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mMiRNA-194-3p represses NF-kB in gliomas
to attenuate iPSC genes and proneural
to mesenchymal transition

John Ryan Jacob,' Rajbir Singh,’ Masa Okamoto,’? Arnab Chakravarti,’* and Kamalakannan Palanichamy!-34*

SUMMARY

Severe tumor heterogeneity drives the aggressive and treatment refractory nature of glioblastomas
(GBMs). While limiting GBM heterogeneity offers promising therapeutic potential, the underlying mecha-
nisms that regulate GBM plasticity remain poorly understood. We utilized 14 patient-derived and four
commercially available cell lines to uncover miR-194-3p as a key epigenetic determinant of stemness and
transcriptional subtype in GBM. We demonstrate that miR-194-3p degrades TAB2, an important mediator
of NF-«B activity, decreasing NF-kB transcriptional activity. The loss in NF-kB activity following miR-194-3p
overexpression or TAB2 silencing decreased expression of induced pluripotent stem cell (iPSC) genes,
inhibited the oncogenic IL-6/STAT3 signaling axis, suppressed the mesenchymal transcriptional subtype
in relation to the proneural subtype, and induced differentiation from the glioma stem cell (GSC) to mono-
layer (ML) phenotype. miR-194-3p/TAB2/NF-«B signaling axis acts as an epigenetic switch that regulates
GBM plasticity and targeting this signaling axis represents a potential strategy to limit transcriptional
heterogeneity in GBMs.

INTRODUCTION

Intratumor heterogeneity is one of the major hallmarks of glioblastoma (GBM)." In GBMs, glioma stem cells (GSCs) drive treatment resis-
tance and the aggressive nature of the tumors.” It has been shown that GSCs are not clonal entities but rather exist in a plastic state
shaped by microenvironmental niches.” GSCs harbor the treatment resistance compartment of GBM tumors and are composed of cells
capable of differentiation to different neural lineages.” We hypothesize that targeting this inherent cell plasticity will emerge as a treat-
ment strategy for better therapeutic outcomes while eradicating tumor heterogeneity. In this work, we modeled genetically identical
undifferentiated neurosphere and differentiated adherent phenotypes representing the extreme ends of plasticity to decipher the epige-
netic targets mediating phenotype transition and tumor heterogeneity. We show that in situ this differentiation phenomenon is
controlled by transcription factors including nuclear factor kB (NF-kB) activation followed by activation of induced pluripotency stem
cell (iPSC) genes.

Previous studies have reported that NF-kB activation encodes more aggressive GSC phenotype. Activation of NF-kB occurs in solid
tumors to promote epithelial to mesenchymal transition (EMT), invasion, angiogenesis, and metastasis.”® Current treatment regimens
chemotherapy and/or radiotherapy activate NF-kB resulting in alterations to critical features involving proliferation, inflammation, innate
and adaptive immunity, and tumor development.” Abnormally high activation of NF-kB signaling is strongly correlated with acquired temo-
zolomide (TMZ) resistance and poor prognosis in GBM.® Activation of NF-kB promotes mesenchymal trans-differentiation and radio-resis-
tance in GSC.” Patient-derived GSCs undergo differentiation with a subset of cells displaying mesenchymal signature, exhibiting resistance
to radiation and targeted therapies resulting in aggressive tumor formation and NF-kB activation.'” NF-kB signaling was identified as a key
mediator of mesenchymal GSC exosome induced angiogenesis.'' The invasive phenotype of GBM is orchestrated by the transcription factor
NF-kB which, via metalloproteinase, regulates fibronectin processing.'”

Despite significant advances in understanding of NF-kB pathway, our ability to effectively block key targets in this pathway clinically
for cancer therapy remains limited due to on-target effects in normal tissues.'® Targeting pathogenic NF-kB signaling in cancer, while
preserving the multiple physiological functions of NF-kB is crucial.'” Thus, it is essential to decipher NF-kB pleiotropic biological function
and pathological contribution to develop appropriate therapeutic against cancer. One of the strategies is to use epigenetic targets which
are emerging modulators in the transcription factor arena. Through this work, we demonstrate that suppression of miR-194-3p is required
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Figure 1. miRNA expression profiling and expression levels of miR-194-3p in ML and GSC counterparts, and premir-194-1 &194-2 expression levels
(A) Principal component analysis of miRNA expression profiling. ML and GSC cell lines are demarcated by blue and red respectively.

(B) Correlation plots of miRNA expression levels in matched pair ML and GSC cell lines.

(C) Heatmap representing the most differentially regulated miRNA between ML and GSC cell lines. The yellow boxes indicate the miRNAs upregulated in the ML
cell lines compared to the GSC cell lines. miR-194-3p is marked by a blue box.

(D) miR-194-3p expression levels in ML and GSC cell lines. Data are shown as mean + SEM. Statistical significance was tested using two-tailed unpaired t-test. All
comparisons between matched pair ML and GSC cell lines demonstrated a p value less than 0.0001.

(E) The expression levels of the pre-miRNA 194-1 and 194-2 in paired ML and GSC cell lines. Data are shown as mean + SEM. Statistical significance was tested
using two-tailed unpaired t-test. ns not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

to sustain NF-kB activation to enhance iPSC gene expression and regulating proneural to mesenchymal transition (PMT) and tumor
heterogeneity.

RESULTS

miRNA profiling identifies miRNA-194-3p as a differentially regulated miRNA in paired adherent monolayer (ML) and
glioma stem cells (GSC) enriched from tumor biopsies

We started our investigation into the epigenetic determinants of GBM stemness by performing microRNA (miRNA) screens on matched pair
monolayer (ML) and GSC cultures. In comparison to MLs, GSCs possess an enhanced expression of induced pluripotent stem cell (iPSC) genes
and form tumors that more closely resemble GBM biology.”'* ' While previous studies profiled the differences in miRNA expression across
either MLs or GSCs,"”™"” miRNA profiles between matched ML and GSCs remains unexplored. We observed a clear separation in the miRNA
profiles between matched pair MLs and GSCs derived from the patient derived OSU2, OSU11 and OSU68 and U87 cell lines (Figure 1A). They
exhibited several differentially regulated miRNAs as indicated by the correlation plot between GSC and ML within the same tumor suggesting
cellular subtype heterogeneity (R? = 0.61 to 0.80) (Figure 1B). The data were normalized by global normalization algorithm and Ué calibrator
expression levels across all cell lines were very close within 0.1 in seven out of eight cell lines and +0.3 in OSU2 (Table S1). By applying
rigorous statistical criteria on the matched GSC and ML miRNA data, we identified the miR-143/miR-145 cluster along with miR-194-3p as
differentially regulated across all ML/GSC pairs tested (Figure 1C). The miR-143 and miR-145 form a bicistronic cluster in chromosome
5g33.1 and are reported to promote cancer cell differentiation.”” Based on the number of published materials on miR-143/145 cluster con-
necting to SOX2 which is implicated in stem cell genotype, we focused on the target miR-194-3p. The expression levels of miR-194-3p were
validated to be upregulated in the differentiated ML phenotype in all four ML/GSC pairs tested (Figure 1D).
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Figure 2. Expression levels of induced pluripotent stem cell (iPSC) genes, lineage markers, effect of miR-194-3p alterations on neurosphere formation,
survival, and H&E staining of coronal sections of intracranial tumors obtained from isogenic miR-194-3p cells, and WLS pathway signaling cascades
(A) Lineage and iPSC marker expression levels in miR-194-3p isogenic cell lines. Data are shown as mean + SEM. Statistical significance was tested using two-
tailed unpaired t-test.

