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Abstract

Glioblastoma Multiforme (GBM), a uniformly lethal stage 1V astrocytoma, is currently treated
with a combination of surgical and radiation therapy as well as Temozolomide (TMZ)
chemotherapy. Resistance to TMZ is rapidly acquired by GBM cells and overcoming this
resistance has been an area of signi?cant research. GBM 'cancer stem cells' (CSC) also known as
‘cancer initiating cells' are often positively selected by CD133 expression and TMZ resistance. In
this project, we selected GBM CSC from two cell lines based on CD133 expression. CD133* and
CD133™ GBM cells showed comparable cell cycle status. The expression of genes within the
Sonic Hedgehog Signaling pathway, PTCH1 (SHH receptor/basal signaling repressor) and Glil
(effector transcription factor) were increased. The recent literature indicated a decreased in PTCH
expression by miRNA and this was independent of SHH expression. We analyzed 5 potential
PTCH-targeting miRNA and identi?ed an increase in miRNA-9-2. The CD133™ cells showed an
increase in the Multiple Drug Resistance 1 gene (MDRJI). Knockdown of Glil and MDR1 with
siRNA enhanced TMZ induced cell death. Taken together, these studies show CD133* GBM
CSCs expressed greater levels of miR-9 and activation of the SHH/PTCH1/MDR1 axis. This axis
has been shown to impart TMZ resistance. In the case of the CD133™ cells, the resistance is not
acquires but seems to be inherent. Identi?cation of this pathway as well as the identi?cation of
miR-9 may allow for the development of miRNA-targeted approach to Cancer Stem Cell therapy
in GBM.
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INTRODUCTION

Glioblastoma Multiforme (GBM) is the most common adult intracranial malignancy, and the
most aggressive cancer with rv11-month median survival [1]. The current treatments include
surgical resection, radiation and chemotherapy with the frontline temozolomide (TMZ).
Bevacizumab was given accelerated approval by the food and drug administration (FDA)
only when the patient resisted TMZ treatment. Irinotecan, which does not have FDA
approval for GBM, has been shown in a trial to enhance the effectiveness of Bevacizumab.

The cancer stem cell (CSC) hypothesis suggests that the hypoxic region of the tumor contain
stem cells, which can undergo self-renewal and tumor initiation. The more differentiated
cancer cells cannot sustain the long-term growth of the tumor [2]. Based on these properties
of CSCs, it has been proposed that their elimination will halt neoplastic expansion.

Although the field of CSCs is not new, the early report of a well-documented example was
reported for leukemia. A small fraction of the leukemia cells express stem-cell markers and
showed tumor propagating potential [3]. Functionally similar cells have been isolated from
brain tumors and were shown to express CD133 (prominin-1) [4].

GBM generally exhibit chemoresistance [5]. Conventional methods of neoplastic treatment
have been shown to spare a small subset of CD133* GBM cells. These cells were designated
CSCs of GBM [6]. The CD133* GBM cells show constitutive activation of Sonic Hedge-
hog (SHH) signaling [7]. The stromal cells of GBM secrete SHH [8]. SHH interacts with the
the surface receptor, Patched-1 (PTCHL), to induce cellular activation of GBM [9].

Dysregulation of SHH signaling has been linked to medulloblastoma [10]. Its role in
glioblastomas has been less defined. Glil, the SHH effector protein, was originally
discovered in primary glioblastoma samples, as an amplified oncogene [11]. Glil has been
shown to be highly active in GBM-derived CSCs [12]. The addition, the alkyloid SHH
signaling inhibitor, cyclopamine, reduced the activity of Gli in a dose-dependent manner [7].
The surviving GBM cells following SHH blockade lost their ability to form tumors in
athymic mice. This suggested that cyclopamine may induce the differentiation of the CSC
subset.

MicroRNAs (miR) are small RNA molecules, which negatively regulate mRNA translation
by binding to the 3’ untranslated region (UTR) to suppress translation. Several miRNAs have
been shown to mediate GBM chemoresistance [13]. MiR-9 has been shown to target
PTCHYL, resulting in SHH signaling to impart chemoresistance in GBM [14].

