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SUMMARY

Activation of NF-kB induces mesenchymal (MES) trans-differentiation and radio-resistance in 

glioma stem cells (GSCs), but molecular mechanisms for NF-kB activation in GSCs are currently 

unknown. Here we report that mixed lineage kinase 4 (MLK4) is overexpressed in MES but not 

proneural (PN) GSCs. Silencing MLK4 suppresses self-renewal, motility, tumorigenesis, and 

radio-resistance of MES GSCs via a loss of the MES signature. MLK4 binds and phosphorylates 

the NF-κB regulator IKKα, leading to activation of NF-κB signaling in GSCs. MLK4 expression 

is inversely correlated with patient prognosis in MES, but not PN high-grade gliomas. Collectively, 

our results uncover MLK4 as an upstream regulator of NF-kB signaling and a potential molecular 

target for the MES subtype of GBMs.
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INTRODUCTION

Death in patients afflicted with cancer is mainly due to uncontrollable recurrence of the 

primary tumor following failure of current therapies. Glioblastoma (GBM) is one such 

cancer type wherein aggressive treatment strategies including surgery, ionizing radiation 

(IR) and chemotherapy provide only palliation (Chaichana et al., 2010; Goodwin et al., 

2011; Kaper et al., 2006; Omuro and DeAngelis, 2013). Recent investigations have 

uncovered substantial phenotypic changes that occur in post-therapeutic cancers (Candolfi et 

al., 2012; Locatelli et al., 2013; Oh et al., 2012; Tafani et al., 2011).

Each GBM tumor is composed of heterogeneous tumor cell populations including those with 

stem cell properties, termed glioma initiating cells or glioma stem cells (GSCs)(Hemmati et 

al., 2003; Singh et al., 2003; Singh et al., 2004). Accumulating evidence suggests that stem 

cell properties in cancers contribute to therapeutic resistance and cancer initiation (Bao et 

al., 2006; Beier et al., 2011; Capper et al., 2009; Vescovi et al., 2006). Thus, development of 

therapeutics targeting GSCs may provide considerable benefit to cancer patients.
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In various cancers, transition from epithelial to mesenchymal (MES) subtype is associated 

with advanced malignancy (Epithelial-MES Transition; EMT) (Nurwidya et al., 2012; 

Sanchez-Tillo et al., 2012; Shirkoohi, 2013). We and others have identified an EMT-like 

phenotypic shift that occurs in GBM in response to factors in the microenvironment or 

cytotoxic treatments that is now termed proneural (PN) to MES Transition (PMT) (Bhat et 

al., 2013; Halliday et al., 2014; Mao et al., 2013; Phillips et al., 2006). Of note, the MES 

identity is a hallmark of glioma aggressiveness and strongly associated with the poor 

outcome of patients (Bhat et al., 2013; Carro et al., 2010). Despite the central role of PMT in 

brain tumor recurrence, little is known about the molecular mechanisms that control this 

phenotypic shift in GSCs. Advances in genome-wide, genetic and genomic profiling have 

uncovered the aberrant signaling pathways that are essential for various phenotypes of 

cancers such as tumorigenesis, cellular proliferation, motility, and therapy resistance. Such 

oncogenic pathways include NF-κB and its downstream targets (Fan et al., 2005; Fan et al., 

2010; Ferris and Grandis, 2007; Yamamoto et al., 2013). In particular, we have recently 

demonstrated that NF-κB is a master regulator that causes MES trans-differentiation with an 

associated radio-resistance in PN GSCs (Bhat et al., 2013).

Mixed lineage kinase 4 (MLK4) is a relatively poorly-characterized serine/threonine kinase. 

While the genetic mutation of MLK4 is frequent in microsatellite stable subtype of 

colorectal cancers (CRCs) that exhibit extremely poor prognosis compared to other 

subtypes, this genetic event is substantially rare in GBM (Martini et al., 2013). In CRCs, the 

role of MLK4 in intracellular signaling is associated with KRAS- and MAPK-mediated 

pathways (Marusiak et al., 2014). To date, it remains undetermined whether MLK4 plays a 

pathophysiological role in GBM and/or cancer stem cells. In this study, driven by the fact 

that MLK4 is a lead candidate from kinase screens, we seek to examine its role in 

gliomagenesis, MES trans-differentiation and radio-resistance in GSCs.

RESULTS

MLK4 is overexpressed in MES GSCs

To identify protein kinases that are associated with the MES signature, we compared the 

genome-wide expression levels of 349 kinase-encoding genes in the patient-derived PN and 

MES GSC-containing primary cultures grown as neurospheres (hereafter designated as 

glioma spheres) using 18 PN and 12 MES high-grade glioma (HGG) patient-derived tumor 

specimens. We found 6 genes (MLK4, LYN, MST4, VRK2, PRKCH, and MAPK9) that 

were significantly upregulated in MES glioma spheres by 4-fold or more compared to PN 

spheres and/or somatic cell types including normal neural progenitors, and astrocytes 

(Figure 1A). Upon silencing with short hairpin RNA (shRNA) technique, MLK4 was the 

only gene that was required for survival of MES, but not PN, glioma spheres as judged by 

increased number of cells in the subG1 phase of the cell cycle (Figure 1B and 1C). MLK4 
was also the most highly expressed kinase in the MES glioma spheres when compared to 

normal neural progenitors or astrocytes (Figure 1D; Figure S1A). By contrast, the other 

members of the MLK family did not show any noticeable difference in expression between 

PN and MES glioma spheres (Figure S1B). We validated the elevated MLK4 levels in MES 

glioma spheres by real-time PCR (Figure S1C), Western blotting (Figure 1E), and 
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immunofluorescence in HGG patient-derived glioma spheres (Figure 1F; Figure S1D, Table 

