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Multiple receptor tyrosine kinases converge on
microRNA-134 to control KRAS, STAT5B, and
glioblastoma

Y Zhang*', J Kim', AC Mueller>’, B Dey>’, Y Yang', D-h Lee®, J Hachmann', S Finderle', DM Park®, J Christensen®, D Schiff®,
B Purow®, A Dutta® and R Abounader*'®

Receptor tyrosine kinases (RTKs) are co-deregulated in a majority of glioblastoma (GBM), the most common and most deadly
brain tumor. We show that the RTKs MET, EGFR, and PDGFR regulate microRNA-134 (miR-134) in GBM. We find that miR-134 is
downregulated in human tumors and cancer stem cells and that its expression inversely correlates with the activation of MET,
EGFR, and PDGFR. We demonstrate that miR-134 inhibits cancer cell and stem-cell proliferation, survival, and xenograft growth,
as well as cancer stem-cell self-renewal and stemness. We identify KRAS and STAT5B as targets of miR-134, and establish
molecular and functional links between RTKs, miR-134, KRAS/STAT5B and malignancy in vitro and in vivo. We show that
miR-134 induction is required for the anti-tumor effects of RTK inhibitors. We also uncover the molecular pathways through
which RTKs regulate miR-134 expression and demonstrate the involvement of MAPK signaling and the KLF4 transcription factor.
We therefore identify miR-134 as a novel RTK-regulated tumor-suppressive hub that mediates RTK and RTK-inhibitor effects on

GBM malignancy by controlling KRAS and STATS5B.

Cell Death and Differentiation (2014) 21, 720-734; doi:10.1038/cdd.2013.196; published online 17 January 2014

microRNAs (miRNAs) regulate a wide variety of physiological
and pathological processes.’™ miRNAs modulate protein
expression by binding to the 3’ untranslated region (3'UTR)
of target mMRNA and promoting RNA degradation and/or
inhibiting translation. Single miRNAs can regulate multiple
molecules, highlighting a powerful mechanism for the
regulation of redundant and cross-talking signal transduction
pathways.* miRNA dysregulation is a common feature of
neoplasia and numerous miRNAs have been characterized as
oncogenes or tumor suppressors in many cancers including in
glioblastoma (GBM).>>~'"

microRNA-134 (miR-134) has been implicated in the
regulation of physiological and developmental processes.
It was shown to promote mouse embryonic stem-cell
differentiation, dendritogenesis, and stage-specific cortical
development.’®~'7 miR-134 is downregulated by SIRT1
and involved in synaptic plasticity and memory formation.'®
miR-134 expression is regulated by MEF2 in dendrito-
genesis'* and GBM."®

GBM is the most common and most deadly primary
malignant brain tumor.2%2' The Cancer Genome Atlas and
other studies have shown that aberrant expression or
activation of the receptor tyrosine kinases (RTKs) EGFR,
MET, and PDGFR occurs in a majority of GBM and correlates
with poor prognosis.?® Importantly, multiple RTKs are

co-activated in the same GBM tumors and tumor cells.?%2*

KRAS, STAT3, and STAT5 are activated by RTKs and
mediate their oncogenic effects.?®28 The failure of current
treatments for GBM is arguably due to the presence in the
tumors of GBM stem cells (GSCs) that are resistant to radio-
and chemo-therapy and capable of maintaining and propa-
gating the tumors.?°-3" EGFR, MET, PDGFR, and miRNAs
have been implicated in the regulation of GSC functions.32™4°

This study identifies for the first time miR-134 as a critical
RTK-regulated tumor suppressive hub that targets KRAS and
STAT5B and mediates RTK and RTK inhibitor effects on GBM
malignancy.

Results

MET regulates the expression of a subset of miRNAs
in GBM. To identify miRNAs that are regulated by MET, we
assessed the effects of MET activation and MET inhibition
on global miRNA expression using miRNA microarrays.
We activated MET in U373 cells that have low MET
activation by treatment with the MET ligand HGF and
inhibited MET in U87 cells that have high MET activation
by treatment with the small molecule kinase inhibitor
PF-2341066 (Crizotinib). We then assessed the changes in
miRNA expression using miRNA microarrays and searched
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for common miRNAs that are oppositely regulated in the
two cell lines (Figure 1a). This stringent approach was used
to minimize false positive changes. We identified 65 miRNAs
that were oppositely regulated at >1.8-fold, P<0.05
(Figure 1b). We focused our further studies on miR-134
because it was among the most changed after MET activation/
inhibition and because it has been shown to have an important
regulatory role in embryonal stem cells and brain development.
Using quantitative RT-PCR (gRT-PCR), we confirmed that
MET activation inhibits while MET inhibition induces miR-134
in the GBM cells used for the microarrays as well as in GSCs
0308 and 1228 (Figures 1c and d).

miR-134 is also regulated by the RTKs EGFR and
PDGFR. Since MET and other RTKs crosstalk and share
downstream signaling pathways, we hypothesized that
miR-134 might also be regulated by other RTKs. To test this
hypothesis, we assessed the effects of activation or inhibition
of EGFR and PDGFR on miR-134 expression levels in GBM
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cells. EGFR and PDGFR activation by treatment of the cells
with  EGF and PDGF significantly repressed miR-134
expression by 55 and 81%, respectively (P<0.05) (Figures
2a and b). Conversely, inhibition of EGFR or PDGFR by
the small molecule kinase inhibitors Erlotinib or Imatinib
significantly upregulated miR-134 by 170 and 131%, respec-
tively (P<0.05) (Figures 2c and d). EGFR and PDGFR
activation and inhibition were verified by immunoblotting
(Figure 2). The above data indicate that miR-134 is also
regulated by EGFR and PDGFR. Interestingly, we found that
miR-134 inhibits MET and EGFR phosphorylation
(Supplementary Figure 1), but not PDGFR activation
(data not shown) suggesting the existence of a feedback
loop between miR-134 and select RTKs in GBM.