Prominin-1 (CD133) is commonly associated with cells expressing primitive phenotypes
[15]. In several cancers, CD133" cells have been shown to express genes associated with
pluripotency [16]. Among these genes are the expression of drug transporters [17]. Thus,
CD133" cells often show resistance to chemotherapeutic agents [18]. In the case of GBMs,
there are contradictory reports regarding the chemoresistance of CD133* cell [15]. This
study analyzed a miR-9/PTCH1/MDR1 axis in CD133* GBM cells.
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This study reported on an increase in miR-9 in CD133* subset of GBM cells. We showed
that miR-9 activated SHH signaling by regulating PTCHL1 (a repressor) at the level of post-
transcription. This observation contrasted with the effects observed on the CD133™ subset,
which comprised the bulk tumor cells. We identified a role for miR-9 in the upregulation of
the MDR1 (ABCBI) gene in the CD133™ cells.

MATERIALS AND METHODS

Cell lines

U87 and T98G cells were purchased from American Type Culture Collection (ATCC;
Manassas, VA) and then expanded as per manufacturer’s instructions.

Isolation of CD133* GBM cells

CD133 expressing GBM cells were positively selected from U87 and T98G cells by
Fluorescent Activated Cell Sorting. The cells were labeled with PE-conjugated mouse anti-
human CD133 (Miltenyi Biotec, Bergisch Gladbach, Germany). Positive and Negative cells
were analyzed post-sort by Flow Cytometry to confirm purity.

Real-time RT-PCR

RNA was extracted with Trizol reagent (Life Technologies Invitrogen). Reverse transcription
with 200 ng of cDNA was performed with the High Capacity cDNA Reverse Transcription
Kit (Life Technologies Applied Biosystems) in accordance with the manufacturer’s
recommendation. Real-time PCR was performed on 7300 Real-Time PCR System (Life
Technologies Applied Biosystems) as follows: an initial incubation of 50°C for 2 min
followed by 95°C for 10 min. After this, the cycling conditions were as follows: 95°C for 15
s and 60°C for 60 s, for 40 cycles. Primers were purchased from Sigma (St. Louis, MO). The
primers for MGMT are as follows: Forward, ggc acc gct gta tta aag ga; Reverse, ata gag caa
ggg cag cag cgt ta. The relative expression was calculated using 2(-Delta Delta C(T)), as
previously described [19].

Short interference RNA (siRNA) targeted knockdown

PTCHYL1, Glil and MDR1 targeting-siRNA pooled duplexes (Dharmacon) were used to
knock down the respective genes in GBM cells. Briefly, GBM cells (10%) were seeded in 96-
well plates. After 24 h, 30 nM siRNA was delivered with DharmaFECT Transfection
reagent. Control non-targeting siRNA duplexes were purchased from Dharmacon.

Cell viability assay

Lactate dehydrogenase release assay (Promega, Madison, WI) was our primary method of
analyzing cell death. LDH assays have been reported to confirm cell death 72 h after TMZ
treatment [7]. The LDH release cell viability assay uses a coupled reaction in which NAD+
and Lactate are converted to NADH, and pyruvate by LDH. NADH+INT (a tetrazolium salt)
uses Diaphorase to produce NAD+ and formazan. The formazan is red and thus can be
detected in the solution. Thus, we measured conversion of Formazan (Red) using a Victor3V
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Multilabel Plate Reader (Perkin Elmer; Waltham, MA, USA) with an emission filter of
490nm. Results were normalized to complete cell lysis by provided lysis buffer.

Cell cycle analysis

Cell cycle status was analyzed by flow cytometry. U87 or T98G cells (10°) were
resuspended in PBS and then incubated with anti-CD133-PE (Clone AC133, Miltenyi
Biotec). After this, the cells were labeled with 1 mg/mL of Hoechst dye (Life Technologies
Invitrogen) for 2 h. The CD133" cells were gated and then analyzed for DNA content using
the FACSCalibur (BD Biosciences, San Jose, California). The data were analyzed with
Cellquest Pro (BD Biosciences).