S1 and S2). Moreover, co-expression of MLK4 with a MES marker CD44 was confirmed 

using immunofluorescence and FACS analysis in tumor spheres (Figure 1G and 1H; Figure 

S1E and S1F). Interestingly, MLK4 promoter was hypermethylated in PN tumors with IDH1 
mutation suggesting that epigenetic silencing could be one mechanism by which MLK4 is 

expressed at lower levels in PN GBMs (Figure S1G). Finally, we observed that MLK4 

expression is enriched in the stemness associated ALDEFLUOR-positive subpopulations in 

MES 83 glioma spheres (Figure 1I and 1J). We compared MLK4 expression between self-

renewing undifferentiated MES glioma spheres and their sister cultures that underwent 

differentiation. At 2 days after differentiation induction, MLK4 mRNA levels rapidly 

declined with a sharp contrast with the marked induction of an osteocyte differentiation 

marker Runx2 (Figure 1K). Taken together, these data indicate that MLK4 is over-expressed 

in the MES subtype of GSCs.

Silencing MLK4 induces apoptosis, reduces sphere formation and tumorigenesis in MES 
tumor spheres

Next, we investigated the physiological role of MLK4 in MES GSCs using two shRNA 

lentiviral vectors targeting independent regions of the MLK4 gene in two well-characterized 

glioma sphere samples (MES 83 and 267) (Bhat et al., 2013; Jeon et al., 2014; Mao et al., 

2013). Western blotting showed more than 80% reduction of MLK4 by one of the MLK4 

shRNA (shMLK4_2) in both MES 83 and 267 spheres (Figure S2A and S4C). In parallel, 

we generated MLK4 knockout (KO) cells by utilizing clustered regularly interspaced short 

palindromic repeats (CRISPR)-associated protein 9 (CRISPR-Cas9) system (Figure S2B). 

Both shMLK4 silencing and MLK4 KO significantly attenuated the ability of in vitro clonal 

growth of MES 83 and 267 cells (Figure 2A; Figure S2C). Reduction of sphere growth could 

be only partially attributed to diminished proliferation, since silencing MLK4 caused weak, 

yet significant, reduction of the proportion of 5-ethynyl-2’-deoxyuridine (EdU)-incorporated 

cells (Figure 2B). To the contrary, shMLK4-infected MES spheres, but not PN 528 glioma 

spheres, showed a substantial accumulation of apoptotic cells as judged by Annexin V/ PI 

staining (Figure 2C; Figure S2D). In addition, there was no significant difference in the 

effects of shRNA targeting for the other 3 MLK genes on sphere formation between PN and 

MES glioma cells (Figure S2E), suggesting MLK4 is unique in that it is preferentially 

required for the self-renewal, and proliferation of MES glioma spheres in vitro while 

MLK1-3 may have a general role for self-renewal and proliferation of multiple cell types. 

Consequently, limiting dilution sphere formation assay exhibited that the proportion of self-

renewing sphere-forming unit was largely reduced by both shMLK4 and MLK4 KO in these 

MES glioma cells (Figure 2D; Figure S2F).

To test the in vivo consequence of silencing MLK4 in MES 83 and 267 glioma spheres, we 

used the intracranial mouse models. MLK4 silencing significantly decreased in vivo tumor 

growth and/or extended median survival of mice without neurological deficit due to tumor 

burden compared to the control shNT-infected MES 83 glioma spheres (p = 0.0021 for 

shMLK4_1; p = 0.0003 for shMLK4_2, Log-rank p-value) and MES 267 glioma spheres (p 
= 0.0551 for shMLK4_1; p = 0.0013 for shMLK4_2, Log-rank p-value). Of note, the more 

effective shRNA clone (shMLK4_2 vs. shMLK4_1) had more impact on prolonged survival 
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of mice (Figure 3A and 3B). These data indicate that MLK4 is required for both in vitro and 

in vivo growth of MES tumor spheres.

MLK4 is required for the MES phenotype in GSCs

Aberrant activation of the MES phenotype in GBM is linked to increased cellular motility, 

glycolysis, and genes associated with wound healing and inflammatory properties (Zhong et 

al., 2010). Therefore, we investigated whether MLK4 inhibition influences these traits in 

MES glioma spheres from the single-cell resolution measurement. We performed time-lapse 

monitoring of individual cells from dissociated shMLK4 lentivirus infected MES 83 spheres 

on micropatterned polydimethylsiolxane surfaces that mimic the fiber-like and/or conduit-

like structures of in vivo parenchyma or stroma (Gallego-Perez et al., 2012). Travelling paths 

(tracks) of individual clones in each group displayed the clear difference of cellular motility 

in MES glioma sphere with shNT and shMLK4 infection (Figure 4A). Silencing MLK4 

resulted in a significantly attenuated clonal motility in comparison to the control, determined 

by video time-lapse microscopy (Figure 4A; Movie S1 and S2).

We next investigated the glycolytic activity of shMLK4-infected MES glioma spheres. The 

extracellular acidification rate (ECAR) was measured as a glycolysis indicator. Diminished 

basal ECAR was observed in MES 83 spheres, when they were infected with either one of 

the 2 shMLK4 lentivirus but not shNT virus, and when mitochondrial respiration was 

blocked with Oligomycin, compensatory glycolysis was even further diminished in these 

shMLK4 infected MES 83 spheres (Figure 4B).