(B) Representative images demonstrating the phenotype of OSU53GSC-EV and OSU53GSC-194-3p-OE cells in GSC culture conditions.

(C) Kaplan-Meier survival curves of nude mice bearing U87-, PKAC17- and OSU53-194-3p isogenic tumors. The p value was calculated using the two-sided log
rank test.

(D) H&E staining of the intracranial tumors formed from U87-, PKAC17- and OSU53-194-3p isogenic xenografts.

(E) Western blot analysis of WNT signaling proteins in U87-EV and U87-194-3p-OE ML cells.

(F) Activation level of LRP6 in U87-EV and U87-194-3p-OE cells grown under both ML and GSC culture conditions. ns not significant; *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.

miRNA-194-3p expression correlates with ML/GSC subtypes in GBM cells, and miRNA-194-3p overexpression decrease
tumor burden

Two putative pairs of orthologous hairpin precursor structures are found in human (miR-194-1 (MI0000488) on chromosome 1 and miR-194-2
(MI0000732) on chromosome 11. miR-194-1 produces the miR-194-5p mature sequence, whereas miR-194-2 produces both miR-194-3p and
miR-194-5p. The expression levels of 194-1 was found to be significantly downregulated in GSCs compared to the ML counterparts, whereas
194-2 expression levels were higher in GSCs compared to ML (Figure 1E). Though miR-194-2 expression levels were high in GSCs compared to
ML, the mature miR-194-3p was lower in GSCs which could be due to alternate splicing of miRNAs as well as in the inhibitory effects of oppo-
site strands that are not currently well understood and beyond the scope of the current work. The iPSC and other lineage relevant genes were
significantly downregulated in miR-194-3p overexpression cell lines (Figure 2A). Isogenic miR-194-3p cells promoted the transformation from
the floating GSC to adherent ML phenotype (Figure 2B). Similarly, miR-194-3p expression in ML cells prevented sphere forming ability to the
GSC phenotype (Figure STA). These characteristics shows the regulatory role of miR-194-3p in GSC differentiation and ML de-differentiation
or sphere forming ability. To exclude the possibility of miR-194-5p interaction, we tested the expression levels of direct targets C210rf91 and
TRIM23 in miR-194-3p isogenic cell lines (Figure S1B). Expression levels of both gene targets were not altered in miR-194-3p overexpression
cells clearly eliminating the possibility of miR-194-5p involvement in this phenomenon. Tumor forming ability was evaluated by intracranial
implantation of mesenchymal subtype OSU53, proneural subtype PKAC17 and U87 miR-194-3p isogenic cells. Two weeks after implantation
nude mice bearing OSU53 cells developed severe neurological symptoms, whereas nude mice bearing U87 cells developed symptoms in four
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weeks after implantation and PKAC17 cells developed symptoms 8 weeks after implantation (Figure 2C). We did not observe any statistically
different survival benefit in nude mice bearing miR-194-3p isogenic cells in all the three cell lines tested. In mesenchymal OSU53 Hematoxylin
and Eosin (H&E) staining demonstrated that miR-194-3p overexpression decreased tumor aggressiveness, indicated by a reduction in pseu-
dopalisading and necrotic areas (Figure 2D). Additionally, tumors derived from miR-194-3p overexpression cells possessed a decrease in Nes-
tin levels (Figure S4). We concluded that miR-194-3p expression influences tumor aggression and neuronal progenitor OSU53 in vivo. Of note,
in proneural PKAC17, we did not see any pseudopalisading or necrotic areas which may be due to the nature of cell line.

miRNA-194-3p promotes the ML phenotype independent of the WNT/B-catenin pathway and G-CIMP status

To predict the targets of miR-194-3p, we utilized the web interface for integrative analysis of miRNA target prediction and functional anno-
tations (miRDB).?"*” Table S2 provides the top 25 predicted sites of miR-194-3p using the miRDB algorithm. TAB2 was predicted as one of the
potential targets with a score of 95%. To cross check informatics, we used TargetScan database.” TargetScan predicted 6224 sites containing
4559 transcripts. However, a majority of confidently predicted targets may not be functional because both miRNA and mRNA may not be
expressed in the same cell at the same time and at the same location and at the expression level sufficient to mediate regulation and conse-
quential repression. Ideally, miRNA expression must exceed 1000 molecules per cell for detectable repression. We selected the top 50 tran-
scripts listed in Table S3. After filtering the targets based on their expression and significance to the study, we investigated WLS and TAB2
based on their reported roles in regulating the stem cell phenotype. WLS is a WNT ligand that promotes stem cell developmental pathways
by activating [3—catenin.24 TAB2, TGF-Beta Activated Kinase 1/MAP3K7 Binding Protein, encodes an activator of MAP3K7/TAK1, which is
required for the activation of NF-kB.?” In addition, TAB2 regulates B-catenin transcription through the activation of the NLK kinase and conse-
quent stabilization of the LEF1/TCF complex.”® Given the important role of WNT signaling in stem cell maintenance, we hypothesized that
miR-194-3p downregulates the WNT/B-catenin pathway. However, miR-194-3p overexpression did not induce significant changes in the
protein level of WLS or B-catenin (Figure 2E). While we observed an increase in the protein levels of LEF1/TCF, the protein levels of B-cate-
nin-LEF1/TCF target proteins CD44 and c-Myc did not change (Figure 2E). To ascertain that these variations are not due to culturing condi-
tions, we evaluated the expression levels of the pathway members in both ML and GSC culture conditions. In both cases, the overexpression
of miR-194-3p did not change the level of WLS in the system (Figure 2F). Together, we conclude that miR-194-3p functions independently of
the WNT/B-catenin pathway.

It has been reported that IDH mutant G-CIMP-high subtype would be a predecessor to the G-CIMP-low subtype and CpG island meth-
ylator phenotype defines a distinct subgroup of glioma.?”’*® Genetic alterations and epigenetic plasticity contributing to G-CIMP malignant
evolution toward an IDH-wild-type and mesenchymal/stem cell-like GBM phenotype remain unexplored. The GSCs used in the study are IDH-
wild-type grade IV tumor exhibiting enhanced tumorigenicity in GSC phenotype compared to ML phenotype. We questioned whether this
shift occurs due to alterations in methylation epigenetic landscape. Accordingly, we wanted to check whether there is a shift in G-CIMP status
defining markers in GSC and ML phenotype by analyzing the expression levels of markers such as DOCKS, FAS, HFE, LGALS3, MAL, RHOF,
and SOWHA for their hyper- or hypo-methylation status. We also tested whether miR-194-3p shifts the methylation landscape by profiling the
G-CIMP markers (Figure S1C), we observed downregulation of LGALS3, MAL, and SOWHA, while the rest DOCKS5, FAS, HFE, and RHOF show
only modest changes. This observation eliminates the possibility of shift from G-CIMP+ to G-CIMP- phenotype.

miRNA-194-3p suppresses NF-kB activation by silencing TAB2 and TAB2 expression correlates with proneural (P)/
mesenchymal (M) GSCs

