software package version 2.0.1
(Applied Biosystems), and analyzed using the 2-AACt
method using B-actin as an endogenous control.

Immunoblot Analysis

Cells were lysed in lysis buffer and subjected to Western
blot analysis with the following primary antibodies:
anti-MSI1 (1:1000; EMD Millipore, Billerica, MA),
anti—replication protein A 32 (1:1000; Bethyl Labora-
tories, Montgomery, TX), anti—phospho-replication
protein A 32(S4/S8) (1:1000; Bethyl), anti—CCCTC-
binding factor (1:4000; Abcam, Cambridge, UK), anti—
DNA-PKes (1 pg/mL; Abcam), and anti—a-tubulin
(1:5000; Sigma-Aldrich St. Louis, MO). Densitometry
was performed using Imagel] analysis software version
1.47v  (NIH; http://imagej.nih.gov/ij). Samples were
normalized to a-tubulin content and results are expressed
as the means + SD values of integrated optical density.

Immunofluorescence

U251 cells were grown on fibronectin-coated coverslips.
After MSI1 knockdown, cells were treated with 5 Gy IR.
Thirty minutes after IR, cells were fixed and permeabilized.
Cells were then blocked with 1% bovine serum albumin/4%
goat serum followed by an overnight incubation with a
1:3000 dilution of 53BP1 primary antibody (Bethyl). Anti-
rabbit IgG, Alexa Fluor 568—conjugated was used as sec-
ondary antibody (InvitroGen, Carlsbad, CA). Cells were
then stained with DAPI and coverslips were mounted on
slides using Vectashield (Vector Laboratories, Burlingame,
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CA). Images were captured on an Axiovert 200 M micro-
scope (Carl Zeiss, Oberkochen, Germany) at x40 magnifi-
cation. A minimum of 100 nuclei were counted for each
condition performed in triplicate.

End-Joining Repair Assay

Briefly, EJ5-GFP U20S cells were seeded in a 24-well plate
and transfected with relevant transfections (siCtrl, siMSI1).
Twenty-four hours later, cells were transfected with either
IScel expression vector alone or in combination with DNA-
PKcs. After 72 hours, cells were harvested and GFP-
positive cells were evaluated by flow cytometry on a BD
flow cytometer (Becton, Dickinson and Company, Franklin
Lakes, NJ). Appropriate controls were used, and all exper-
iments were performed in triplicate. Data were analyzed
with the #-test and are presented as means £ SD.

Results

MSI1 Levels Increase on Ionizing Radiation

Several studies have described elevated MSI1 expression in
different cancer/tumor types and subsequent association with
a poor prognosis.” However, whether a targeted reduction in
MSII1 expression contributes to treatment outcome remains
unknown. We looked into the connection between high MSI1
expression and radio-resistance. Initially, to determine the
impact of IR on MSII expression, U251 glioblastoma cells
were treated with a single dose of IR (5 Gy). After treatment,
the cells showed an increase in MSI1 expression at both the
protein and RNA levels (Figure 1, A—C). To confirm the
stress-induced expression of MSII, cells were also treated
with doxorubicin, an intercalating chemotherapeutic agent
that blocks topoisomerase II activity, thereby causing double-
strand breaks in the DNA. Protein levels of MSI1 were
evaluated and, similar to the radiation results, we observed an
increase in MSI1 expression caused by doxorubicin in an
exposure time—dependent manner (Figure 1D). Thus, our
data indicate that MSI1 expression is induced in response to
DNA damage.