Statistical analysis

Data were analyzed using the students £test for two groups (control/experimental). A p
value <0.05 was considered significant.

RESULTS

Frequency of CD133* cells in GBM cell lines

GBM cells were labeled with PE-conjugated anti-CD133, 293C3 clone and the CD133"*
cells were sorted using the FACS sorter. The CD133* cells were <0.2% within the U87 and
T98G GBM cells (Figures 1A and 1B, top panels). In order to verify that the sorted cells
were indeed CD133* or CD133~ cells by immune-labeling with anti-CD133. The results
showed efficient sorting of CD133* and CD133~ cells (Figures 1A and 1B, lower panels).

TMZ resistance of CD133* cells

The reports indicated that CD133* GBM cells were chemoresistant [4]. Yet, previous
research has shown that TMZ inhibited the proliferation of CD133* GBM cells without
inducing cell death [20]. We previously showed that 200 pM of TMZ resulted in
chemoresistant cells after 72 h [21]. We therefore asked if there are differences between
CD133" and CD133~ GBM cells with respect to TMZ resistance. The subsets of GBM cells
were treated with 200 uM of TMZ. After 72 h, cell viability was performed with the LDH
release assay, CytoTox 96®. Cell death was significantly (v < 0.05) reduced in the CD133*
cells as compared to CD133~ GBM cells (Figure 2, open vs. right diagonal bar). The results
indicated that CD133* GBM cells were more resistant to TMZ than the CD133™ subset.

Role of miR-9 in the resistance of CD133* to TMZ

We previously reported on miRNA-9 as a mediator of TMZ resistance [14]. We asked if
miR-9 was responsible for the resistance of CD133* cells to TMZ. WE studied cell viability
with CD133* cells in which we blocked the effect of miR-9 with anti-miR-9 and then treated
the cells with 200 pM of TMZ. The results indicated a significant (p < 0.05) reversal of TMZ
resistance as compared to cell transfected with control anti-miR (Figure 2, hatched bar). In
summary, these results indicated that miR-9 was involved in CD133" resistance to TMZ.
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CD133* cells do not alter cell cycle activity

Since CD133* cells have been reported to be the CSCs of GBM, it is expected that these
cells would be in cycling quiescence [22]. We therefore asked if the resistance of TMZ could
be explained by the slow cycling of CD133* GBM cells. To address this question we asked
if there are differences in the cell cycle status between CD133* and CD133™ cells. We
labeled U87 and T98G cells with PE-conjugated anti-CD133-PE and Hoechst dye and then
analyzed the cells on the FACS analyzer. The results showed similarities in the cycling status
of both CD133~ and CD133" subsets (Figure 3). This suggested that the chemoresistant
properties of CD133* cells could not be explained by changes in cell cycling.

SHH signaling in CD133* GBM cells

The SHH signaling has been shown to cause chemoresistance of GBM cells [14]. We
therefore asked if the SHH pathway was activated in the CD133* GBM cells. Real time PCR
for Glil and PTCHL1 in the CD133* and CD133~ sorted cells showed a significant (p < 0.05)
decrease in PTCH1 mRNA in the CD133* cells as compared to the CD133™ subset (Figure
4, top/left panel). This pattern of PTCH1 expression contrasted Glil mRNA level (Figure 4,
top/right panel). Since Glil is a downstream target of SHH signaling, this suggested that
SHH signaling is active in CD133" cells, regardless of TMZ exposure.

Increases in MDR1 and ABCG2 in CD133" cells

Increases in miR9 and Glil have been linked to TMZ resistance through increases in the
ABC transporter genes [23]. We there studied the expression of xenobiotic drug transporters,
MDR1 and ABCG?2 by real-time PCR in CD133" and CD133~ U87 and T89G cells. The
values obtained for CD133~ was normalized to 1 and then used to present the fold change in
CD133". The results indicated significant (v < 0.05) increases for MDRL1 in the CD133*
cells but no change for ABCG2 (Figure 4). These results suggested that MDR1 expression
may have a role for the innate resistance of CD133* cells than ABCG2.