We then asked whether MLK4 is required and/or sufficient for the expression of MES 

markers in GSCs. qRT-PCR showed that MLK4 knockdown markedly decreased the 

expression of MES genes (MET, WT1, BCL2A1, Vimentin, and Snail), whereas kinase 

active MLK4 (R470C) overexpression in PN 528 spheres resulted in the opposite effect 

(Figure 4C; Martini et al., 2013). A similar reduction of MES genes was also observed in 

MLK4 KO cells compared to controls (Figure S3B). As expected, gene-set enrichment 

analysis (GSEA) demonstrated signature global reduction of MES signature (Figure 4D). 

Interestingly, depletion of MLK4 in these MES glioma spheres did not induce a shift toward 

a PN gene signature (Figure S3C). Consistent with these mRNA expression data, the MES 

cell surface antigen CD44 was decreased by MLK4 knockdown or KO in MES 83 and 267 

spheres, and in turn, MLK4 overexpression increased CD44 protein expression in PN 528 

spheres (Figure 4E; Figure S3D). The reduction of the MES markers was observed in 

xenograft tumors generated from shMLK4 lentivirus infected MES 83 and 267 spheres as 

evidenced by Vimentin immunoreactivity, accompanied by retained MLK4 elimination 

(Figure 4F; Figure S3E). Collectively, these results indicate that MLK4 could be a global 

regulator of the MES signature and traits associated with this subtype of tumors.

MLK4 regulates NF-κB signaling axis in MES GSCs via binding and phosphorylation of 
IKKa

To gain insight into the mechanisms by which MLK4 control the MES signature, we first 

examined downstream pathways that MLK4 could potentially regulate. It has been reported 

that four MLK genes (MLK1- 4) belong to the mitogen-activated-protein kinase (MAPK) 
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family that activate c-Jun amino-terminal kinase (JNK) and p38 as downstream targets 

(Gallo and Johnson, 2002). However, we observed no noticeable difference in ERK, JNK, 

and phospho-p38 levels in glioma spheres of either PN or MES subtype (Figure S4A and 

S4B). Given the molecular link between NF-kB pathway activation and MES differentiation 

(Bhat et al., 2013), we examined if this pathway is altered in response to modulation of 

MLK4. Western blotting showed MLK4 silencing reduces phosphorylated form, but not the 

total form, of the upstream regulators of the NF-κB pathway, IKKα and IκB (Figure 5A). 

Luciferase assay using a NF-κB responsive element demonstrated that MLK4 knockdown 

considerably reduces the NF-κB transcriptional activity in MES 83 spheres (Figure 5B). 

Moreover, reduced NF-κB DNA binding activity was observed in the shMLK4 lysates 

compared to controls (Figure 5C). Immunoprecipitation and in vitro kinase analysis revealed 

that MLK4 physically interacts with both IKKα/β, but preferentially phosphorylates IKKα 

over IKKβ (Figure 5D–5E; Figure S4D). To test the function of IKKα on MLK4 mediated 

NF-κB reporter activity, we used siRNA targeting IKKα and kinase dead IKKα (S176A) to 

repress their expression levels. MLK4-mediated NF-κB luciferase activity was strongly 

suppressed by knockdown of IKKα wild-type, but not IKKα mutant (S176A) (Figure 5F; 

Figure S4E). Analysis of the microarray data with 30 glioma sphere samples exhibited that 

MLK4 expression is strongly correlated with the genes involved in the NF-κB pathway 

(Figure S4F and S4G). Furthermore, GSEA showed that genes affected by MLK4 silencing 

in MES glioma spheres were enriched for the NF-κB pathway signature (Figure 5G). These 

data implicate MLK4 as an upstream regulator of NF-kB signaling.

In order to evaluate whether the function of MLK4 in MES GSCs is dependent on its kinase 

activity, we carried out site directed mutagenesis to create MLK4 (K151A) mutant clone 

(Martini et al., 2013). Overexpression of MLK4 (K151A) in MES 83 spheres inhibited cell 

proliferation and self-renewal activity, accompanied by a reduction of p-IKKα/β expression 

and NF-κB reporter activity (Figure 5H–5J; Figure S4H). Furthermore, we found that IKKα 

exhibits strong association with MLK4-WT, whereas the association with MLK4 (K151A) 

was relatively weak, indicating MLK4-IKKα interaction is, at least partially, dependent on 

MLK4 phosphorylation (Figure S4I). We then investigated whether overexpression of this 

catalytically-inactive MLK4 affects in vivo tumorigenic potential using the orthotopic 

xenograft models (Figure 5L and 5K). MLK4 (K151A)-overexpression in MES 83 spheres 

significantly decreased in vivo tumor growth, thereby prolonged median survival of the 

tumor-bearing mice. Strikingly, central necrosis of tumors - one criteria for diagnosis of 

Grade IV GBM – was not observed in xenografted tumors derived from MES glioma 

spheres overexpressing K151A mutant form of MLK4, accompanied by reduced 

immunoreactivity to CD44 and Vimentin (Figure 5M). Together, these data suggest that 

MLK4 activates the NF-κB pathway via interaction and phosphorylation of IKKα in MES 

glioma spheres, and the catalytic activity of MLK4 is essential for maintenance of high 

grade glioma and the MES phenotype.