MSI1 Impacts Response to Genotoxic Stress

Next, we assessed MSII impact on cellular response to
radiotherapy. To determine the survival rate after IR,
U251 shMSI1 and shCtrl cells were treated with different
doses of IR and evaluated in a clonogenic assay. MSI1
knockdown cells (Figure 2A) showed increased sensi-
tivity to IR (Figure 2B). Similar results were obtained
with U343 cells (Supplemental Figure S1). We also
directly measured the presence of broken DNA using
the alkaline comet assay and observed that MSI1 knock-
down led to a significant increase in DNA damage levels
at early time points after radiation (Figure 2C). Finally,
we evaluated IR-induced DNA damage levels in
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Figure 1  Increased expression of MSI1 after
jonizing radiation and doxorubicin (DOX) treat-
ment in U251 glioblastoma cells. A: Expression of
MSI1 at different times after radiation was verified
by immunoblot analysis. B: Protein bands of three
independent Western blots were quantified by
densitometry using Imagel. MSI1 levels were
normalized by a-tubulin levels. C: Quantification
of MSI1 mRNAs levels after IR. D: Analysis of MSI1
protein expression levels by Western blot after
different time points of 50 nmol/L doxorubicin

24 438

Relative expression
N

Time after 5-Gy dose radiation (h)

MSI1-silenced and control cells by measuring levels of
53BP1 foci, an established marker of double-strand
breaks. Based on spontaneous levels of 53BP1 foci in
U251 cells, a frequency of <15 foci/cell was considered
as background. MSII knockdown resulted in a significant
increase in cells with >15 foci, indicating higher levels of
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treatment. Data are presented as means =+ SD.
n = 3 (Band C). *P < 0.05 (t-test). h, hours; NT,
no treatment.

MSI1 Targets DNA-PKcs

Cross-linking immunoprecipitation analysis of U251 cells,
previously performed by our group,'”'”""” identified
PRKDC (protein kinase, DNA-activated, catalytic poly-
peptide) or DNA-PKcs as a potential target of MSII, with

DNA damage (Figure 2, D and E). binding sites present in the 3’-untranslated region
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Figure 2  Decreased cell survival and increased DNA damage levels after knockdown (KD) of MSI1. A: Analysis of MSI1 expression in U251 cells transfected
with control (shCtrl) or shMSI1 by Western blot. B: Clonogenic assay of U251 MSI1-KD after exposure to X-rays. C: DNA damage and repair assessed by the
alkaline comet assay at different times after radiation. D: Representative field with U251 cells with 53BP1 foci after IR treatment. E: Quantification of 53BP1
jonizing radiation—induced foci (IRIF) levels in U251 cells after MSI1 knockdown. Data are presented as means + SD. Data was collected from 3 sets of 100
cells each per condition. **P < 0.01, ***P < 0.001 (t-test). Scale bars = 25 pum. NT, no treatment; sh, small hairpin; si, small interfering.
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Figure 3  Regulation of protein kinase, DNA-activated, catalytic poly-

peptide (PRKDC). A: Immunoblot analysis showing replication protein A 2
hyperphosphorylation (P-RPA) after MSI1 overexpression. B: Immunoblot
analysis showing decreased levels of DNA-PKcs after MSI1 knockdown. C: MSI1
knockout (KO) cells show reduced DNA-PKcs expression. D: Colony formation
after MSI1 rescuing. Right panel: Representative clonogenic assay of MSI1
knockout—rescued cells after exposure to 2.5 Gy. Left panel: Stain absorbed by
the cells was dissolved in 10% SDS solution and quantified by absorbance at 595
nm. Results are representative of three independent experiments. E: Colony
formation after DNA-PKcs rescuing. Right panel: representative clonogenic
assay of MSI1 knockout cells transfected with DNA-PKcs expression vector after
exposure to 2.5 Gy. Left panel: stain absorbed by the cells was dissolved in 1%
SDS solution and quantified by absorbance at 570 nm. Results are representative
of three independent experiments. F: Quantification of endogenous 53BP1 foci
levels in MSI1 knockout cells after MSI1 or DNA-PKcs overexpression. A minimum
of 100 nuclei were counted for each condition performed in triplicate. Data are
presented as means + SD. n = 3 (D—F). *P < 0.05, **P < 0.01, and
***P < 0.001 (t-test). CTCF, CCCTC-binding factor; Ctrl, control; si, small
interfering; WT, wild-type.