miR-134 expression is downregulated in GBM cells,
GSCs, and GBM tumors, where expression inversely
correlates with MET, EGFR, and PDGFR activation
levels. Since MET, EGFR, and PDGFR are frequently
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MET regulates the expression of a subset of miRNAs that includes miR-134. (a) Schematic diagram of the strategy used to identify MET-regulated miRNAs using

miRNA microarrays. GBM cells U373 (HGF negative) and U87 (HGF positive) were treated with HGF or Crizotinib, respectively. MET activation in U373 and inhibition in U87
were verified by immunoblotting. RNA from the cells was subjected to microarray hybridization and common miRNAs that were oppositely regulated (dotted arrows) were
identified. (b) Heatmap of oppositely changed miRNAs. (c) gRT-PCR confirmation of miR-134 downregulation in HGF-treated cells. (d) gRT-PCR confirmation of miR-134

upregulation in Crizotinib-treated cells and stem cells (1228, 0308). *P<0.05
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Figure2 miR-134 s also regulated by EGFR and PDGFR. (a and b) GBM U373 cells were treated with EGF (a) or PDGF (b) for different times and assessed for miR-134
expression by qRT-PCR. EGFR and PDGFR activations were verified by immunoblotting for p-EGFR and p-PDGFR. The results show that miR-134 expression is inhibited by
EGFR and PDGFR activation. (¢ and d) GBM cells were treated with the EGFR inhibitor Erlotinib (c) or the PDGFR inhibitor Imatinib (d) for different times and assessed
for miR-134 by gqRT-PCR. EGFR and PDGFR inhibitions were verified by immunoblotting for p-EGFR and p-PDGFR. The results show that miR-134 expression is induced by

inhibition of EGFR and PDGFR. *P<0.05

overactivated in GBM and since they negatively regulate
miR-134, we speculated that miR-134 might be down-
regulated in these tumors. To determine whether that is
true, we measured miR-134 levels in GBM cells, GSCs,
and human tumor specimens as well as in normal human
astrocytes, neural stem cells (NSCs), and normal
brain using qRT-PCR. Furthermore, we analyzed the
correlation between miR-134 expression and phospho-MET
(p-MET), phospho-EGFR (p-EGFR), and phospho-PDGFR
(p-PDGFR) levels in GBM specimens measured by quanti-
tative immunoblotting. We found that miR-134 was signifi-
cantly lower in GBM cells and GSCs as compared with
astrocytes and NSCs (P<0.05) (Figures 3a and b) and
significantly lower in GBM tumors as compared with normal
brain (P<0.05) (Figures 3c and e). We also found a
statistically significant inverse correlation between miR-134
expression and p-MET, p-EGFR, and p-PDGFR in human
GBM specimens and normal brain tissues (Figures 3d—g).
These results show that miR-134 is downregulated in GBM
and GSC and suggest that MET, EGFR, and PDGFR are
important regulators of miR-134.

miR-134 directly targets and regulates KRAS and
STAT5B in GBM. To identify mRNA targets of miR-134 in
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GBM, we first used bioinformatic databases (Targetscan,
Pictar, RNhybrid) and identified several potential targets
of miR-134 including KRAS and STAT5B (Figure 4a). To
verify whether miR-134 downregulates KRAS and STAT5B
proteins, we determined the effects of miR-134 overexpres-
sion and inhibition on KRAS and STA5B proteins in GBM
cells and GSCs with immunoblotting. miR-134 significantly
reduced KRAS and STAT5B proteins in all tested cells
(Figure 4b). Conversely, miR-134 inhibition by anti-miR-134
in U373 and T98G cells, which express relatively high
levels of endogenous miR-134, increased the protein levels
of KRAS and STAT5B (Figure 4b). We also assessed the
effects of miR-134 overexpression and inhibition on KRAS
and STAT5B mRNA levels with gRT-PCR. We found that
miR-134 overexpression slightly downregulates STAT5B
mRNA, while anti-miR-134 transfection slightly enhances
STAT5B mRNA (Figure 4c). miR-134 did not affect KRAS
mRNA levels (Figure 4c). These data suggest that miR-134
reduces the levels of KRAS and STAT5B primarily via
inhibition of translation and partly via mRNA degradation.
We also found that miR-134 levels inversely correlated with
STAT5B expression in human GBM specimens (R=0.52,
P=0.016) (Supplementary Figure 2). We also tested other
predicted targets of miR-134 including RAB27 and RAN,



but could not experimentally verify them (data not shown).
To determine whether KRAS and STAT5B are direct targets
of miR-134, KRAS and STAT5B 3'UTR and mutant reporter
vectors were constructed and transfected into GBM cells.
Ectopic expression of miR-134 (confirmed by g-PCR; data
not shown) significantly decreased luciferase activity in
experimental but not in mutant or control-transfected
cells (Figure 4d). Altogether, these data show that miR-134
inhibits KRAS and STAT5B by directly binding to their 3UTRs.

miR-134 inhibits GBM cell proliferation, induces
cell-cycle arrest and apoptosis, and inhibits in vivo
GSC-derived xenograft growth. We next assessed the
effects of miR-134 on cell growth and survival in GBM cells
and GSCs. Overexpression of miR-134 significantly inhibited
the proliferation of GBM cells and GSCs (P<0.05)
(Figure 5a). miR-134 also induced G1/S arrest in GBM cells
and GSCs (Figure 5b) and changed the expressions of the
cell-cycle regulatory proteins CDK6 and p27, which are
known to be regulated by KRAS in GBM (Figure 5c).
Moreover, AnnexinV-7AAD flow cytometry assays revealed
that miR-134 significantly induced apoptosis and cell death in
all cells (P<0.05) (Figure 5d). To determine whether
miR-134 suppresses in vivo tumor growth, GSC 1228 was
transfected with pre-miR-134 or control miRNA and
implanted into the brains of immunodeficient mice (n=6).
Tumor sizes were measured using MRI 4 weeks after
implantation. GSC-derived xenografts overexpressing
miR-134 were significantly smaller than control xenografts
(Figure 5e) (P<0.05). Immunohistochemical analysis of the
xenografts revealed downregulation of the proliferation
marker Ki67 and upregulation of the apoptosis marker
cleaved PARP in miR-134-overexpressing xenografts
(Figure 5f). These data show that miR-134 exerts tumor
suppressive effects in GBM.