Next, we investigated the role of the miR-194-3p target TAB2 in regulating the ML/GSC phenotypes. The higher expression of miR-194-3p in
the ML phenotype is associated with a decreased expression of TAB2 and iPSC gene expression (Figures 3A-3C; Table S4). In support of the
role of TAB2 in regulating the ML/GSC phenotype, we observed a decreased expression of TAB2 in LN229 cells, which are unable to form
neurospheres under GSC culture conditions, in comparison to neurosphere forming cells U87 and A172 (Figure 3C). This suggests that
miR-194-3p regulates the ML/GSC phenotypes by dictating TAB2 levels. Next, we determined the role of the TAB2 target NF-kB in regulating
the ML/GSC phenotypes. The basal expression levels of activated NF-kB shows an inverse correlation with the TAB2 expression levels in GSC
and ML counterparts (Figure 3D). Transfection with miR-194-3p mimic and inhibitor was sufficient to alter NF-kB activation (Figure 3E). Mesen-
chymal GSCs possessed a higher expression of TAB2 compared to proneural GSCs (Figure 3F). We cross-examined the association of TAB2
with GSC subtypes by analyzing the dataset at gene expression omnibus (GSE4916229) comprising mesenchymal and proneural GSCs. This
confirmed that TAB2 expression aligns with the mesenchymal subtype (Figure S2). Induced expression of miR-194-3p in mesenchymal OSU53
GSCs exhibited a shift to the P phenotype (Figure 3G), suggesting that miR-194-3p:TAB2 regulation mediates proneural to mesenchymal
transition (PMT).

miRNA-194-3p-TAB2 binding validation

We cloned sequences representing the TAB2 3' UTR with intact and mismatched miR-194-3p binding site into a luciferase reporter system
(Figure 4A). The transfection of the luciferase reporter plasmids was followed by the addition of miR-194-3p mimic and inhibitor in U87 cells.
The luciferase reporter fused to the intact TAB2 UTR sequence showed a marked decrease following the addition of miR-194-3p mimic that
was rescued by the concurrent addition of miR-194-3p inhibitor (Figure 4B). This effect was not observed with the luciferase reporter contain-
ing the mismatched TAB2 UTR sequence (Figure 4B). Similarly, we added the luciferase reporter plasmids to the U87-EV and U87-194-3p-OFE
cell lines to determine whether the forced expression of endogenous miR-194-3p demonstrated the same effect. As expected, the U87-194-
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Figure 3. miR-194-3p, TAB2 and iPSC gene expression in GSC vs. ML counterparts, miR-194-3p modulates NF-«kB activation in GSC vs. ML matched
pairs, TAB2 expression correlates with P and M subtype

(A) The expression levels of miR-194-3p in matched pair ML and GSC cell lines. Data are shown as mean + SEM. Statistical significance was tested using two-
tailed unpaired t-test.

(B) Relative expression levels of TAB2 and iPSC markers in matched GSC and ML pairs. Data are shown as mean + SEM. Statistical significance was tested using
two-tailed unpaired t-test.

(C) Top: Quantification of TAB2 protein levels in panel of ML and GSC cell lines. Data are shown as mean + SEM. Statistical significance was tested using two-
tailed unpaired t-test. Middle: TAB2 protein levels in OSU13, OSU20 and OSU53 matched pair ML and GSC cell lines. Bottom: TAB2 protein levels in
commercially available GBM cell lines; Corresponding mRNA expression are represented above images.

(D) Western blot analysis of NF-kB activation in matched pair ML and GSC cell lines.

(E) NF-kB activation following the transfection of 100 nM miR-194-3p mimic and inhibitor in U87 ML and OSU68 ML cells.

(F) The heatmap represents the relative expression of TAB2, mesenchymal and proneural markers in the GSC cell lines. Data is row-normalized data.

(G) Expression levels of proneural and mesenchymal markers in miR-194-3p isogenic cells. Data are shown as mean + SEM. Statistical significance was tested
using two-tailed unpaired t-test. ns not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001.

3p-OE cell line demonstrated a significant decrease in the luciferase fused to the intact TAB2 UTR that was partially rescued by the addition of
miR-194-3p inhibitor (Figure 4C). This was not observed with the mismatched TAB2 UTR sequence (Figure 4C). Together, this suggests miR-
194-3p directly targets TAB2.

miR-194-3p and TAB2 regulation

To determine whether TAB2 silencing produces the same phenotype as miR-194-3p OE cells, we generated stable TAB2 knockdown cell lines
(Figures 4D and 4E). TAB2 silencing downregulated the iPSC genes recapitulating the same features of miR-194-3p-OE cells (Figure 4E).
Isogenic TAB2 and miR-194-3p-OE similarly altered the IL6/STAT3/NF-kB signaling cascade (Figure 5A). Silencing TAB2 blocked the transi-
tion from the ML to GSC phenotype under neurosphere culturing conditions (Figure S3). TAB2 silencing in mesenchymal OSU53 GSCs initi-
ated a transition to the adherent phenotype (Figures 5B and 5C), like miR-194-3p overexpression. miR-194-3p and TAB2 isogenic cells
possessed a decrease in NF-kB activity, measured by promoter binding (Figures 5D and 5E). Additionally, TAB2 knockdown cells exhibited
a downregulation of iPSC genes both at transcriptional and translational levels (Figures 5F and 5G). We conclude that miR-194-3p induction or
TAB2 inhibition blocks PMT, as validated in both U87ML and OSU53GSC cell lines.
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Figure 4. Luciferase reporter assay confirming inhibition of TAB2 by miR-194-3p, expression level of TAB2, NF-kB, and iPSC markers in U87-TAB2
isogenic cells

(A) Schematic of the TAB2 3" UTR miRNA reporter system. Sequences representing the TAB2 3’ UTR and a mismatched control were cloned into the reporter
system downstream of the firefly luciferase protein (PGK). The Renilla luciferase protein was driven off a second promoter (SV40) and used as a control for
transfection efficiency.

(B) The miRNA reporter vectors were transfected in U87 cells for 24 h before treating with 100 nM miR-194-3p mimic or inhibitor. Activity is represented by the
amount of firefly luciferase normalized to the amount of Renilla luciferase. Data are shown as mean + SEM. Statistical significance was tested using two-way
ANOVA (DF = 16).

(C) UB7-EV and U87-194-3p-OE were transfected using the same conditions as B. Data are shown as mean & SEM. Statistical significance was tested using two-
way ANOVA (DF = 12).

(D) Relative mRNA expression of TAB2 in U87 cells transduced with shTAB2.

(E) Relative TAB2, NF-kB, and iPSC marker expression levels in TAB2 isogenic cell lines. ns not significant; ****p < 0.0001.

miRNA-194-3p modulate IL6/STAT3 signaling axis

Mesenchymal stem cells secrete interleukin 6 (ILé) to activate STAT3 and promote tumor growth and survival.”*®' Furthermore, inhibiting
IL6-STAT3 signaling axis has been shown to inhibit proneural to mesenchymal transition.””*? Extracellular vesicles utilize NF-kB/STAT3
signaling axis to promote more aggressive mesenchymal phenotype.® The combined inhibition of both NF-kB and STAT3 significantly
increased the survival of mice bearing intracranial xenografts.*” Therefore, we tested whether miR-194-3p/TAB2 modulation inhibits 1L6/
STAT3 pathway. In addition to NF-kB, IL6/STAT3 signaling axis is also significantly downregulated (Figure 5A). Cytokines have been
demonstrated to exacerbate the toxic effects of chemotherapy and affect drug metabolism. GSCs express L6 receptors.®’ Perturbing
IL6 attenuates signal transducers and activators of transcription 3 (STAT3) activation and induces apoptosis indicating that STAT3 is a
downstream mediator of IL6. Further, elevated levels of IL6 ligand and receptor expression are associated with poor survival outcome.
The TAB2 or miR-194-3p can modulate “NF-kB-IL6-STAT3" signaling axis and can provide a better prognosis.