MiR-9 expression in TMZ resistant GBM cells

We previously reported that miR-9 can target PTCH1 mRNA to increase SHH signaling
[14]. We have identified 5 putative PTCHZ1-targeting miRNAs. We therefore quantitated
them using Tagman® gPCR. The results showed an upregulation of miR-9 in both CD133*
and CD133" cells, although there was significantly (o < 0.05) higher level in the CD133*
cells (Figure 5A).

Mature miR-9 may be the result from gene activation on three independent loci on
chromosomes 1, 5, and 15 [24]. We therefore studied CD133* and CD133~ GBM cells by
real time PCR for all three loci. The results indicated that the miR-9-2 was increased and
thus may be responsible for the high level of miR-9 in the CD133" cells (Figure 5B).

MDR1 knockdown increases TMZ sensitivity in CD133* GBM cells

In this set of studies, we investigated the relevance of SHH pathway and MDRL1 in the
chemoresistance in CD133™ cells. We knocked down PTCHZ1, Glil and MDR1 with targeted
SiRNA or scrambled siRNA. Knockdown was confirmed by real-time PCR for each gene

J Cancer Stem Cell Res. Author manuscript; available in PMC 2016 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Munoz et al. Page 6
(Figure 6, top panel). Next, we treated the knockdown CD133* cells with 200 uM TMZ.
After 72 h, the viability of the cells was studied with Cell Titer Blue. Here we show that
knockdown of PTCH enhanced resistance to TMZ, while Glil and MDR1 knockdown
sensitized the cells to TMZ.
DISCUSSION

In this study, we sorted CD133 expressing cells based on immune methods and categorized
them as CD133* and CD133~ cell populations. Approximately 0.2% of the GBM cells
expressed CD133. We first studied the chemoresistant nature of the two subsets and found
that while the CD133* cells were resistant to TMZ, this could not be explained by cell cycle
alterations (Figures 2 and 3). Real-Time PCR showed the activation of SHH pathway, based
on reduced PTCHL1 reduction and the increase in Glil (SHH transcription factor). The
MDR1 gene was also shown upregulated in CD133-expressing cells (Figure 4). Studies
involving miRNA indicated that the decrease in PTCH1 in CD133" GBM cells was caused
by miR-9. The results indicated that the increase in miR-9 was caused by the mir-9-2 loci.
We have previously shown that miR-9 upregulation activated SHH signaling by the decrease
in PTCHL. The importance of the SHH pathway and the implication for increased MDR1
was assessed by targeted siRNA. The results indicated that knockdown of Glil and MDR1
enhanced TMZ-induced cell death (Figure 6). In contrast, PTCH1 knockdown (activating
SHH signaling) reduced cell death (Figure 6).

GBM is currently one of the most aggressive malignancies of the human central nervous
system. Unfortunately, GBM is also the most common primary intracranial tumor. Current
treatments have fallen short since the median survival rate is among the lowest among all
cancers, with 5% 5-year survival rate. Radiotherapy selectively reduced the bulk tumor but
allows for the survival and proliferation of resistant CD133* GBM CSCs [25]. The CSC
hypothesis states that a subset of slow proliferating cells survive within the hypoxic region in
the center of the bulk tumor [26]. It is also believed that this small subset of hypoxic
resistant cells could “fuel’ the tumor. In this regard, a hierarchal organization of tumor cells
would allow for the heterogeneity seen in these tumors.

The sensitivity of GBM cells to TMZ has been shown to be significantly associated with the
methylation of the O6-Methylguanine-Methyltransferase (MGMT) [27]. We tested if miR-9
caused an increase in MGMT by real time PCR with RNA from GBM cells, transfected with
pre-miR-9 or control pre-miR. The results showed no difference in the mRNA for MGMT
(Figure S1).