miR-134, MET, KRAS, and STAT5B regulate GSC neuro-
sphere formation and differentiation. Since miR-134 has
been associated with mouse embryonal stem-cell biology,
we speculated that it might also regulate GSC functions. We
therefore studied the effect of miR-134 and one of its RTK
regulators (MET) on GSC neurosphere formation and
differentiation. Overexpression of miR-134 resulted in a
significant reduction in neurosphere number and size in
GSCs 1228 and 0308 (Figure 6a). We observed that miR-
134 transfection into GSCs 0308, 1228, XO-4, and XO-8
induced the cells to dissociate from the neurospheres, attach
to the bottom of cell-culture plates and spread (Figure 6b),
suggesting that the stem cells were undergoing differentia-
tion. miR-134 overexpression inhibited the expressions of
stem-cell/progenitor markers CD133 and nestin and induced
the expressions of the differentiation markers GFAP (astro-
cytes) and Tuj1 (neurons) (Figure 6b). The above data
suggest that miR-134 inhibits GSC self-renewal and induces
GSC differentiation. Since MET regulates miR-134, we also
assessed the effects of MET activation or inhibition on
neurosphere formation and GSC differentiation. We acti-
vated MET with HGF or inhibited it with Crizotinib and
assessed GSC sphere formation and differentiation as
described above. MET activation enhanced while MET
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inhibition reduced GSC neurosphere formation (Figure 6c).
MET activation induced the expressions of stem-cell markers
and MET inhibition reduced the expression of differentiation
markers (Figure 6d). Conversely, MET inhibition reduced
the expressions of stem-cell markers and induced the
expression of differentiation markers (Figure 6d). Since
miR-134 regulates GSC sphere formation and directly
targets KRAS and STAT5B, we also determined the role of
KRAS and STAT5B in GSC sphere formation. Knockdown
of KRAS and STAT5B expressions with siRNA significantly
inhibited GSC neurosphere formation (Figure 6e). The
above data show that miR-134, its regulator MET, and its
targets KRAS and STAT5B regulate GSC self-renewal and
differentiation.

KRAS and STAT5B mediate the effects of miR-134 on
GBM cell proliferation and in vivo xenograft growth. To
determine whether the tumor suppressive effects of miR-134
are mediated by KRAS or STAT5B, we constructed KRAS
and STAT5B cDNA plasmids that lack the 3'UTRs and thus
cannot be inhibited by miR-134 and used them to generate
GBM clones that constitutively express KRAS or STAT5B
(U373-KRAS and U373-STAT5B). KRAS and STAT5B
expressions were confirmed by immunoblotting (Figure 7a).
miR-134 overexpression had no effect on KRAS and
STATS5B in these cells as confirmed by immunoblotting
(Figure 7a). The effects of miR-134 on proliferation were
subsequently determined in the cells. Overexpression of
miR-134 significantly reduced cell numbers in wild-type and
control-transfected cells, but not in KRAS or STAT5B
expressing cells (Figure 7b, P<0.05). To determine whether
the tumor suppressive effects of miR-134 are mediated by
KRAS in vivo, we generated the GBM U87 lines that
constitutively express KRAS as described above (U373 cells
do not form tumors in vivo). The cells were transfected with
pre-miR-134 or control and implanted into the brains of
immunodeficient mice (n=5) and animal survival was
assessed. The tumors were also visualized by MRI 2 weeks
post tumor implantation. miR-134 induced a significant
prolongation of animal survival in animals implanted with
control U87 xenografts (P<0.05) but not in animals
implanted with U87-KRAS (Figure 7d). These data suggest
that the tumor suppressive effects of miR-134 in GBM are
mediated by KRAS and STAT5B inhibition.

miR-134 mediates the effects of MET on KRAS and
STAT5B. To determine whether miR-134 mediates the
effects of MET on KRAS and STAT5B, we assessed the
effects of MET activation on KRAS and STAT5B in the
setting of overexpressed miR-134. We transfected GBM cells
with pre-miR-134 or pre-miR-control before treating them
with HGF and measuring the expressions of KRAS and
STATS5B by immunoblotting (Figure 7c). KRAS and STAT5B
expressions were induced by HGF stimulation in pre-miR-
con transfected cells. Induction of KRAS and STAT5B by
MET was reduced in miR-134 transfected cells (Figure 7c).
These data show for the first time that MET activation
induces KRAS and STATS5B protein expressions in GBM and
indicate that this induction is partly mediated by miR-134
downregulation.
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The anti-tumor effects of RTK inhibitors require miR-134
upregulation. Since RTK inhibitors induce the expression of
the tumor suppressive miR-134 (Figure 2), we speculated
that miR-134 upregulation might mediate the effects of the
inhibitors. We performed rescue experiments to test whether
anti-miR-134 pre-treatment is able to reduce the effects of
the small molecule kinase inhibitors Crizotinib (MET),
Erlotinib (EGFR), and Imatinib (PDGFR) on GBM cell growth.
We found that Criziotinb-induced inhibition of GBM cell
proliferation was reduced by 67.8% (P<0.05) in cells that
were pre-treated with anti-miR-134 (Figure 7e). Similarly,
pre-treatment with anti-miR-134 reduced the anti-proliferative
effects of Erlotinib and Imatinib by 75.6% (P<0.05)
(Figure 7f) and 53.9% (P<0.05) (Figure 7g), respectively.
These data indicate that miR-134 mediates the effects of
RTKs in GBM and that its upregulation is required for the
anti-tumor effects of RTK inhibitors.

RTKs regulate miR-134 via MAPK and the transcription
factor KLF4. To determine the mechanism of miR-134
regulation by RTKs, we first investigated the involvement of
the three main pathways that mediate RTK effects (MAPK,
PI3K, and JAK/STAT). We treated GBM cells and GSCs with
the PI3K inhibitor LY294002, the MAPK inhibitor PD98059,
or the STAT3 inhibitor S31-201 and measured the expression
of miR-134. MAPK inhibition led to a significant upregulation
of miR-134 levels but PI3K and STAT inhibitions did not
affect miR-134 expression (Figure 8a). These data suggest
that RTKs regulate miR-134 mainly through MAPK signaling.