Proof of concept: Decoupling heterogeneity and enriching P and M subtype from tumor biopsies

Growth factor defined serum free culture condition enriched GSC phenotype while serum condition alone enriches ML differentiated
adherent phenotype from fresh tumor biopsies. In all the three tumor biopsies tested, both neurosphere (GSC) and adherent (ML) subtypes
upon orthotopic implantation recapitulated aggressive nature of GBM exhibiting all histological hallmarks (Figure 6A). The tumor burden
varies from cell line to cell line, but mouse bearing neurosphere phenotype produced tumor burden earlier than adherent phenotype while
both developed pathologically similar tumors which can only be distinguished by immunostaining of appropriate markers (Figure 6B). The M
subtype OSU53 and PKAC6 formed robust tumors crossing the midline with extensive angiogenesis, whereas P subtype PKAC14 formed
diffusive and infiltrative tumors distributed all over the brain. Within the same tumor the GSC subtype was more tumorigenic than the ML
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Figure 5. TAB2 silencing transforms GSC/P phenotype by downregulating NF-xB and iPSC genes promoting adherent/M phenotype

(A) Western blot analysis of the indicated proteins in U87-shTAB2 and U87-miR-194-3p isogenic cells.

(B) TAB2 expression levels in OSU53-shTAB2 cell lines. Data are shown as mean & SEM. Statistical significance was tested using two-tailed unpaired t-test.
(C) Microscopic image showing the morphological features of isogenic shTAB2 cells.

(D and E) Relative NF-kB activity in TAB2 and miR-194-3p isogenic cells + competitive inhibitor measured using the NF-kB pé5 Transcription Factor Assay Kit.
Data are shown as mean + SEM. Statistical significance was tested using two-tailed unpaired t-test.

(F) Expression levels of P/M and iPSC marker in isogenic OSU53-shTAB2 cells. Data are shown as mean + SEM. Statistical significance was tested using two-tailed

unpaired t-test.
(G) Western blot analysis of TAB2, NF-kB, and iPSC markers in OSU53-shTAB2 and OSU53-miR-194-3p isogenic cells. ns not significant; *p < 0.05; **p < 0.07;

*rxp < 0.001; ****p < 0.0001.

counterparts. The survival difference in GSC and ML in P subtype was higher than M subtype suggesting the differential regulation of time to
tumor formation in these subtypes. OSU53GSC switched to adherent phenotype when miR-194-3p was overexpressed and blocked the PMT
switch. ALDH1A3 expression separated the P vs. M subtype, miR-194-3p overexpression significantly decreased ALDH1A3 expressing cells
within the tumor compared to EV controls, suggesting miR-194-3p retains the tumor in the P phenotype (Figure 6C). Immunohistochemical
staining of OSU53 isogenic tumors demonstrated that miR-194-3p overexpression and TAB2 knockdown decreased expression of Nestin
(neuronal marker), CD44 (mesenchymal marker), and CD133 (proneural marker), suggesting both miR-194-3p and TAB2 shifts the tumor
from a GSC to ML phenotype (Figure S4A). The induced expression miR-194-3p or silencing TAB2 resulted in the cellular phenotypic shift
from neurosphere to differentiated. This differentiation effect decreases the expression of GSC genes associated with neurosphere subtype
to a modest level. Therefore, to validate the miR-194-3p and TAB2 mediated PMT we used additional proneural subtype markers such as
FUT4, and NCAM1 which are not only expressed in neurosphere phenotype but also differentiated adherent phenotype. Proneural gene
expression levels in isogenic OSU53 cells supports the PMT shift (Figure S4B). Additionally, exogenous expression of miR-194-3p in
PKAC17 exhibited a significant increased expression of Olig2, Sox2 and NCAM1 and a modest decrease in the expression of CD44 (Fig-
ure S4C) further substantiates the PMT phenotype switch.

TAB2 promotes radiation resistance and tumorigenicity

NF-kB is known to promote resistance to radiation treatment in GBM.”' Therefore, we asked whether TAB2 expression changed the radio-
sensitization of GBM cells. Validation of TAB2 silencing was confirmed by both TAB2 and NF-kB expression levels in the OSU2 and T98G
isogenic cells (Figure 7A). In all the cell lines tested, TAB2 mediated activation or inhibition of NF-kB is universal despite of different mutational
landscape of GBMs. Clonogenic survival assay exhibited a radiosensitizing effect with a radiation enhancement ratio of 1.27 in U87-shTAB2,
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Figure 6. H&E and IHC staining of tumors from P/M subtype, survival of nude mice bearing intracranial tumors

(A) H&E staining of coronal sections of intracranial tumors formed by matched pair ML and GSC cell lines.

(B) Kaplan-Meier survival curves of matched GSC and ML pairs. The p value was calculated using the two-sided log rank test.
(C) IHC staining of ALDH1A3 in coronal sections of tumors obtained from nude mice bearing isogenic miR-194-3p cells.

1.6in OSU2-shTAB2 and 2.0 in T98G-shTAB2 (Figures 7B-7D). This suggests that TAB2 influences the radiosensitization of GBM cells through
NF-kB regulation. To determine whether TAB2 expression impacts the tumorigenicity of GBM cells we conducted intracranial implantation of
shTAB2 and NT cells into nude mice. We observed a significant survival benefit of mice bearing shTAB2 tumors (Figure 7E). H&E-stained
sagittal sections of NT and shTAB2 clearly shows a considerable reduction in not only the tumor size but also the aggressive nature of the
tumor (Figure 7F). Figure 7G summarizes the study as a graphical abstract.

DISCUSSION

We are reporting the GBM biology that includes both neurosphere or GSC and adherent monolayer (ML) phenotype biology. One can obtain
both ML and GSC phenotype directly from tumor or differentiate GSC by culturing under serum conditions often referred to as differentiated
glioma cells (DGC). Our work focuses on the cellular plasticity of glioma shifting between GSC to ML phenotype. Based on our experience, the
differentiation from GSC to ML or dedifferentiation from ML to GSC phenotype is reversible in cells obtained from more than half of the GBM
tissues and they can be continuously propagated for more than 10 passages. Serum conditions enriches ML phenotype whereas growth factor
defined serum free conditions populate GSC phenotype.