Following IR therapy, PN GSC-derived brain tumors develop sensitivity to MLK4 
elimination

We previously reported that ionizing radiation (IR) to glioma spheres increases MES- 

marker expression with a concomitant decrease in PN markers, raising a possibility that IR 
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induces PMT in GSCs in vitro (Mao et al., 2013). To determine whether MLK4 plays a role 

in this process, we first examined the change of MLK4 expression in IR-treated PN glioma 

spheres (PN 157 and 84) by qRT-PCR. MLK4 was dramatically upregulated 24 hr after IR 

treatment, with an accompanied increase in MES marker CD44 at later time-points, in these 

2 PN glioma sphere samples (Figure 6A). In turn, when we combined MLK4 knockdown 

and IR treatment in MES 83 spheres, MLK4 silencing by shRNA almost completely 

abolished their IR-induced NF-κB activity (Figure 6B). Given that radioresistance of GBM 

tumors is linked to the MES subtype of GSCs (Bhat et al., 2013) and our data indicates the 

elevation of MLK4 by IR, we investigated the combined effect of MLK4 knockdown and IR 

treatment in mouse xenograft tumors using PN glioma spheres (GSC 23). Whole brain 

radiation was performed with four cycles of 2.5 Gy on consecutive days for these tumor-

burden mice to mimic the clinical regimen of radiation therapy for GBM. As expected and 

consistent with our in vitro findings (Figure 2), silencing MLK4 alone did not noticeably 

affect the growth of these PN tumors, whereas IR prolonged survival of these mice (Figure 

6C and 6D). In these tumors, expression levels of nuclear p-p65, CD44, and Vimentin were 

strongly induced by IR, which, in turn, were markedly suppressed by shMLK4 (Figure S5A 

and S5B). As expected, combination of MLK4 inhibition with IR treatment showed a further 

reduction in their growth kinetics, and significantly prolonged mouse survival (median 

survival of shNT vs. shNT+IR: 44 vs. 60.5 days and shMLK4 vs. shMLK4+IR: 44 vs. 70 

days in GSC 23; Figure 6C and 6D). In the MES glioma sphere-derived mouse xenograft 

models, the combined IR treatment and shMLK4 also prolonged mouse survival (median 

survival of shMLK4_1 vs. shMLK4_1+IR in MES 83: 27 vs. 37 days; Figure S5C).

To investigate the role of MLK4 in promoting GBM radioresistance, we injected either the 

control- or MLK4 (R470C)-overexpressing PN 8-11 spheres intracranially into 

immunocompromised mouse brains. IR treatment extended the survival of the control 

vector-overexpressing PN sphere-derived tumor-bearing mice by 51.5 days (Figure 6E). In 

contrast, in MLK4 (R470C)-overexpressing tumor bearing mice, IR extended the mouse 

survival for only 21 days (Figure 6E). These results indicate that expression of MLK4 is not 

only required, but sufficient to promote radioresistance in GBM.

MLK4 expression is associated with poor survival of MES but not PN GBM

Lastly, we investigated the clinical relevance of our findings using tissues obtained from 

GBM patients. We performed immunohistochemical staining of MLK4, Olig2 (PN GBM 

marker), and CD44 (MES GBM marker) in 87 HGG specimens. As shown in Figure 7A, 

MLK4 expression strongly correlated with CD44 expression, whereas the staining of MLK4 

and Olig2 were mutually exclusive. Intriguingly, in the Olig2high HGG patients, the MLK4 

expression level was not informative for post-surgical patient survival. In contrast, high 

MLK4 patients displayed significantly shorter survival in the CD44high patient group, 

indicating MLK4 expression predicts survival of patients within the MES subgroup (Figure 

7B). Following this exploratory study, we validated these findings in a larger cohort of cases 

(n = 108 cases). Consistent with the results observed with the initial datasets, both the 

progression-free survival and overall survival of patients with CD44high GBMs were 

significantly correlated with MLK4 expression, whereas those patients with Olig2high GBMs 

did not show any noticeable correlation (Figure 7C). Taken together, MLK4 is specifically 
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upregulated in MES HGGs with CD44high expression and is negatively linked with post-

surgical survival of patients with MES tumors.

DISCUSSION

In this study, we demonstrate that (1) MLK4 is highly expressed in glioma spheres derived 

from MES but not PN GBM, (2) overexpression of MLK4 promotes, while MLK4 

knockdown attenuates a set of the MES glioma stem cell phenotypes, (3) MLK4 shRNA 

inhibits tumor initiation and propagation of MES GSCs in the mouse xenograft models, (4) 

radiation-induced MES transition in PN glioma spheres is associated with substantial 

upregulation of MLK4, (5) unlike the results of MLK4 knockdown alone, its combined 

treatment with IR in PN glioma sphere-derived tumors significantly attenuates tumor 

growth, thereby prolongs survival of tumor burden mice, (6) MLK4 binds and 

phosphorylates the NF-κB regulator IKKα, thereby activating the DNA binding of NF-κB in 

MES glioma spheres, and (7) MLK4 expression is highly elevated in CD44high MES subtype 

HGGs and is informative for the prognosis of patients with MES, but not PN HGG/GBM.

One major finding in this study is the differential role of MLK4 in PN and MES GSCs. 

Glioma spheres derived from Olig2high tumors, that were enriched with PN GSCs (Bhat et 

al., 2013; Mao et al., 2013), expressed substantially lower levels of MLK4 than MES tumor-

derived cells and MLK4 silencing by shRNA did not induce apoptosis in vitro or affect 

tumor growth. In contrast, CD44high glioma spheres with MES GSC identity (Bhat et al., 

2013; Mao et al., 2013) expressed substantially higher MLK4 and as a result, MLK4 

knockdown reduced a set of stem cell traits (e.g. in vitro clonogenicity, in vivo 
tumorigenicity, increased tumor cell motility, and increased glycolysis) specifically in MES 

glioma sphere samples, making them selectively vulnerable to MLK4 inhibition.