To identify potential transcription factors that might regulate
miR-134 expression, we used the bioinformatics TESS
database (http://www.cbil.upenn.edu/cgi-bin/tess/tess) to
analyze the putative miR-134 promoter region for transcription
factor consensus binding sites. Among several predicted
transcription factors, only two (NF-kB and KLF4) are known to
exert repressive activiies and one (MEF2) has been
previously shown to regulate miR-134 expression
(Figure 8b). We therefore assessed the involvement of the
above three transcription factors in mediating the repressive
effects of the RTK MET on miR-134. We first determined
whether these transcription factors are regulated by MET. We
inhibited MET with Crizotinib or activated it with HGF
treatment and determined the effects on NF-kB nuclear and
cytoplasmic fractions, MEF2, KLF4 with immunoblotting. MET
inhibition reduced KLF4 expression and MET activation
increased KLF4 expression in GBM cells and GSCs
(Figure 8c). Similar effects were observed for NF-kB nuclear
expression (Supplementary Figure 3A and B). MET inhibition/
activation did not affect MEF2 expression (not shown). These
data suggest that KLF4 and NF-kB, but not MEF2, are
regulated by MET activation. Additionally, we demonstrated

<
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that MAPK inhibition leads to inhibition of KLF4 in GBM cells
and GSCs (Figure 8d).

We next sought to determine whether KLF4 and/or NF-kB
regulate miR-134 expression and mediate the effects of
RTKs. Knockdown of KLF4 with siRNA significantly enhanced
miR-134 expression (P<0.05) and partially reversed the
inhibitory effects of HGF, EGF and PDGF on miR-134
(P<0.05) (Figure 8e). Knockdown of NF-kB did not alter
miR-134 expression (Supplementary Figure 3C). These data
suggest that KLF4 but not NF-kB mediates the inhibitory
effects of RTKs on miR-134.

As two of putative KLF4 binding sites were identified
(3968-3979 nt and 4423—-4435nt) upstream of the miR-134
start codon, we next investigated MET-induced KLF4 binding
to the putative miR-134 promoter using chromatin immuno-
precipitation and gPCR (ChIP)/gPCR. Taking into account the
predicted KLF4 binding sites, three chromatin regions were
analyzed: two spanning the KLF4 binding sites and the third
5051 nt upstream of the miR-134 5’ end, as a negative control
that does not contain a binding site for KLF4. The ChIP
showed remarkable KLF4 binding at the putative KLF4 biding
sites (Figure 8f). Importantly, this binding was significantly
reduced by MET inhibition with Crizotinib and enhanced by
MET activation with HGF (Figure 8f). No binding was
observed in the control region. These data demonstrate that
KLF4 binds to the putative miR-134 promoter in an MET-
dependent manner.

Altogether, the data from this section show that RTKs
regulate miR-134 via MAPK and KLF4.

Discussion

Our study uncovers for the first time miR-134 as a tumor
suppressive miRNA that is downregulated by MET, EGFR
and PDGFR via upregulation of the transcriptional repressor
KLF4, and that mediates RTK effects and the anti-tumor
effects of their inhibitors by regulating the expressions of
KRAS and STAT5B (Supplementary Figure 4).

We find that miR-134 is downregulated in GBM cells as
compared with normal astrocytes, in GSCs as compared with
NSCs, and in tumor specimens as compared with normal
brain. RTKs are activated in a majority of GBM, providing a
mechanism for miR-134 downregulation in these tumors. We
demonstrate an inverse correlation between miR-134 and
p-MET, p-EGFR, and p-PDGFR in GBM specimens, suggest-
ing that these RTKs are critical regulators of miR-134. Our
data also show tumor suppressive effects of miR-134 in GBM
cells and GSCs. We therefore propose miR-134 as a novel
tumor suppressor that regulates GBM malignancy.

An important finding of our study is the regulation of
miR-134 expression by the three most frequently activated RTKs

Figure 3 miR-134 expression is downregulated in GBM cells, GSCs, and human tumors, where it inversely correlates with RTK activation levels. (a) gRT-PCR of miR-134
in GBM cells and GSCs showing lower levels of expression as compared with normal human astrocytes. (b) Quantitative RT-PCR of miR-134 in GSCs showing lower levels of
expression as compared with NSCs. (c) Quantitative RT-PCR of miR-134 in GBM surgical specimens (T) showing lower levels of miR-134 than in normal brain (N).
(d) Immunoblots showing p-MET levels in the same GBM specimens and normal brains as in (c). (e) Quantitative RT-PCR of miR-134 in GBM surgical specimens (G) showing
lower levels of miR-134 than in normal brains (N). (f) Inmunoblots showing p-EGFR and p-PDGFR levels in the same GBM specimens and normal brains as in (e).
(g) Correlations between miR-134 and p-MET (left panel), miR-134 and p-EGFR (middle panel), and miR-134 and p-PDGFR (right panel) levels in GBM and normal
brain tissues from (c)/(d) and (e)/(f), respectively. Correlation coefficient R values between miR-134 and p-MET, p-EGFR, and p-PDGFR were R=0.875 (P<0.05),

R=0.754 (P<0.05), and R=0.721 (P<0.05), respectively. *P<0.05

725

Cell Death and Differentiation


http://www.cbil.upenn.edu/cgi-bin/tess/tess

miR-134 in glioblastoma

Y Zhang et al
726
a KRAS 9 .. GGCUCUAUUUAACUGAGUCACAC... STATSB &) ...UCIZ(l')UALIJGCAcl:‘-AGUUA('IJ/?GlLllClJ/?(iA...
| [ | NN
miR-134 3 GGGGAGACCAGUUGGUCAGUGU miR-134 3’ GGGGAGACCAGUUGGUCAGUGU
YV vy _ YYIY VI
Mut-KRAS 5 ... GGCUCUAUUUAACUGGCGGCGAC... Mut-STATSB 5. .UCCUAUGCAGAGUUAGGCGGCGA...
KRAS 5 ...UUCUGUGUULllU;?\U(|3UPI\G|LIICIP|\CIAU... STATSB 5 L UGUUGGGGCAAGGGAAGUCACAA...
T
miR-134 3 GGGGAGACCAGUUGGUCAGUGU miR-134 3 GGGGAGACCAGUUGGUCAGUGU
KRAS g ...GAAGUUUUCCCACUG.ﬁl\GIliICf}i\('.l‘.AU...
miR-134 3 GGGGAGACCAGUUGGUCAGUGU
KRAS 5 ..GUGCCUACCAGAUGCCAGUCACC...
; [ 1] LT
miR-134 3 GGGGAGACCAGUUGGUCAGUGU
b U373 SNB19 SF-767 us7 X0O-4 X0O-8
miR-134 - + = N - + = + = * = + T98G U373
KRAS ™= -_— . e e e — B e b R Anti-miR-134 5 & E +
B-actin c— e — D — — —— T — — — STATSE W W s =
KRAS ™= - - -
U373 us7 A172 SNB-19 0308 1228 .
miR-134 _- ___ + -+ « % = % = # & 4 B-actin A -—
STATEBR o o o s S — — — — — G w—
B-actin cnmm e — — T — D e — — —
(o2 O miR-con O miR-134 O anti-miR-con O anti-miR-134
1.5 7 1.5 :
1259 1.25 1 -
<2( 11 < 1
o " b
E 0.75 1 nE: 0.75 -
0.5 0.5
0.25 A 0.25 A
. ! 0 T .
STATSB KRAS STATSB KRAS
d 187 5 hiRcon mmiR134 1.6
miR-con M miR- B 1 ; . y :
O miR-con B miR-134 _ 5
. 12, omRconmmR134 12, 0MrkconamR-134
B e 1.2 =
k3] =
® B 0.81 0.8 1
8 0.8 0.8 1 . 5 *
E * % +*
o o
5 0.4 04 & 0.4 0.4
= : o
=