Chemo- and radio-resistance has failed to eradicate cancer. The CSC hypothesis offers
insight not only into the origin and maintenance of cancers but the resurgence of tumors
following standard treatment. CSCs much like adult stem cells highly express the multi-drug
resistance gene MDR1 or ABCB1, which ATP-dependently effluxes a number of drugs such
as xenobiotics and chemotherapeutic agents. CSCs also express stem cell pathways, which
ensure proper cellular division and pluripotency. These same pathways appear to confer
resistance to chemo- and radiotherapy. A better understanding into the activation and
persistence of these molecular pathways is warranted. RNA therapeutics is on the cusp of
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modern therapy and an active area of research. Here we propose a novel method in which
GBM stem cells could be maintained; namely, the SHH pathway. The knowledge of the
underlying mechanisms may lead new drug targets and interventions for a population of
patients, which currently have no other options.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Subset of CD133* in GBM cells
T98G (top panel) and U87 cells were sorted using FACS with a PE-conjugated murine anti-

CD133 antibody. The sorted cells added to tissue culture plates. After 24 h, the cells were
fixed and then labeled for CD133 (Green), Texas Red-Phalloidin (Red Actin Fibers) and
DAPI (Blue nuclei). The images are shown using 20x magnification.
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Figure 2. Resistance of CD133" cellsto TMZ
Sorted U87 and T98G cells were transfected with anti-miR-9 or untransfected. The cells

were treated with 200 uM TMZ. After 72 h, cell viability was assayed by CytoTox 96® LDH
release. The results are presented as % cell death+SD, n ¥4 4. “p < 0.05 vs. CD133~ cells. **
p>0.05 vs. untransfected CD133* cells.
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Figure 3. Cell cycle phase of CD133" U87 and T98G cells
T98G (upper panel) and U87 (lower panel) cells were co-labeled with anti-CD133-PE and

Hoechst dye. The CD133* cells were gated and then studied for cell cycle phase. The results
represent four independent experiments.
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Figure 4. SHH signaling and ABC transporter in CD133" cells
CD133" sorted U87 and T98G cells were analyzed by real time PCR for Glil and PTCH1

(A) and, the ABC transporters, MDR1 and ACBG2 (B).

J Cancer Stem Cell Res. Author manuscript; available in PMC 2016 June 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Munoz et al.

>

Relative fold expression

MicroRNA-9
2500 1 ] CD133°

CD133* 05

1500

8
8

Relative fold expression

MicroRNA-101

Page 13

MicroRNA-141

14, 3 CD133
§Y Cp133*

Relative fold expression

MicroRNA-200a

18 . . 129 3 CD133]
16| D133, ST CD133*
s | Y133
£ 14
§ 12
2
z
¥ 10
2
< o8
®
£ o6
=
S o4
02
00 t @
T98G. us7 U7
B US7: microRNA-9-2 T9SG: microRNA-9-2
¥1 = unsate T Unsorted
D133 CD133"
b3 'D133* =ZA cp13st
1
s s
2 £
g s é
2 £
= z
] ]
< 6 =
S S
& 4
4
W\ ol

Figure5. MiR-9-2 level in CD133" cellsfrom GBM
CD133" cells were sorted. MiRNA was isolated and then analyzed by Tagman® miRNA

gPCR for the predicted PTCH1 targeted miRNA (A). Real time was performed for miR-9-2
(B). The results are shown as the fold change from unsorted GBM cells, £SD, n % 4.
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Figure 6. SHH pathway in CD133* GBM cellsin TMZ resistance

PTCHYL1, Glil and MDR1 were knocked down with targeted siRNA in U87 and T98G

Page 14

CD133" cells. The efficiency of the knockdowns was confirmed by real time PCR (left).

Knock-down cells were then treated with 200 pM TMZ. After 72 h, cell viability was

assayed by CytoTox 96® LDH release (center/right). The results are shown as the mean +

SD,n¥% 4.
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