Overexpression of MLK4 promoted whereas its knockdown reduced the expression of the 

MES-markers, suggesting that MLK4 is not only required but most likely sufficient to 

induce the MES phenotype. In orthotopic models, although mice bearing shMLK4 GSCs 

showed improved survival, they eventually died due to tumor burden despite retaining 

MLK4 downregulation (Figure S3E). It is not clear whether the MES glioma spheres 

initially contain de novo MLK4 resistant cell population or they acquire resistance during 

tumor formation in vivo. Molecular and phenotypic characterization of these tumors is 

crucial to determine whether persistent MES identity independent of MLK4-mediated 

signaling mechanisms promotes tumor growth or a shift of the MES phenotype to another 

subtype by shMLK4 subsequently leads to tumor growth despite MLK4 targeting. The 

frequency of MLK4 mutation in GBM is not very clear yet. One recent report by Martini et 

al. showed that 2 cases out of 9 had missense/nonsense mutation (Martini et al., 2013). Our 

study revealed the transcriptional and protein function of MLK4 in GBM and GSCs. Future 

studies will elucidate the genomic contribution of MLK4 on GBM.

The second finding in this study is the identification of a regulatory role for MLK4 in NF-

κB signaling in GBM cells. We found that MLK4 interacts and phosphorylates IKKα in 

MES glioma spheres, thereby regulating its kinase activity. Through this interaction with 

IKKα, MLK4 controls NF-κB’s DNA binding activity (Figure 5D). Coupled with our 
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previous study that NF-κB drives the MES signature by inducing master regulatory 

transcription factors (Bhat et al., 2013), the MLK4-NF-kB axis could be a key node in fine 

tuning the MES phenotype in GSCs. The current study also uncovers MLK4 as a potential 

link between tumor radioresistance and PMT in GSCs. IR-induced NF-κB activation was 

dependent on MLK4, and therefore silencing MLK4 presumably attenuates PMT following 

IR treatment. To date, there are no effective treatment options for recurrent GBMs after 

failure of the first-line therapies, and the identification of MLK4 presents an attractive target, 

inhibition of which could potentially improve patient outcome. Given the broad significance 

of the NF-κB pathway in a variety of cancers, future studies are required to explore the 

pathophysiological role of MLK4 in other cancers that depend on NF-κB for their growth 

and therapy resistance.

Unlike some other cancers (e.g. colon), virtually all GBMs are detected without prior pre- 

cancerous stage in the clinic, except for the minor population of the IDH mutant secondary 

GBMs. Therefore, whether GBMs initiate as PN tumors and evolve to gain more MES 

identity is an important question, but still remains unknown. Recent studies including our 

own indicate that PMT is likely associated with post-treatment reinitiation of tumors as 

recurrence (Chen et al., 2012). Indeed, some of newly-diagnosed GBM tumors that arise as 

PN tumors come back as MES tumors at recurrence (Phillips et al., 2006). Nonetheless, it is 

still debatable whether or not post-therapeutic PMT of GBM tumors is a universal 

phenomenon. In breast cancers, therapeutic insult appears to develop MES phenotypes, 

termed de novo-recurrence evolution (Mani et al., 2008; Moody et al., 2005). However, 

intratumoral sampling variations may mislead the data interpretation and are merely 

indicative of tumor heterogeneity. This open question aside, our data indicated that 

stimulation of PN glioma spheres with TNF-α upregulated MLK4 expression (data not 

shown). Previously we reported that TNF-α is derived from macrophages/microglia and is 

associated with the transcriptomic plasticity of the PN and MES states. It is known that the 

MES GBMs exhibit a high degree of macrophages/microglial infiltration. Possibly, 

macrophages and microglia may provide extrinsic signals including TNF-α to cause MLK4 

activation thereby promoting PMT of tumors and/or GSCs via NF-κB activation (Bhat et al., 

2013). Alternatively or on top of these extrinsic signals, MLK4 activation in MES GSCs 

could be driven by intrinsic signals in GSCs. In recent reports, a set of core transcriptome 

signatures was identified to determine tumor evolutionary dynamics and subsequent cellular 

identities in cancers and GSCs (Hnisz et al., 2013; Suva et al., 2014). It is important to 

further elucidate how intrinsic signaling mechanisms and extrinsic microenvironment factors 

cooperate / compete to sustain the MES identity in GSCs and GBM tumors.

In the current neuro-oncology clinic, irradiation is a mainstay of post-surgical GBM 

treatment and recent studies including ours elucidated that NF-κB is activated in post-IR 

tumors (Bhat et al., 2013; Brach et al., 1991). NF-κB is an essential molecule in various 

cancers to regulate cell proliferation, motility, therapy resistance, and metastasis (Bhat et al., 

2013; Bivona et al., 2011; Bonavia et al., 2012; Fan et al., 2005; Fan et al., 2010; Ferris and 

Grandis, 2007; Gan et al., 2009; Tanaka et al., 2011; Yamamoto et al., 2013). Nonetheless, 

development of targeted therapies for transcription factors (TFs) such as NF-κB is 

notoriously challenging. To date NF-κB targeting cancer therapeutics has not been 

established. In addition, although NF-κB is potentially one of the promising candidates in 
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MES GSCs, we should take into consideration that excessive and prolonged NF-κB 

inhibition is possibly detrimental because of its suppression in innate immunity (Baud and 

Karin, 2009; Greten et al., 2007). In this context, this study provides an alternative mode of 

NF-κB activation that could be exclusive to MES GSCs. MLK4-driven IKKα / NF-κB 

signaling axis therefore is a therapeutic target for the MES subtypes of GBMs. Moreover, 

the toxicity of specific MLK4 inhibitors may be modest because MLK4 is not expressed in 

normal progenitors and normal brain.