KRAS mut-KRAS
A172

KRAS mut-KRAS
U373

STATSB  mut-STATSB
us7

STATSB mut-STATSB
us7z3

Figure 4 miR-134 regulates KRAS and STAT5B expressions by directly binding to theirmRNA 3'UTRs. (a) Alignment of KRAS, STAT5B 3'UTRs and miR-134 sequences
showing the predicted binding sites. The sites of targeted mutagenesis for the generation of mutant controls are indicated by the arrows. (b) Immunoblots (left panel) showing
the effects of miR-134 overexpression on the protein levels of KRAS and STAT5B in GBM cells and GSCs. Immunoblots (right panel) showing the effects of miR-134 inhibition
with anti-miR-134 on the protein levels of KRAS and STAT5B in GBM cells. (¢) Quantitative RT-PCR showing the effects of miR-134 and anti-miR-134 on the mRNA levels of
STATS5B and KRAS. (d) 3'UTR luciferase assays for KRAS and STAT5B showing the inhibition of luciferase activity by miR134 in GBM cells. No significant alteration in

luciferase activity was observed when 3'UTR binding site was mutated. *P<0.05

in GBM. According to TCGA data, 88% of GBM harbor one or
more functional mutations in RTK pathways. Transcriptional
and autocrine activation of RTKs is even more frequent.
EGFR amplification associates with worse prognosis and
decreases overall GBM patient survival.*! Activation of MET
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in GBM enhances tumorigenicity, tumor growth, and tumor-
associated angiogenesis.*? PDGF is a critical regulator of
gliomagenesis and neurogenesis and regulates tumor cell
proliferation, migration, and angiogenesis.**** Our data
identify miR-134 as a mediator of the effects of multiple RTKs



by controlling KRAS and STAT5B. Interestingly, miR-134 also
regulates MET and EGFR activation suggesting the existence
of a feedback loop between RTKs and miR-134. Importantly,
we also find that RTK inhibitor-induced miR-134 is required
for the anti-tumor effects of these clinically applicable drugs.
New and daunting findings indicate that even within the same
GBM tumor, individual cells may have amplifications of
different RTKs including EGFR, PDGFR, and MET.?32* This
poses a major hurdle for a personalized medicine approach
that aims at inhibiting RTK activation in GBM. Our data
suggest that this hurdle might be potentially overcome by the
use of the common RTK mediator miR-134.

The study uncovers MAPK and KLF4 as mediators of
miR-134 regulation by RTKs. KLF4 is a zinc-finger transcription
factor critical for maintaining self-renewal, survival, and multi-
lineage differentiation potential of embryonic stem cell*>*®
and cancer stem cells, including GSCs.***” Our experiments
demonstrate that KLF4 mediates RTK-regulated miR-134
expression by binding to the miR-134 promoter region. These
data highlight a new RTK-MAPK-KLF4-miR-134 signaling
pathway that regulates GBM and GSC malignancy para-
meters. Another study previously implicated MEF2 in the
regulation of miR-134 expression'® but RTK-dependent
inhibition of miR-134 was not mediated by MEF2 in our
system. However, miR-134 regulation by RTKs and other
factors is likely to be complex and involve additional
mechanisms than the ones described by us and others.

Oncogenic KRAS activates the RAS/MAPK pathway,
a major cell survival pathway in cancers and GBM.*® KRAS
mutations are relatively rare in GBM, but activation of the
pathway is a common occurrence.*® Our study uncovers a
new mechanism of KRAS regulation by RTKs. We show that
RTKs not only activate KRAS but also regulate KRAS protein
levels viainhibition of miR-134. Importantly, we also show that
KRAS mediates the effects of miR-134 on GBM malignancy.
RTKs signal through several effector arms, including
JAK-STAT, which regulate cellular proliferation, cell scattering
and migration, and cytokine stimulation in GBMs.?"*°
STATS5B is a transcription factor that has been reported to
regulate cancer and GBM cell proliferation and apoptosis.?”>"
It has been shown that nuclear EGFRVIII-STAT5B complexes
contribute to GBM cell survival by direct activation of the
Bcl-XL promoter.®® However, a link between MET and
STATS5B in GBM has not been established before. We show
for the first time that STAT5B protein is regulated by MET via
miR-134 and that STAT5B mediates the effects of MET and
possibly also other RTKs in GBM.

Accumulating evidence implicates GSCs in GBM recur-
rence and resistance to therapy.2®*° We show for the first time
that miR-134 (similar to MET) regulates GSC self-renewal and
differentiation. Differentiated GSCs lose long-term repopula-
tion potential and fail to propagate tumors, suggesting that
induction of GSC differentiation might be a practical strategy
to eliminate the GSC population. This is consistent with our
in vivo results showing that miR-134 inhibits GSC-derived
xenograft growth. Together with the data obtained from GBM
cells, these data indicate that miR-134 inhibits both GSCs and
differentiated tumor cells.

Altogether, our study shows for the first time that RTKs
converge on miR-134 via MAPK and KLF4 to regulate GBM
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cell and stem pathobiology by controlling KRAS and STAT5B.
The data also establish and characterize miR-134 as a novel
tumor suppressor miRNA.