(Supplemental Figure S2A). Protein kinase, DNA-activated,
catalytic polypeptide encodes DNA-PKcs, which is the key
enzyme involved in the classic nonhomologous (NH) EJ
pathway of DNA double-strand break repair in mammalian
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cells. DNA-PKcs promotes NHEJ while suppressing ho-
mologous recombination” and facilitates repair of geno-
toxic and replication stress associated damage via
phosphorylation of the single-stranded DNA-binding pro-
tein replication protein A 2.’

Similar to MSI1, DNA-PKcs gene expression is increased
on radiation (Supplemental Figure S2B). Moreover, we
observed a replication protein A 2 hyperphosphorylation
pattern after MSI1 overexpression in U251 cells (Figure 3A)
concordant with the induction of DNA damage response in
a DNA-PK—dependent manner.”> Most importantly, MSI1
knockdown via siRNA decreased the expression of DNA-
PKcs in U251 glioblastoma cells (Figure 3B). Due to the
high molecular weight of DNA-PKcs protein (approxi-
mately 460 kDa), we used CCCTC-binding factor protein as
loading control (83 kDa).

To ascertain that DNA-PKcs is a critical MSI1 target in the
context of DNA repair, we generated MSI1-knockout cells
using the clustered regularly interspaced short palindromic
repeat/Cas9 system” and performed rescue experiments.
MSI1 knockout was confirmed by Western blot (Figure 3C).
DNA-PKcs levels were dramatically reduced in the clones
analyzed, confirming that DNA-PKcs expression is indeed
controlled by MSII (Figure 3C). Then, MSI1-knockout
glioblastoma lines were transfected with vectors containing
empty control, MSI1, or DNA-PKcs coding sequence, sub-
jected to a single dose of IR (2.5 Gy), and evaluated in
clonogenic assays. MSII (Figure 3D) and DNA-PKcs
(Figure 3E) knockout-rescued cells showed higher radio-
resistance compared to cells transfected with an empty vec-
tor (Ctrl). MSI1 rescue was more efficient compared to
DNA-PKcs, possibly because MSI1 might regulate other
genes involved in DNA repair. Finally, the number of
endogenous 53BP1 foci was quantified in MSI1-knockout
cells after transfection with MSI1 or DNA-PKcs coding se-
quences (Figure 3F). Endogenous 53BP1 foci levels were
higher in MSI1-knockout compared to wild-type cells. Most
importantly, the percentage of cells containing multiple
53BP1 foci decreased after overexpression of MSI1 or DNA-
PKcs. These results suggest the association of MSII
expression with lowering levels of DNA damage caused by
IR and its role in the double-strand break repair, most likely
by regulating DNA-PKcs expression and activity.

MSI1 Regulates Double-Strand Break Repair

Given the high levels of persistent DNA damage with MSI1
knockdown and its regulation of DNA-PKcs, we asked
whether MSI1 plays a role in the repair of double-strand
breaks. DNA-PKcs is a key player in the NHEJ pathway to
repair double-strand breaks.”* We therefore asked whether
MSII modulated EJ repair via its control of DNA-PKcs
expression. To evaluate the frequency of EJ, we used the
EJ5-GFP reporter assay integrated into U20S cells.'”
This reporter (Figure 4A) consists of a promoter and a
GFP-coding cassette that is interrupted by a puromycin
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Figure 4 Repair analysis after MSI1 alterations. A: Schematic repre-
sentation of vector EJ5-GFP, which is designed to measure frequency of
total end-joining events. Expression of IScel introduces double-strand
breaks at corresponding recognition sites, excision of the intervening
puro cassette, and restoration of functional Green fluorescent protein (GFP)
gene. B: Analysis of change in end-joining frequency with MSI1 knockdown
and DNA—PKcs overexpression in the absence of MSI1 using EJ5-GFP assay.
Data are presented as means + SD. n = 3 (B). **P < 0.01. Ctrl, control; si,
small interfering.