In conclusion, this study reveals a critical role of MLK4 in controlling the MES identity in 

GSCs and suggests MLK4 as an attractive target for treatment in aggressive cancers 

including MES GBM. The poorly characterized serine/threonine kinase MLK4 is abundantly 

expressed in various cancers (Abi Saab et al., 2012; Martini et al., 2013). Therefore, our data 

is applicable to other cancer types beyond GBM and provides a rationale for the therapeutic 

targeting of MLK4 and/or the MLK4/ NF-κB complex in a broader context. Given the 

importance of NF-κB signaling in cancers in general, our findings not only provide a better 

understanding of the molecular mechanisms underlying maintenance of stem cell 

characteristics in GBM but also identify a molecular target for therapeutic intervention. In 

addition, identification of MLK4 specific inhibitors could potentially create a new paradigm 

in the discovery and development of molecular targeted therapeutics for cancers including 

GBM.

EXPERIMENTAL PROCEDURES

Ethics

All of the work related to human tissues was exempt from requiring consent by Institutional 

Review Board (IRB) at University of Alabama at Birmingham (IRB no. #N151013001 and 

#N151014002), The Ohio State University (IRB no. #2005C0075), and M.D. Anderson 

Cancer Center (IRB no.#LAB04-0001). All mouse studies were conducted under the 

approved protocols by Institutional Animal Care and Use Committee (IACUC) and in 

accordance with NIH guidelines. The unique identity of all patient-derived glioma cell line 

was confirmed by short tandem repeats (STR) analysis as described in the methods section.

Establishment of GSC cultures

High grade glioma patient-derived neurospheres were molecularly characterized as 

previously described (Bhat et al., 2013; Gu et al., 2013; Joshi et al., 2013; Mao et al., 2013). 

Freshly resected glioma tumor samples were dissociated established GSC cells were 

cultured in defined medium containing Dulbecco’s modified Eagle’s medium (DMEM)/F12/

Glutamax (Invitrogen) supplemented with B27 (Miltenyi Biotec), heparin (2.5 ug/ml), bFGF 

(20 ng/ml), and EGF (20 ng/ml). Growth factors (bFGF and EGF) were added twice a week.

Tissue Microarray (TMA)

TMA consisting of three to six representative 0.6-mm cores from formalin-fixed, paraffin-

embedded tissue blocks was generated in the Department of Pathology and Laboratory 

Medicine at The Ohio State University as described previously (Guvenc et al., 2013; 

Miyazaki et al., 2012).
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Gaussia NF-κB promoter luciferase assay

Gaussia Luciferase reporter lentiviral vector containing NF-κB binding sites (NF-Gluc-

reporter) was provided by Dr. Christian Badr (Badr et al., 2009). After infection with NF-

Gluc reporter lentivirus in glioma spheres, 15 μl aliquots of the cell-free conditioned 

medium were collected. Gluc activity was assayed by adding 20 μM coelenterazine, the 

Gluc substrate (Nanolight) to the supernatant and measuring photon counts in a 96-well 

plate FLUOstar luminometer (BMG labtech) over 10 sec.

Plasmids and lentiviral transduction

Lentiviral vectors expressing non-target shRNA, two shRNA constructs targeting MLK4, 

shMLK4_1 (Clone name: NM_032435.x-4199s1c1) and shMLK4_2 (Clone name: 

NM_032435.x-1413s1c1), used to silence MLK4 expression were obtained from Sigma. 

Full-length MLK4 cDNA in pCMV-Entry vector is obtained from Origene and transferred 

into pLenti-C-Myc-DDK lentiviral overexpression vector with RapidShuttling kit (Origene). 

293FT (Invitrogen) cells were transfected using calcium phosphate (Clontech) for lentivirus 

production. Lentivirus was harvested at 72 hr after transfection and concentrated 100-fold 

using Lenti-X concentrator (Clontech). Infection of lentivirus was performed according to 

the manufacturer’s protocol.

Single cell motility assay

Single cell motility was monitored under guided migration conditions for approximately 16 

hr (Gallego-Perez et al., 2012; Irimia and Toner, 2009; Johnson et al., 2009; Petrie et al., 

2009). Glioma spheres were dissociated into single cells, plated, and allowed to adhere and 

spread on micropatterned polydimethylsiloxane surfaces in serum-containing, heparin-free 

CO2-independent medium (Invitrogen). Such surfaces were fabricated through a simple 

replica-molding process from a photolithographically-patterned Si master (Gallego-Perez et 

al., 2012). These substrates were sterilized in 70% ethanol prior to cell seeding. Cell motility 

was traced via time-lapse microscopy. Images were collected every 10 min, and analyzed 

using the manual tracker plugin in Fiji.

Limiting dilution neurosphere forming assay

Limiting dilution assay was performed in 96-well plates as described previously (Flavahan et 

al., 2013). Briefly, dissociated cells from glioma spheres on the 0.5 μg/cm2 laminin (Sigma) 

pre-coated flasks were seeded in 96-well plates containing GSCs culture medium (1 to 50 or 

1 to 100 cells per well). After 7 days for MES 83 and 14 days for MES 267, each well was 

examined for formation of tumor spheres. Stem cell frequency was calculated using extreme 

limiting dilution analysis (ELDA) (http://bioinf.wehi.edu.au/software/elda/).

Statistics

Statistical analysis and graphing were performed using Microsoft Excel 2010, SPSS 

statistical package version 19 for Macintosh, and Graphpad Prism 6.0 software. Log-rank 

analysis was used to determine statistical significance of Kaplan-Meier survival curve.
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SIGNIFICANCE

Proneural (PN) and mesenchymal (MES) glioma stem cells (GSCs) represent two 

mutually-exclusive, and biologically distinct GSC subtypes. GBM patients with the MES 

GSC signature belong to the poorer prognosis subclass and are resistant to irradiation. 