Materials and Methods

Reagents. Human recombinant EGF and PDGF were from R&D Systems
(Minneapolis, MN, USA). HGF was a kind gift from Genentech (South San
Francisco, CA, USA). The MET inhibitor Crizotinib was from Pfizer (New York, NY,
USA), the EGFR inhibitor Erlotinib was from Sigma (St. Louis, MO, USA), the
PDGFR inhibitor Imatinib was from LC Laboratories (Woburn, MA, USA), the PI3K
inhibitor LY294002 and MAPK inhibitor PD98059 were from LC Laboratories and
STATS inhibitor S3I-201 was from Santa Cruz (Santa Cruz, CA, USA). Pre-
miR-134, anti-miR-134, and the corresponding controls (pre-miR-con, anti-miR-
con) were from Ambion (Grand Island, NY, USA). siRNA for KRAS, STATSB,
KLF4, NF-kB and control siRNA are from Life Technologies (Grand Island, NY,
USA). Oligofectamine transfection reagent and Lipofectamine RNAimax were from
Invitrogen (Grand Island, NY, USA). The Dual Luciferase kit was from Promega
(Fitchburg, WI, USA). The Fugene 6 transfection reagent was from Roche
(Pleasanton, CA, USA). The miScriptRNA Extraction kit, miScript Reverse
Transcriptase kit, and miR-134 Primer Assay were from Qiagen (Chatsworth, CA,
USA). All primers for realtime PCR were from Integrated DNA Technology
(San Jose, CA, USA). Propidium iodide, Annexin V-PE, and 7 AAD were from BD
Pharmingen (San Diego, CA, USA).

GBM cells, GSCs, and tumor specimens. GBM cells lines U87, U373,
A172, T98G, SNB-19, and SF-767 were from ATCC repository. GSCs 1228 and
0308 (a kind gift from Dr. Jeongwu Lee, Cleveland Clinic) were isolated from
patient surgical specimens and characterized for in vivo tumorigenesis,
pluripotency, self-renewal, stem-cell markers, and neurosphere formation.>® GSCs
X0-4 and XO-8 were isolated from GBM tumor specimens obtained after surgery
from patients undergoing treatment at the University of Pittsburgh. Expression of
stem-cell markers CD133 and Nestin was confirmed by immunoblotting and in vivo
intracranial tumor formation was verified in our laboratory (data not shown).
CD133-positive GSCs (GSC1, 2, and 3) isolated from GBM surgical specimens
and CD133-positive NSCs isolated from brain subventricular zone specimens
were kindly provided by Dr. Rainer Glass (Neurosurgical Research, University
Clinics  Munich, Germany). GBM surgical specimens were obtained from
the University of Virginia Brain Tumor Bank according to procedures that
were reviewed and approved by the Review Board of the University of Virginia
Health System.

Vectors. The 3'UTR reporter plasmids were constructed via insertion of 3'UTR
of STAT5B or KRAS downstream of the Firefly or the Renilla luciferase stop codon
in respective pGL3 or pRL vectors (Promega, Madison, WI, USA). Site-directed
mutagenesis of predicted miR-134 target sites was performed to generate mutant-
control vectors. Human STAT5B and KRAS cDNAs were purchased from Open
Biosystem (Huntsville, AL, USA), and cloned into the pMSCV retroviral vector.
STATSB primer pairs, FW: 5'- ggcggcgaattcatggetgtgtggatacaagete-3' and
RW: 5'-attattgcggecgcetcacgattgtgegtgegggatee-3’, and KRAS primer pairs,
FW: 5’-ggcg gcggatccatgactgaatataaacttgt-3' and RW: 5'-ggaggegeggecgctta
cataattacacactttgtctttgac-3', were used for PCR amplification. The production of
retroviral particles and stable KRAS and STAT5B expressing cell lines were
generated following standard protocols.

Treatment with growth factors and inhibitors. GBM cells and GSCs
grown in 0.1% FBS or no FBS (GSCs) medium and treated with HGF (20 ng/ml),
EGF (25 ng/ml), or PDGF (50 ng/ml) for different times. The cells were also treated
with Crizotinib (300 nM), Erlotinib (5 M), or Imatinib (15 uM). p-MET, p-EGFR, or
p-PDGFR and miR-134 expressions in response to the treatments were verified by
immunoblotting and g-PCR, respectively. To determine the signaling pathways
that mediate the regulation of miR-134 expression by RTKSs, the cells were treated
with the PI3K inhibitor LY294002 (20 «M), the MAPK inhibitor PD98059 (60 uM),
and the STAT3 inhibitor S3I-201(100 M), and miR-134 expression was
determined by g-PCR.

miRNA microarrays. miRNA microarrays were used to identify miRNAs that
are regulated by MET. U373 cells that do not express HGF and have low levels of
p-MET were treated with HGF (20 ng/ul) and U87 cells that express HGF and
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display high p-MET levels were treated with the MET inhibitor Crizotinib (300 nM)
for 24 h and total RNA was extracted. The RNA was hybridized to Agilent Human
miRNA Microarrays containing 723 human and 76 human viral miRNAs in
triplicates. Microarray hybridization, analysis, and statistical calculations were
performed by Beckmann Genomics (Durham, NC, USA). The experiments were
repeated two times. miRNAs that were oppositely changed by at least 1.8-fold
(P<0.05) in cells treated with HGF and Crizotinib were considered as differentially
expressed (Figure 1b).

Quantitative RT-PCR. Total RNA was extracted from GBM cells, GSCs, and
tissues using the miScript RNA extraction kit (Qiagen), according to the
instructions of the manufacturer. Each RNA sample was reverse transcribed.
cDNA was synthesized using the miScript Reverse Transcriptase kit (Qiagen) and
quantitative PCR analysis was performed using the 7500 Real-time PCR System
(Applied Biosystems, Carlsbad, CA, USA). A human U6B miRNA from Qiagen was
used as an endogenous control. KRAS- and STAT5B-specific primers were
KRAS-FW:  5'-gcaatgagggaccagtacatgag-3’, KRAS-RW: 5'-gtattgtcggatctcect-
cacca-3'; STATSB-FW: 5'-cgtgctacagtectggtgtgag-3', STAT5B-RW: 5'-tactccatgac
geagceagttgt-3'. Human 18s rBNA was used as an endogenous control using
specific primers (18sr-FW: 5'-cggctaccacatccaaggaa-3’, 18sr-RW: 5'-gctggaattace
gcggct-3').