In GBM, the constitutive activation of NF-kB is demonstrated to promote stem-like properties, enrich the mesenchymal phenotype, and
drive treatment-resistance.’® Previous reports have shown that IncRNA, extracellular vesicles, and several gene target activating NF-«B
signaling axis mediating mesenchymal transition.”**'~*? Despite the critical role of NF-kB in dictating GBM cellular identity,”” the key deter-
minants of NF-kB activity remain poorly understood. Here, we determine that miRNA-194-3p suppresses the activity of NF-kB during GSC
differentiation to their monolayer phenotype, corresponding with a significant suppression of iPSC gene expression. Mechanistically, we
determine that miRNA-194-3p targeting of TAB2 disrupts NF-kB activation. In accordance with our observation, previous reports support
the necessity of TAB2 for NF-kB activity.”*“*® We demonstrate that the loss of NF-kB activity results in the decreased activation and/or expres-
sion of the oncogenic proteins STAT3 and IL-6. In addition, we determined that miRNA-194-3p regulates the mesenchymal transcriptional
subtype of GSCs, demonstrating that miRNA-194-3p regulates stemness in two independent models. TAB2 silencing mimicked the pheno-
typic, signaling and iPSC gene expression changes induced by miRNA-194-3p expression, confirming that the activity of miRNA-194-3p is
primarily dependent on TAB2. In hepatocellular carcinoma, the miRNA-194-3p counterpart miRNA-194-5p is demonstrated to inhibit NF-
kB activity by targeting C210RF91 and TRIM23.7* In our system, miRNA-194-3p expression did not suppress the expression of C21TORF91
and TRIM23, suggesting that miRNA-194 possesses different context-dependent modes of NF-kB inhibition.

For the first time, we report the role of miRNA-194-3p dependent inhibition of NF-kB as a key determinant of transcriptional subtype in
GBM. GBM tumors possess inter- and intra-tumoral transcriptomic heterogeneity predominantly comprised of two subtypes mesenchymal
(M) and proneural (P)."”~* The P and M subtypes exist on a single axis of variation where M correlates with more aggressive tumors and worse
prognosis.””>" Genetic tracing of GBM states revealed that the P subtype is supported by intrinsic signaling, whereas the M subtype is largely
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Figure 7. TAB2 silencing enhances radiation sensitivity and prolongs survival of nude mice bearing intracranial tumors and graphical summary

(A) Protein expression levels of TAB2 and NF-kB activation in T98G and OSU2 cell lines transduced with shTAB2.

(B-D) Clonogenic assay comparing the radiosensitivity of NT and shTAB2 cell lines. Cells were fixed and stained 14 days following radiation. Data are shown as
mean + SEM. Statistical significance was tested using two-tailed unpaired t-test comparing the 6 Gy RER values of shTAB2 to NT in each cell line. The p value for
each cell line was less than 0.01.

(E) Kaplan-Meier curves demonstrating the survival of mice following intracranial implantation of U87-, OSU2-, and OSU53-shTAB2 isogenic cell lines. The p value
was calculated using the two-sided log rank test.

(F) H&E-stained coronal sections of tumors from nude mice bearing OSU53-shTAB2 isogenic cells.

(G) Schematic summary representing the role of miR-194-3p in regulating PMT by inhibiting TAB2 and NF-kB activity. ns not significant; **p < 0.01.

adaptive, reversible and builds on a preexisting identity.”” P tumors tend to shift to the M subtype following radiation and chemotherapy
treatment.”*™° The phenotypic plasticity of GBMs is demonstrated to drive treatment resistance to standard-of-care and single-agent tar-
geted therapies.”® Therefore, restricting the transcriptional subtype of GBMs offers an exciting opportunity to enhance treatment efficacy.

Altogether, we provide an epigenetic rationale for how GBMs maintain the co-existence of morphologically and epigenetically divergent
sub clonal populations within the same tumor. We identify the miRNA-194-3p/TAB2/NF-kB signaling axis as a previously unknown switch
regulating both iPSC gene expression and PMT in GBM. These findings provide critical insight into the underlying mechanisms by which
GBM s facilitate the heterogeneous plasticity that drives therapy-tolerant subtypes in response to fluctuating tumor microenvironment and
therapeutic selection pressures. Therefore, therapeutic targeting of miRNA-194-3p/TAB2/NF-kB signaling represents a feasible strategy
to restrict phenotype plasticity, decrease GBM stemness, and potentially increase the efficacy of treatment in GBM.

This work focused on GSCs within the proneural and mesenchymal transcriptional subtypes as NF-kB is reported to promote the shift to
from proneural to mesenchymal subtypes. However, we did not assess whether the miR-194-3p/TAB2/NF-kB signaling axis influences the
classical and neural subtypes. The changes in the expression of miR-194-3p did not correlate with the levels of the premir-194-1 or -194-2.
This suggests that increased miR-194-3p expression may result from a currently unknown regulatory mechanism (i.e., alternative splicing),
which was outside the scope of this work.

Going forward, it will be important to elucidate additional determinants of the transcriptional subtypes in GBM. This insight is essential for
the development of therapeutic strategies that aim to limit transcriptional heterogeneity. In this study, GSC transcriptional phenotypes were
measured at a population level. Future studies should incorporate a single-cell approach to provide further insight into the role of miR-194-3p,
TAB2, and NF-kB in regulating transcriptional subtype plasticity within GSC cultures and xenograft tumors. Lastly, the identification of tran-
scriptional subtype dependencies represents a promising strategy to develop GBM-specific therapies and limit GBM heterogeneity by
depleting specific subtypes.
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Limitations of the study

It is becoming better understood through single cell RNA sequencing that heterogeneous GBM tumor has certain proportion of proneural,
neural, classical, mixed, mesenchymal transcriptomic subtypes. This work focused on GSCs within the proneural and mesenchymal transcrip-
tional subtypes as NF-kB promotes the shift to from proneural to mesenchymal subtypes. However, we did not assess whether the miR-194-
3p/TAB2/NF-kB signaling axis influences the classical and neural subtypes. The expression of miR-194-3p did not correlate with the levels of
the premir-194-1 or -194-2. This suggests that increased miR-194-3p expression may result from a currently unknown regulatory mechanism.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

B-Actin CST Cat#3799; RRID:AB_2242334
Axin CST Cat#2087; RRID:AB_2274550
B-catenin CST Cat#8480; RRID:AB_11127855
phospho-B-catenin CST Cat#9561; RRID:AB_331729
CD44 CST Cat#37529; RRID:AB_2750879
Cyclin D1 CST Cat#2922; RRID: AB_2228523
GSK3B CST Cat#12456; RRID:AB_2636978
IL6 CST Cat#12153; RRID: AB_2687897
LRP6 CST Cat#3395; RRID: AB_1950408
phospho-LRP6 CST Cat#2568; RRID: AB_2139327
Mouse IgG-HRP CST Cat#7076; RRID:AB_330924
c-Myc CST Cat#18583; RRID:AB_2895543
Nanog CST Cat#8822; RRID:AB_11217637
NFkB CST Cat#8242; RRID:AB_10859369
phospho-NFkB (S536) CST Cat#3033; RRID:AB_331284
NLK CST Cat#94350; RRID:AB_2800227
OCT4 CST Cat# 2750; RRID: AB_823583
STAT3 CST Cat#12640; RRID:AB_2629499
phospho-STAT3 (Y705) CST Cat#9131; RRID:AB_331586
Rabbit IgG-HRP CST Cat#2729; RRID:AB_1031062
TAB2 CST Cat#3745; RRID: AB_2297368
TAK1 CST Cati# 4505; RRID:AB_490858
phospho-TAK1 (T184) Thermo Fisher Cat#MA5-15073; RRID:AB_10982333
TCF1/7 CST Cat#2203; RRID_2797631
B-tubulin CST Cat#2146; RRID:AB_2210545
WLS Novus Biologicals Cat#NBP-57299