Identification of regulatory mechanisms that regulate MES trans-differentiation is 

therefore critical for developing GSC-targeted therapy. Here we find that silencing MLK4 

inhibits de novo and acquired (radiation-induced) MES GSCs both in vitro and in vivo. In 

addition, we present evidence of IKKα as a direct molecular target of MLK4 that drives 

NF-κB pathway activation, thereby promoting MES trans-differentiation of GSCs. 

Targeting the MLK4-driven NF-κB signaling axis could be a therapeutic strategy for 

GBM patients with a MES signature.
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HIGHLIGHTS

• Silencing MLK4 attenuates Mesenchymal identity in glioma stem cells

• MLK4 activates NF-κB signaling by directly phosphorylation of IKKα

• MLK4 promotes radioresistance in GBM

• MLK4 expression negatively correlates with patient survival of MES but not PN 

GBM
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Figure 1. MLK4 is highly expressed in MES GSCs
(A) Heatmap showing differentially expressed kinase-encoding genes in Proneural (PN), 

Mesenchymal (MES) glioma sphere cells, neural progenitors, and normal astrocytes.

(B) Average fold change of cell number in SubG1 phase upon target gene knockdown in 

MES 83 and PN 528 glioma spheres. Error bar represents standard deviation (SD) from 5 

independent shRNAs for each gene. *p < 0.05. shNT, Non-Targeting control shRNA.

(C) Cell cycle analysis in glioma spheres with MLK4 knockdown (shMLK4; red) by PI 

staining using FACS. shNT as control (blue).
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(D) Ranking of MLK4 among 349 kinase genes according to the fold difference of 

expression in MES glioma spheres relative to neural progenitors or normal astrocytes.

(E) Immunoblot (IB) analysis of MLK4 in glioma spheres. β-actin as internal control.

(F) Immunofluorescent (IF) staining for MLK4 expression in glioma spheres. MLK4 was 

labeled in green. Nuclei were counterstained with DAPI (blue). Scale bar represents 20 μm.

(G) IF staining of MLK4 and MES marker CD44 in glioma spheres. MLK4 was labeled in 

red and CD44 in green. Nuclei were counterstained with DAPI (blue). Scale bar represents 

20 μm.

(H) FACS plots of MLK4 and CD44 in PN and MES glioma spheres.

(I) Quantitative RT-PCR (qRT-PCR) analysis of mRNA expression of MLK4 and ALDH1A3 
in ALDEFLUOR-positive and ALDEFLUOR-negative subpopulations of MES 83 glioma 

spheres. Data are means ± SD (n = 3). ***p < 0.001.

(J) MLK4 protein expression in ALDEFLUOR-positive and ALDEFLUOR-negative 

subpopulations of MES 83 glioma spheres using immunoblotting. β-actin as internal control.

(K) qRT-PCR analysis of mRNA expression of MLK4 and an osteogenic differentiation 

marker Runx2 in MES 83 glioma spheres during osteogenic differentiation induction.

Data are means ± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S1, Table 

S1 and S2.
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Figure 2. Depletion of MLK4 attenuates a set of MES GSC phenotypes
(A) Effects of MLK4 knockdown by shRNA (shMLK_1 or shMLK_2) and MLK4 knockout 

(KO) by CRISPR/Cas9 system on cell growth in MES 83 glioma spheres analyzed by 

AlamarBlue staining. Results were expressed as relative fluorescence units (RFU). Data are 

means ± SD (n = 6). ***p < 0.001.

(B) Representative images of EdU incorporation assays (left) and quantification of EdU 

positive cells (right) in MES 83 glioma spheres expressing shNT or shMLK4. Cells in green 

represent EdU positive cells. Nuclei were counterstained with DAPI (blue). Scale bar 

represents 20 μm. *p < 0.05.

(C) FACS plots of Annexin V and PI staining in MES 83 and PN 528 glioma spheres 

expressing shNT, shMLK4_1, or shMLK_2.

(D) Effects of or shMLK4_2 and MLK4 KO on sphere forming frequency of MES 83 

glioma cells determined by limiting dilution assays. Stem cell frequency was calculated by 

ELDA analysis. Data are means ± SD (n = 18) ***p < 0.001. See also Figure S2.
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Figure 3. Silencing MLK4 in MES GSCs suppressed tumor growth and increased mouse survival
(A) Representative hematoxylin and eosin (H&E) staining of mouse brains harvested on day 

15 (MES 83) or day 58 (MES 267) after transplantation of MES glioma spheres expressing 

shNT, shMLK_1, or shMLK_2. Scale bars represent 2 mm. (B) Kaplan-Meier survival 

curves of mice intracranially transplanted with MES 83 or 267 glioma spheres that were 

infected with indicated shRNAs (n = 7). Tables show median survival of mice.
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Figure 4. Mesenchymal phenotypes in glioma spheres are dependent on MLK4
(A) Effects of MLK4 knockdown (shMLK4_1 or shMLK4_2) on the motility of MES 83 

glioma spheres. Representative track pattern images of individual MES 83 cells are shown 

(upper). Quantification shows the effect of shMLK_1 or shMLK4_2 on single-clone 

migration velocity (lower). Scale bar represents 200 μm. Data are means ± SD. ***p < 

0.001.
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(B) Effects of MLK4 knockdown (shMLK4_1 or shMLK4_2) on the glycolysis of MES 83 

spheres were measured by recording the extracellular acidification rate (ECAR) in a 

Seahorse Bioanalyzer. Data are means ± SD. **p < 0.01.

(C) qRT- PCR analysis for gene expression of MES markers including MET, WT-1, 

BCL2A1, Vimentin, and Snail in MES 83 glioma spheres expressing shNT or shMLK4 and 

in PN 528 glioma spheres expressing control vector or kinase active mutant of MLK4 

(R470C). Data are means ± SD (n = 3). **p < 0.01; ***p < 0.001.