Chromatin immunoprecipitation. To determine whether KLF4 binds to
the promoter region of miR-134, ChIP assay was performed according to the
protocol of Magna ChIP G (Millipore, Billerica, MA, USA). GBM cells treated with
HGF or Crizotinib were used. The cells were crosslinked with 1% formaldehyde for
10min at 37°C, washed, and collected by centrifugation. Cell pellets were
resuspended and sonicated to achieve an average nucleic acid fragment size of
200-500 bp. The DNA-protein complexes were immunoprecipitated using 5 pg of
the anti-KLF4 antibody or with rabbit polyclonal IgG control overnight. Crosslinks in
the immunoprecipitated chromatin were reversed by heating with proteinase K at
65°C overnight, and DNA was purified by the MinElute Reaction Cleanup column
(Qiagen) and resuspended in water. The purified chromatin was subjected to PCR
to amplify the genomic region of the putative KLF4-binding sites. Vimentin has
been reported as a KLF4 target gene® and was used as a positive control
and GAPDH as a negative control. The PCR primer sequences were for site 1
(3916-4040 nt upstream of the miR-134 start codon) 5'-ccttgctttccaccatgact-3' and
5'-agtccattttctggetgctg-3'; site 2 (4419-4518nt upstream of the start codon) 5'-tcca
ttgcttggtgctcata-3’' and 5'-gcatcacagagccgaagatt-3'; Vimentin (Vim) 5'-cticaaga
cteggtggactict-3' and 5'-cttgtcgatgtagttggcaaag-3'; and GAPDH-F: 5'-cccactcttcca
ccttcg-3', GAPDH-R: 5'-tccttggaccccatgtaggecat-3'. Two microliters ChIP DNA was
used as a template and the results were normalized by 1% input for each sample.

Cell transfections. Cells were cultured to 50-80% confluence and transiently
transfected with 20 nM pre-miRNA or anti-miRNA or siRNA using Oligofectamine
or Lipofectamine RNAimax according to the manufacturer’s instructions. Plasmid
transfections were performed with Fugene 6 reagent according to the instructions
of the manufacturer.

3'UTR reporter assays. To determine whether miR-134 directly binds
to the STAT5B and KRAS 3'UTR, cells were transfected with pre-miR-134 or
pre-miR-con for 24 h. The cells were then transfected with 3'UTR control, 3'UTR-
STAT5B, mutant 3'UTR-STAT5B, 3'UTR-KRAS, or mutant 3'UTR-KRAS in
addition to control cytomegalovirus-f3-galactosidase reporter plasmids for 24 h.
Luciferase assays were performed using the Luciferase System Kit (Promega,
Madison, WI, USA) and luminescence was measured. Firefly luciferase activity
was double normalized by dividing each well first by -galactosidase activity and
then by average luciferase/f-galactosidase value in a parallel set done with
constitutive luciferase plasmid.

miR-134 in glioblastoma
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Immunoblotting. Immunoblotting was performed as previously described®
using antibodies specific for STAT5B (a kind gift from Dr. Barbara Merk, University
of Virginia), KRAS, p-MET (T1349), MET, p-EGFR, EGFR, MEF2, GKLF (KLF4),
NF-kB, LaminB1 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA), p-PDGFR,
PDGFRa, p27 or CDK6 (Cell Signaling, Danvers, MA, USA). All blots were
stripped and re-probed with f-actin (Santa Cruz Biotechnologies) as a loading
control.

Cell proliferation assays. Cells (15000-20 000 cells/well) were transfected
with pre-miR-134 or pre-miR-con as described above. After 72 h, the cells were
collected every day for 5 days, counted with a hemocytometer, and growth curves
were established.

Propidium iodide flow cytometry. The cell-cycle status was assessed
using propidium iodide flow cytometry as previously described.*® Briefly, the cells
were transfected with pre-miR-134 or pre-miR-con for 72 h. The cells were washed
with PBS, harvested, and fixed in 70% (v/v) ethanol. The cells were then treated
with 20 ug/ml of DNase-free RNase and stained with propidium iodide. Cell
samples were analyzed on a FACscan (Becton Dickinson, Franklin Lakes, NJ, USA)
and Go-Gy, S, and G,—-M fractions were determined.

Annexin V-PE and 7AAD flow cytometry. Cell death and apoptosis
were assessed by Annexin V-PE and 7AAD flow cytometry as previously
described. Briefly, cells were transfected with pre-miR-134 or pre-miR-con for 96 h.
The cells were harvested and stained with Annexin V-PE and 7AAD according to
the instructions of the manufacturer. Cell samples were analyzed on a FACscan
and apoptotic and dead cell fractions were determined.

Animal experiments. The effects of miR-134 on in vivo tumor growth and
survival were tested in an intracranial xenograft model. GSCs (1228) or GMB
(U87) cells were transfected with pre-miR-134 or pre-miR-con for 24 h. The cells
(3 x 10°) were stereotactically implanted into the striata of immunodeficient mice
(n=8). Two to four weeks after tumor implantation, the animals were subjected to
MRI scan and tumor volumes were quantified according to established and
validated protocols. Alternatively, animal survival was determined.

Glioma stem cell sphere formation assay. GSCs were grown in low
EGF and FGF medium (20 ng/ml) and treated with HGF, Crizotinib, or vehicle for
24 h. GSCs were also transfected with pre-miR-134/pre-miR-con or KRAS siRNA
(si-KRAS), STAT5b siRNA (si-STAT5B), or scrambled control (si-con) for 72 h.
The cells were dissociated into single cells with dissociation buffer (EDTA 1 mM,
BSA 0.5% in PBS) and 1000 single cells were transferred to 24-well plates and
incubated at 37°C for 7 days. Secondary neurospheres containing > 30 cells were
quantified.

Functional and molecular rescue experiments. Rescue experiments
were performed to determine whether KRAS and STAT5B mediate the effects of
miR-134 on cell proliferation. The effects of miR-134 on cell proliferation were
tested in cells engineered to express either KRAS or STAT5B transcripts lacking
the respective 3'UTRs. KRAS and STAT5B could not be inhibited by miR-134 in
these cells as verified by immunoblotting. Pre-miR-134 was transfected in U373-
KRAS or U373-STATS5B for 96 h. The cells were analyzed for proliferation by cell
counting as described above.