Chemicals, peptides, and recombinant proteins

DMEM

DMEM F12

FBS

B27

100x Antibiotic-Antimycotic
EGF

FGF

Puromycin

RIPA buffer

Protease inhibitor cocktail
Phosphatase inhibitor cocktail
Xbal

Eagl-HF

T4 ligase

Life Technologies
Life Technologies
VWR

Gibco

Life Technologies
Thermo Fischer
Thermo Fischer
Sigma

Sigma

Sigma

Sigma

NEB

NEB

NEB

Cat#11965118
Cat#11320033
Cat#97068-107
Cat#17504044
Cat#15240096
Cat#PHG0313
Cat#PHGO0368
Cat#P9620
Cat#R0278
Cat#P8340
Cat#P0044
Cat#R0145T
Cat#R3505L
Cat#M0202S

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Lipofectamine 3000 Thermo Fischer Cat#1.3000015
MISSION® siRNA Transfection Reagent Sigma Cat#51452
Epitope retrieval TRIS pH 6.1 Agilent Cat#5236984-2

Critical commercial assays

TagMan Array MicroRNA Cards Applied Biosystems Cat#4444913

Megaplex RT primers Applied Biosystems Cat#4399966

Megaplex Pre-amp primers Applied Biosystems Cat#4444748

RNeasy Mini Kit Qiagen Cat#74104

Superscript Il First-Strand Synthesis Kit Thermo Fisher Cat#18080051

mirVana miRNA Isolation Kit Thermo Fisher Cat#AM1560

TagMan™ Advanced miRNA cDNA Synthesis Kit Thermo Fisher Cat#A28007

MTT Assay Kit abcam Cat#ab113474

Nuclear Extraction Kit abcam Cat#ab113474

NF-kB pé5 Transcription Factor Assay Kit abcam Cat#ab133112

PMIR-REPORT™ miRNA Expression Reporter Vector System Thermo Fisher Cat#AM5795

Dual-Luciferase® Reporter Assay System Promega Cat#E1910

H&E Staining Kit abcam Cat#ab245880

Experimental models: Cell lines

A172 ATCC Cat# CRL-1620; RRID:CVCL_0131
LN229 ATCC Cat# CRL-2611; RRID:CVCL_0393
T98G ATCC Cat#CRL-1690; RRID:CVCL_0556
us7 ATCC Cat#HTB-14; RRID:CVCL_0022

Experimental models: Organisms/strains

Nude mice (NU/J)

The Jackson Laboratory

RRID:IMSR_JAX:002019

Oligonucleotides and RTQPCR Probes

194-1
194-2
ALDH1A3
C210rf91
CD133
cDa4
CcMYC
DOCKS5
FAS
FUT4
GAPDH
HFE
KLF4
LGALS3
LYN
MAL
NANOG
NCAM1
NESTIN
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Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Thermo Fisher

Cat#Hs04231530_s1
Cat#Hs04331541_s1
Cat#Hs00167476_m1
Cat#Hs05040994 _s1
Cat#Hs01009259_m1
Cat#Hs05662929_s1
Cat#Hs00153408_m1
Cat#Hs07287975_m1
Cat#Hs00236330_m1
Cat#Hs01106466_s1
Cat#Hs99999905_m1
Cat#Hs00373474_m1
Cat#Hs00358836_m1
Cat#Hs07288627_m1
Cat#Hs01015818_g1
Cat#Hs00707014_s1
Cat#Hs02387400_g1
Cat#Hs00941830_m1
Cat#Hs04187831_g1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

OLIG1 Thermo Fisher Cat#Hs00907227_s1
OCT4 Thermo Fisher Cat#Hs00999632_g1
RHOF Thermo Fisher Cat#Hs00368032_m1
SOWAHA Thermo Fisher Cat#Hs00703106_s1
SOX2 Thermo Fisher Cat#Hs04234836_s1
TAB2 Thermo Fisher Cat#Hs00248373_m1
TRIM23 Thermo Fisher Cat#Hs01106626_m1
WT1 Thermo Fisher Cat#Hs01103751_m1
mir-194-3p Thermo Fisher Cat#002379

RNU6B Thermo Fisher Cat#001093
has-mir-194-3p mimic Sigma Cat#HMI0319
has-mir-194-3p inhibitor Sigma Cat#HSTUDO0319
has-mir-194-3p lentivirus Sigma Cat#HLMIR0319
miRNA negative control lentivirus Sigma Cat#NCLMIR001
shTAB2 lentivirus Sigma Cat#SHCLNV-NM_015093
Non-target shRNA lentiviral particles Sigma SHCO16H-1EA

Software and algorithms

SAS 9.2 RRID: SCR_008567
GraphPad Prism 5 RRID: SCR_002798
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kamalakannan
Palanichamy (Kamalakannan.palanichamy@osumc.edu).

Materials availability

Patient derived glioma stem cells generated are available with lead contact and can be shared upon requests.

Data and code availability
e Data generated were included in the paper
e This paper does not report original code.
e Any additional information is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We have used fourteen patient-derived and four commercially available glioblastoma cell lines. We enriched glioma stem cells (GSC) and
adherent monolayer (ML) subtypes from patient biopsies. This study was conducted in accordance with The Ohio State University Institutional
Review Boards for IRB (2009C0065 and 2014C0115), IACUC (2009A0127), and IBC (2009R0169). Additional details are as follows.

METHOD DETAILS
Cell culture

Primary glioblastoma cell lines (OSU2, OSU4, OSU11, OSU13, OSU20, OSU30, OSU53, OSU68, OSU82, OSU%4, GBM, PKAC6, PKAC14,
PKAC17, ACPK4) used in this study were isolated from glioblastoma patient tissues authenticated by neuropathologist and characterized us-
ing STR phenotyping of tissues and cell lines (Table S5). The biopsies used in the study are pathologically diagnosed GBM. Tumors obtained
from patient biopsies was minced and enzymatically dissociated using Tryple (Invitrogen) and mechanically dissociated using a G20 10 mL
syringe to obtain a cell suspension. The cell suspension was passed through cell strainer (BD) to obtain a single cell suspension. Neurosphere
initiation medium was added to the cells consisting of the following: DMEM-F12 (GIBCO) medium, B27 supplement (GIBCO), human-basic
fibroblast growth factor (20 ng/mL) (Invitrogen), human-epidermal growth factor (20 ng/mL) (Invitrogen), penicillin/streptomycin (100 U/mL)
(GIBCO), and Amphotericin B (5 ng/mL) (Sigma). Cultures were fed every two days until they reach confluency. Cultures were passaged every

iScience 27, 108650, January 19, 2024 15


mailto:Kamalakannan.palanichamy@osumc.edu

¢? CellPress iScience
OPEN ACCESS

week by collecting the floating spheres by centrifugation at 1000 rpm for 5 min at 4°C. The spent media was aspirated and the pellet was
mechanically dissociated and seeded in fresh medium. The A172, LN229, U87 and T98G cell line was obtained from ATCC (ATCC Cat#
CRL-1620, ATCC Cat# CRL-2611, ATCC Cat# HTB-14, ATCC Cat# CRL-1690). All the cell lines were free from mycoplasma contamination.
Monolayer glioblastoma cells were maintained in DMEM (Life Technologies: 11965118), supplemented with 10% FBS (VWR: Cat# 97068-
107), and 1% antibiotic-antimycotic (Life Technologies: Cat# 15240096). GSC glioblastoma cells were maintained in DMEM F12 (Life Technol-
ogies: Cat# 11320033), supplemented with B27 (Gibco: Cat# 17504044), 20 ng/mL EGF (Thermo Fisher: Cat# PHG0313), 20 ng/mL FGF
(Thermo Fisher: Cat# PHG0368), and 1% antibiotic-antimycotic (Life Technologies: Cat# 15240096). All cells were cultured at 37°C under a
gas phase of 95% air and 5% CO,. All studies were conducted within 10 passages.