(D) GSEA plot of TCGA MES gene signatures in shNT or shMLK4 of glioma spheres. 

Gene expression profile data are obtained by cDNA microarray using with MES glioma 

spheres expressing shNT or shMLK4. Gene sets for MES GBM defined by the TCGA MES 

signature were used for this analysis (Verhaak et al., 2010). The normalized enrichment 

scores (NES) is shown in the plot.

(E) Effects of MLK4 KO and MLK4 (R470C) overexpression in glioma spheres on CD44 

expression by FACS analysis. The basal levels were determined by the results with the 

vector control.

(F) IF analysis of Vimentin expression in GBM xenografts derived from MES 83 and 267 

glioma spheres with or without MLK4 knockdown. Vimentin was labeled in red. Nuclei 

were counterstained with DAPI (blue). Scale bar represents 50 μm.

See also Figure S3, Movies S1, and S2.
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Figure 5. MLK4 binds and phosphorylates IKKa resulting in increased NF- B activity in MES 
glioma spheres
(A) IB analysis of p-IKKα/β (S176/180), IKKα, and p-IκB (S32) expression in MES 83 

glioma spheres expressing shNT or shMLK4.

(B) Effects of MLK4 knockdown on NF-κB response element driven Gaussia luciferase(NF-

Gluc) activity in MES 83 glioma spheres. Data are means ± SD (n = 3). **p < 0.01.

(C) Gel shift assay (EMSA) with the nuclear extracts from MES 83 glioma spheres 

expressing shNT or shMLK4. Nuclear extracts were prepared and EMSA was performed 

with a radiolabeled oligonucleotide containing an NFκB-binding site.
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(D) Immunoprecipitation (IP) analysis with IKKα antibody followed by immunoblot for 

MLK4 showing the IKKα-MLK4 protein complex in MES 83 glioma spheres. Whole cell 

lysates as input positive control and pull-down with IgG as negative control.

(E) In vitro kinase assay showing MLK4 phosphorylates IKKα, but not IKKβ in a dose 

dependent manner. After incubation with purified baculovirus-expressed IKKα or IKKβ and 

MLK4 recombinant proteins including ATP, immunoblot blot was performed with anti p-

Serine antibody.

(F) Effects of IKKα siRNA knockdown in PN 528 glioma spheres on MLK4–mediated NF-

Gluc activity. Data are means ± SD (n = 3). **p < 0.01; ##p < 0.01. (G) GSEA showing NF-

κB gene signature is reduced in MLK4 depleted MES glioma spheres. The normalized 

enrichment scores (NES) is shown in the plot.

(H-I) IB analysis of p-IKKα/β (H) and NF-Gluc reporter activity (I) in vector or kinase-

inactive MLK4 (K151A) in MES 83 glioma spheres. Data are means ± SD. *p < 0.05.

(J) Limiting dilution neurosphere forming assay in MES 83 glioma spheres with control 

vector or MLK4 (K151A) overexpression. Stem cell frequency was calculated by ELDA 

analysis. ***p < 0.001.

(K-L) Kaplan-Meier survival curves (K) and representative H&E staining images (L) of 

mice intracranially injected MES 83 glioma spheres with vector or MLK4 (K151A). Arrows 

indicate tumors. Scale bar represents 2 mm (upper) and 100 μm (lower).

(M) Representative IHC imaging for CD44 and Vimentin in vector- or MLK4 (K151A)-

overexpressing MES 83 derived tumors. Scale bar represents 20 μm. See also Figure S4.
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Figure 6. The effects of MLK4 silencing together with irradiation in PN GSC-derived xenograft 
tumors
(A) qRT-PCR analysis for MLK4 and CD44 expression in response to 5 Gy irradiation in PN 

157 and PN 84 glioma spheres in vitro. **p < 0.01.

(B) NF-κB reporter activities in MES 83 glioma spheres with lentiviral infection of shNT or 

shMLK4 in response to irradiation in vitro. **p < 0.01 in shNT vs. shNT + irradiation; ##p < 

0.01 or #p < 0.05 in shNT vs. shMLK4 + Irradiation.

(C) Representative bio-luminescence images of shNT or shMLK4 infected GSC 23 

transduced with pCignal lenti-CMV-luc injected intracranially into Foxn1nu mice. Mice 

were imaged at 2–3 weeks after implantation, after which the radiation group received four 

cycles of 2.5 Gy IR on consecutive days (n = 6 in each group).

(D) Kaplan-Meier survival curves of mice intracranially transplanted GSC 23 with shNT or 

shMLK4 in response to irradiation. Arrows indicate the time of irradiation.

(E) Kaplan-Meier survival curves of tumor-burden mice intracranially transplanted GSC 

8-11 with empty or MLK4 overexpression in response to irradiation. Irradiation was 
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performed on week 3 after implantation for 4 consecutive days at 2.5 Gy/day. See also 

Figure S5.
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Figure 7. MLK4 expression correlates with post-surgical poor survival of patients with MES 
GBM
(A) Immunohistochemistry of human high grade glioma (HGG) samples for MLK4, CD44, 

and Olig2. Scale bar represents 20 μm.

(B) Kaplan Meier curve showing overall survival of HGG patients divided based on MLK4 

expression in Olig2high PN-type (left) or CD44high MES-type (right) tumors with the 

exploratory cohort treated in the Department of Neurosurgery at OSU. (C) Kaplan Meier 

curve showing progression-free survival and overall survival of GBM patients divided based 

on MLK4 expression in Olig2high PN-type (left) or CD44high MES-type (right) tumors with 

the validation cohort treated in the Department of Neurosurgery in 4 Universities in Japan 

(designated as Multi-NS institutes).
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