Rescue experiments were also performed to determine whether miR-134
mediates the effects of MET on KRAS and STAT5B. Pre-miR-134 or pre-miR-con
was transfected in U373 cells for 48h and cells were then treated with
HGF or control. After 24h, the cells were lysed and immunoblotted for
KRAS and STAT5B.

<

Figure 5 miR-134 inhibits GBM cell and GSC proliferation, survival, and in vivo tumor growth. (a) Proliferation assay showing the inhibition of GBM cell and GSC
proliferation by miR-134 transfection. (b) Flow-cytometric cell-cycle analysis showing cell-cycle arrest induced by miR-134 transfection in GBM cells and GSCs (left panel).
(c) Immunoblot analysis of cell-cycle regulatory proteins in response to miR-134 transfection into GBM cells and GSCs (right panel). (d) AnnexinV-PE and 7-AAD
flow-cytometric analysis of GBM cells and GSCs showing induction of apoptosis after miR-134 transfection. () GSC 1228 was transfected with pre-miR-134 or pre-miR-con
and implanted into the brains of immunodeficient mice (n = 6). After 4 weeks, the mice were subjected to MRI and tumor volume calculation. The results show that miR-134
inhibits in vivo GBM xenograft growth. (f) Immunohistochemical staining of xenograft sections from (e) for the proliferation marker Ki67 and the apoptotic marker
cleaved-PARP showing significantly reduced Ki67 and increased cleaved-PARP in miR-134 overexpressing xenografts (section at x 400 magnification). *P<0.05
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Figure 6 miR-134 overexpression and MET inhibition repress neurosphere formation and induce stem-cell differentiation. (a) Neurosphere formation assay in response to
miR-134 transfection in GSCs. The data show that miR-134 reduces the number and size of GSC neurospheres (left panel shows photomicrographs of neurospheres; right
panel shows quantification of the previous). (b) Immunoblots showing the effects of miR-134 on GSC stem-cell markers CD133 and nestin and differentiation markers GFAP
and Tuj1. (c) Neurosphere formation assay in response to MET activation with HGF or inhibition with Crizotinib in GSCs. The data show that HGF induces and Crizotinib
inhibits neurosphere formation (left panel shows photomicrographs of neurospheres; right panel shows quantification of the previous). (d) Immunoblots showing the effects of
MET activation with HGF or inhibition with Crizotinib on GSC stem-cell and differentiation markers. (e) Neurosphere formation assay showing that siRNA-mediated knockdown
of KRAS and STAT5B reduces GSC neurosphere formation (left panel shows siRNA transfection efficiency by immunoblots and right panel shows quantification of the
neurosphere numbers). *P<0.05
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Figure 7 KRAS and STAT5B mediate the effects of miR-134 and miR-134 mediates the effects of RTKs on KRAS, STAT5B, cell proliferation, and in vivo xenograft growth.
(a) Immunoblots showing expressions of KRAS and STAT5B in GBM cells stably transfected with respective cDNAs lacking the 3'UTR sequences (upper panel), and lack of
inhibition of KRAS and STAT5B expressions by miR-134 in the same cells (lower panel). (b) Proliferation assay showing the effects of miR-134 in the clones overexpressing KRAS
and STATSB described in (a). The results show rescue of the effects of miR-134 in the cells. (¢) Immunoblots and immunoblot quantifications of KRAS or STAT5B in response to
HGF treatment with or without miR-134 overexpression. The data show that miR-134 partially rescues the effects of HGF on KRAS and STAT5B. (d) KRAS expressing stable cells
(U87-KRAS) or U87-Control were transfected with pre-miR-134 or pre-miR-con and implanted into the brains of immunodeficient mice (n = 5) and animal survival was assessed.
The results show that miR-134 significantly enhances animal survival in control but not in KRAS-overexpressing tumor-bearing animals (left panel). *P< 0.05. The right panel shows
representative MRIs with tumors at 2 weeks post implantation. (e-g) Proliferation assay of GBM cells in response to RTK inhibitors, Crizotinib (e), Erlotinib (f), and Imatinib (g),
with or without anti-miR-134 pre-treatment. The data show that anit-miR-134 partially rescues the effects of the inhibitors on cell proliferation. *P<0.05
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Figure 8 RTKs regulate miR-134 expression via MAPK and KLF4. (a) GBM U87 and GSC 1228 cells were treated with inhibitors of PI3K, MAPK, and STAT3 and
assessed for miR-134 expression by gRT-PCR. Only MAPK inhibition led to an upregulation of miR-134 expression in both cell lines. (b) KLF4 predicted binding sites in the
putative miR-134 promoter. (¢) Immunoblots showing the effect of MET inhibition and activation on KLF4 expression in GBM cells. (d) Immunoblots showing the
downregulation of KLF4 expression after MAPK inhibition in GBM cells and GSCs. (e) Rescue experiments showing that siRNA-based KLF4 knockdown reverses the inhibitory
effects on miR-134 expression of MET, EGFR, and PDGFR activations with their respective growth factor (GF) ligands in GBM cells (two left panels). Right panel shows
immunoblots with KLF4 knockdown. (f) ChIP/gPCR showing the binding of KLF4 to two KLF4 binding sites (site 1 and site 2) in the putative miR-134 promoter in response to
MET inhibition or activation with Crizotinib (criz) or HGF, respectively. Vimentin (Vim) was used as a positive control. Left panel shows ChIP/qPCR and right panel shows its
quantification. *P<0.05

Cell Death and Differentiation



miR-134 in glioblastoma
Y Zhang et al

733

To determine whether miR-134 upregulation is required for RTK inhibitor effects, 21. Maher EA, Furnari FB, Bachoo RM, Rowitch DH, Louis DN, Cavenee WK et al.

U373 cells were transfected with anit-miR-134 (20 nM) for 24 h and cells were then
treated with RTK inhibitors, Crizotinib (150 nM), Erlotinib (2.5 uM), or Imatinib
(15 uM). After 96 h, proliferation was assessed by cell counting.

Statistics. All experiments were repeated at least three times (except
microarrays that were conducted twice in triplicates). When appropriate, two
group comparisons were analyzed with a ttest, and P-values were calculated.
The statistical associations between miR-134 and protein expression were
evaluated with regression correlation analyses. The correlation coefficient ‘R was
calculated. P<0.05 was considered as significant and symbolized by an asterisk
in the figures.
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