Tagman low density array (TLDA) miRNA profiling and analysis

In the discovery dataset four matched pair of GSC and ML cells were used U87, OSU2, OSU11, and OSU68 cells were used. Comprehensive
coverage of Sanger miRBase v14 is enabled across a two-card set of TagMan Array MicroRNA Cards (Cards A and B) for a total of 754 unique
assays specific to human miRNAs (Applied Biosystems: Cat# 4444913). TagMan Array MicroRNA Cards contains four control assays. Profiling
was conducted as per the manufacturer’s protocol. Briefly, 10 ng RNA was initially reverse transcribed using Megaplex RT primers (Applied
Biosystems: Cat# 4399966) followed by pre-amplification using Megaplex Pre-amp primers (Applied Biosystems: Cat# 4444748). Pre-ampli-
fied product was loaded on the miRNA card and run on 7900HT RTgPCR. Data was processed and analyzed using RQ manager by adopting
global normalization algorithm. The differentially regulated miRNAs were validated using TagMan miRNA assays in replicates. The discovery
and validation cohorts global normalization and Ué were used respectively. The data was analyzed using t-test and Bonferroni correction for
false positives. A p < 0.05 was considered statistically significant.

Isogenic cell lines
U87, OSU53, and PKAC17 cells were transduced with the has-mir-194-3p overexpression lentivirus (Sigma: Cat# HLMIR0319) and miRNA
negative control lentivirus (Sigma: Cat# NCLMIR001). U87, T98G, and OSU2 cells were transduced with lentiviral particles (Sigma: Cat#
SHCLNV-NM_015093) containing the shTAB2 constructs. Non-target shRNA lentiviral particles (Sigma: Cat# SHC016H-1EA) were transduced
as a negative control. Transduced cells were selected with puromycin (10 ng/mL) (Sigma: Cat# P9620) for 5 days and gene silencing was vali-
dated through gRT-PCR and Western blot.

shTAB2 constructs with target sequence as indicated:

236: (CCGGCCTGAAGTACCTGAAGTTGTTCTCGAGAACAACTTCAGGTACTTCAGGTTTTT),

1325: (CCGGAGTCAACCTAAGGTCTATATTCTCGAGAATATAGACCTTAGGTTGACTTTTTG),

1543: (CCGGCACTCAGCCCAATACGAAATACTCGAGTATTTCGTATTGGGCTGAGTGTTTTG),

1983: (CCGGAGATTGACATTGACTGCTTAACTCGAGTTAAGCAGTCAATGTCAATCTTTTTT),

2214: (CCGGTGGCCCTGTATCTTCTCTAAACTCGAGTTTAGAGAAGATACAGGGCCATTTTT).

Non-target shRNA lentiviral particles (Sigma: Cat# SHCO16H-1EA) were transduced as a negative control. Transduced cells were selected
with puromycin (10 ng/mL) (Sigma: Cat# P9620) for 5 days and gene silencing was validated through gRT-PCR and Western blot.

Western analysis

Cells were harvested and protein was extracted using RIPA buffer (Sigma: Cat# R0278) with 1% (v/v) protease inhibitor cocktail (Sigma: Cat#
P8340) and 1% (v/v) phosphatase inhibitor cocktail (Sigma: Cat# P0044). Samples were run on SDS-PAGE gels and transferred to PVDF mem-
branes. The membranes were then incubated overnight with the following primary antibodies followed by incubation for 1 h with mouse or
rabbit IgG-HRP conjugate secondary antibodies (CST: Cat# 2729 & 7076) and developed.

The membranes were then incubated overnight with the following primary antibodies: WLS (Novus Biologicals: Cat# NBP-57299), phos-
pho-LRP6 (R&D: Cat# $1490) (CST: Cati# 2568), LRP6 (CST: Cat# 3395), Axin (CST: Cat# 2087), GSK3p (CST: Cat# 12456), Cyclin D1 (CST: Cat#
55506), TCF1/7 (CST: Cat# 2203), phospho-B-catenin (S33/S37/T31) (CST: Cat# 9561), B-catenin (CST: Cat# 8480), B-Actin (CST: Cat# 3700),
NLK (CST: Cat# 94350), CD44 (CST: Cat# 37259), c-Myc (CST: Cat# 18583), TAB2 (CST: Cat# 3745), NF-kB (CST: Cat# 8242), phospho-
NFkB (S536) (CST: Cat# 3033), OCT4 (CST: Cat# 2750), Nanog (CST: Cat# 8822), phospho-STAT3 (Y705) (CST: Cat# 9145), STAT3 (CST:
Cat# 12640), phospho-TAK1 (T184) (Thermo Fisher: Cat# MA5-15073), TAK1 (CST: Cat# 5206), IL6 (CST: Cat# 12153), and B-tubulin (CST:
Cat# 2146). The membranes were then incubated for 1 h with mouse or rabbit IgG-HRP conjugate secondary antibodies (CST: Cati#
2729 & 7076) and developed.

Quantitative RT-PCR

The RNeasy Mini Kit (Qiagen: Cat# 74104) and Superscript Ill First-Strand Synthesis Kit (Thermo Fisher: Cat# 18080051) were used to isolate
RNA from samples and generate cDNA according to the manufacturer’s instructions. Tagman gene expression assay probes were used to
measure the premir, miRNA, and mRNA levels. Tagman gene expression assay probes were used to measure the mRNA levels of 194-1
(Thermo Fisher: Cat# Hs04231530_s1), 194-2 (Thermo Fisher: Cat# Hs04331541_s1), ALDH1A3 (Thermo Fisher: Cat# Hs00167476_m1),
CD44 (Thermo Fisher: Cat# Hs05662929_s1), LYN (Thermo Fisher: Cat# Hs01015818_g1), WT1 (Thermo Fisher: Cat# Hs01103751_m1),
CD133 (Thermo Fisher: Cat# Hs01009259_m1), Nestin (Thermo Fisher: Cat# Hs04187831_g1), OLIG1 (Thermo Fisher: Cat# Hs00907227_s1),
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SOX2 (Thermo Fisher: Cat# Hs04234836_s1), klf4 (Thermo Fisher: Cat# Hs00358836_m1), OCT4 (Thermo Fisher: Cat# Hs00999632_g1), FUT4
(Thermo Fisher: Cat# Hs01106466_s1), NCAM1 (Thermo Fisher: Cat# Hs00941830_m1), Nanog (Thermo Fisher: Cat# Hs02387400_g1), TAB2
(Thermo Fisher: Cat# Hs00248373_m1), CMYC (Thermo Fisher: Cat# Hs00153408_m1), DOCK5 (Thermo Fisher: Cat# Hs07287975_m1), FAS
(Thermo Fisher: Cat# Hs00236330_m1), HFE (Thermo Fisher: Cat# Hs00373474_m1), LGALS3 (Thermo Fisher: Cat# Hs07288627_m1), MAL
(Thermo Fisher: Cat# Hs00707014_s1), RHOF (Thermo Fisher: Cat# Hs00368032_m1), SOWAHA (Thermo Fisher: Cat# Hs00703106_s1),
C210rf91 (Thermo Fisher: Cat# Hs05040994_s1), TRIM23 (Thermo Fisher: Cat# Hs01106626_m1). GAPDH (Thermo Fisher: Cat#
Hs99999905_m1) was used as the control. miRNA was isolated using the mirVana miRNA Isolation Kit (Thermo Fisher: Cat# AM1560). Isolated
miRNA was converted to cDNA using TagMan Advanced miRNA cDNA Synthesis Kit (Thermo Fisher: Cat# A28007). Advanced miRNA Tag-
man probes were used to measure the levels of mir-194-3p (Thermo Fisher: Cat# 002379) and control RNU6B (Thermo Fisher: Cat# 001093).
The gene expression profile data were generated using the C1000TM Thermal Cycler-CFX96TM Real-Time System and analyzed using the
BIO-RAD CFX Manager.