(puro) gene. The puro gene is flanked by IScel homing
endonuclease recognition sites in the same orientation. The
expression of IScel allows for site-specific double-strand
breaks, resulting in excision of the puro gene and in the
presence of functional NHEJ, leading to restoration of wild-
type GFP gene. Interestingly, we observed a reduction in
NHE] frequency in MSI1-knockdown cells (Figure 4B), and
this phenotype was rescued with the overexpression of
DNA-PKcs (Figure 4B).

Discussion

Few recent studies have reported on the biological
consequence of MSII in cancer. In colon cancer, the
silencing of MSI1 induced apoptosis, mitosis, G2/M arrest,
and tumor regression.”® In breast cancer, MSII knock-
down resulted in decreased tumor mammosphere forma-
tion, decreased proliferation, and reduced breast cancer
xenograft growth.”” In lung cancer, MSII silencing
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reduced spheroid colony formation with inhibition of
the Wnt and Notch pathways.”® Silencing of MSII in
DAOY medulloblastoma cells decreased proliferation and
neurosphere formation, and induced differentiation and
apoptosis.”” In the particular case of glioblastoma, we
observed that a reduction in MSI1 expression increased
apoptosis, decreased proliferation, affected cell cycle
regulation, and interfered with adhesion-related functions
such as invasion and migration."” However, the impact of
MSII expression on treatment outcome is poorly under-
stood. Here, we demonstrated the induced expression of
MSI1 by radiation in glioblastoma cell lines, which cor-
relates with increased cell survival. Knockout of MSI1
increased radiosensitivity by affecting DNA damage repair
through a mechanism involving protein kinase, DNA-
activated, catalytic polypeptide expression.

Consistent with the role of cancer stem cells in radio-
resistance, different studies have reported that radiation
was able to induce the expansion of glioma cells that
express stem cell markers, such as MSI1.?° Increased
DNA repair capacity of cancer stem cells has been
associated with resistance to radiotherapy.”’ We suggest
in this work that the functional involvement of MSI1 in
the efficient repair of double-strand breaks by the NHEJ
pathway is a possible mechanism of the observed che-
moresistance. NHEJ is the predominant repair pathway in
the mammalian system during the G1 and M phases,
although it is active throughout the cell cycle. Increased
protein expression of DNA-PKcs has been reported in a
variety of tumor types, such as nasopharyngeal cancer,
colorectal cancer, and non—small cell lung cancer, and
overexpression has been correlated with tumor grade and
poor survival.’” In glioma specimens, hyperactivity of
this protein was associated with tumor grading®” and
radio-resistance,” and its up-regulation after radiation
treatment has been associated with radio-resistance in
recurrent oral squamous cell carcinomas.” Using a
DNA-PK kinase assay and assessing the phosphorylation
status of replication protein A 2, a previous study
demonstrated IR-induced DNA-PK activity in glioblas-
toma cell lines.”® This increased activity was correlated
with the survival fraction of those cells after a 5-Gy dose
of irradiation, which suggests the role of DNA-PK in
radiation resistance.>® Furthermore, different studies have
demonstrated the efficacy of its inhibition in promoting
radio-sensitization of glioblastoma by inducing
autophagy.’’

In conclusion, considering the important impact of MSI1
on DNA repair, radio-resistance, and other cancer-relevant
processes,'” MSII targeting can prove to be an important
avenue for the treatment of glioblastoma patients when
combined with radiotherapy. Moreover, MSI1 is specifically
expressed in tumor cells and not in adjacent and differen-
tiated cells such as neurons and astrocytes, leaving collateral
damage from local inhibition of MSIl to a minimum.
Therapeutic targeting of MSI1 could be accomplished using
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a myriad of methodologies that could include small-
molecule inhibitors (in a similar strategy for drug discov-
ery for DNA-binding proteins),”® RNA-based decoys
mimicking MSI1 binding motifs,””*" and miRNA
mimics.”'** There are several known elements that control
its expression,” *® and a recent report shows that MSII is a
potential pharmacotherapeutic target."’ Because MSI1 has
been connected to numerous solid tumors,’ strategies to
modulate MSI1 function or levels of expression could have
a large impact on cancer treatment.
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