Clonogenic survival assay

Cells were plated at 8,000, 4,000, 2,000, 1,000, 500, and 50 cells/well in petri dishes and radiated at 10, 8, 6, 4, 2, and 0 Gy, respectively. The
plates were incubated in a humidified CO2 incubator at 37°C and cultured for 10 to 14 days depending on colony size and cell type. After 10 to
14 days, surviving colonies were stained with methylene blue, dried, and counted. Colonies of 50 cells were considered significant. The plating
efficiency was calculated from the ratio of colonies formed over the number of cells plated.

Sphere-forming assay
1 x 10° monolayer cells were plated in monolayer growth conditions and incubated for 24 h. Cells were washed twice with PBS and GSC
growth media was added to the plates. Ability of cells to detach and form spheres was monitored over a ten day period.

Viability assay

The MTT Assay Kit was used according to the manufacturer’s instructions (ATCC: Cat# 30-1010K). Briefly, the proliferation rate was deter-
mined by measuring the amount of oxidoreductase enzymes. These enzymes reduce the yellow tetrazolium MTT to generate the insoluble
purple product formazan quantified by measuring the absorbance at 570 nm.

miRNA reporter assay

pMIR-REPORT miRNA Expression Reporter Vector System (Thermo Fisher: Cat# AM5795) was used to measure the ability of has-mir-194-
3p to target the 3' UTR of TAB2. After a 2 h incubation with appropriate reagents, the Renilla and Firefly luciferase intensities were measure
subsequently with the Dual-Luciferase Reporter Assay System (Promega: Cat# E1910). Renilla luciferase intensity was used to normalize the
firefly luciferase intensity. An oligo mimicking the 3' UTR of TAB2 (3' UTR TAB2: GGCCCCACTGTAACCCACTGCCACCCACTGGTG) was
cloned into the reporter vector system upstream of the firefly luciferase protein. A negative control oligo (3' UTR TAB2 mismatch:
GGCAAACAGTTAAAAACAGTCCAAAACAGTGTG) was similarly cloned into the reporter system. Xbal (NEB: Cat# RO145T) and Eagl-
HF (NEB: Cat# R3505L) restriction enzymes were used to cleave the pMIR-REPORT miRNA Expression Reporter Vector and oligos. The
T4 ligase (NEB: Cat# M0202S) was then used to ligate the oligos into the reporter vector. The TAB2 and mismatch inserts were verified
by sanger sequencing to ensure the correct sequence and orientation. About 0.625 g of each plasmid was transfected into 1 x 10% cells
in a 96-well plate using Lipofectamine 3000 (Thermo Fisher: Cat# L3000015). Cells were incubated for 24 h hsa-mir-194-3p mimic (Sigma:
HMI0319) and hsa-mir-194-3p inhibitor (Sigma: Cat# HSTUDO0319) were added to a final concentration of 100 nM using the MISSION siRNA
Transfection Reagent (Sigma: Cat# $1452). After a 2 h incubation, the Renilla and Firefly luciferase intensities were measure subsequently
with the Dual-Luciferase Reporter Assay System (Promega: Cat# E1910). Renilla luciferase intensity was used to normalize the firefly lucif-
erase intensity.

Intracranial tumor implantation and H&E staining of coronal and sagittal sections

Three-to four-week-old nude mice were orthotopically implanted with GBM cells. A small anterior-posterior incision through scalp was made
down to the level of the bone. The bur hole was made exactly 2 mm from the bregma at the right frontal lobe. Cells in a 3L volume of medium
were injected intracranially using a stereotactic frame. Tumor formation and tumor burden were evaluated using sequential weight loss, and
neurological symptoms such as lethargy, poor feeding, paralysis, appearance of distress such as poor mobility, self-mutilation, hunched
posture, dehydrations and skin ulcerations, and weight loss exceeding 20%. Observation of these symptoms resulted in euthanization.
The brain was recovered for further processing such as formalin fixation and generating paraffin blocks. Hematoxylin and Eosin (H&E) staining
(abcam: ab245880) was conducted to estimate tumor burden. The brain was recovered for further processing such as formalin fixation and
generating paraffin blocks. Hematoxylin and Eosin (H&E) staining (abcam: ab245880) was conducted to estimate tumor burden. Formalin-
fixed, paraffin embedded tissue sections were baked overnight at 60°C, deparaffinized, rehydrated using xylene and ethanol graded mixture,
treated with epitope retrieval agent (Dako-TRS pH 6.1; Agilent: Cat# 5236984-2). Sections were stained with hematoxylin for 5 min, rinsed in
running tap water and counterstained in Eosin for 15's, and mounted after dehydration. Thorough washing with PBS (3x) was ensured after all
incubation steps. The sample size for intracranial injection was determined based on the power calculation from an in vivo experiment
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performed previously.”’ It was determined that five mice would be sufficient to determine an effect size of 5 days with a power of 0.90 and
significance level of 0.05. Differences in tumor growth between the different cell lines was determined using a p value of >0.05.

NF-«B activity assay

2 x 10° cells were plated in a Petri dish and incubated for 24 h. The nuclear fraction was isolated using the Nuclear Extraction Kit (abcam: Cat#
ab113474). The isolated nuclear faction was used to measure the transcriptional activity of NF-kB with the NF-kB pé5 Transcription Factor
Assay Kit (abcam: Cat# ab133112) according to the manufacturer’s instructions. 25 plL of the provided Transcription Factor NF-kB Competitor
dsDNA was used to demonstrate specificity.

QUANTIFICATION AND STATISTICAL ANALYSIS

All results were confirmed in at least three independent experiments, and data from one representative experiment were shown. All quan-
titative data are presented as mean + SD. The statistical analysis was performed using SAS 9.2 or GraphPad Prism 5. Student t tests were used
for comparisons of means of quantitative data between groups. Values of p < 0.05 were considered significant.
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