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ABSTRACT

Glioblastoma (GBM) is the most malignant brain tumor with very limited
therapeutic options. Standard multimodal treatments, including surgical resection
and combined radio-chemotherapy do not target the most aggressive subtype of
glioma cells, brain tumor stem cells (BTSCs). BTSCs are thought to be responsible for
tumor initiation, progression, and relapse. Furthermore, they have been associated
with the expression of mesenchymal features as a result of epithelial-mesenchymal
transition (EMT) thereby inducing tumor dissemination and chemo resistance. Using
high resolution proton nuclear magnetic resonance spectroscopy (*H NMR) on GBM
cell cultures we provide evidence that the expression of well-known EMT activators of
the ZEB, TWIST and SNAI families and EMT target genes N-cadherin and VIMENTIN is
associated with aberrant choline metabolism. The cholinic phenotype is characterized
by high intracellular levels of phosphocholine and total choline derivatives and was
associated with malignancy in various cancers. Both genetic and pharmacological
inhibition of the cardinal choline metabolism regulator choline kinase alpha (CHKa)
significantly reduces the cell viability, invasiveness, clonogenicity, and expression of
EMT associated genes in GBM cells. Moreover, in some cell lines synergetic cytotoxic
effects were observed when combining the standard of care chemotherapeutic
temozolomide with the CHKa inhibitor V-11-0711. Taken together, specific inhibition
of the enzymatic activity of CHKa is a powerful strategy to suppress EMT which opens
the possibility to target chemo-resistant BTSCs through impairing their mesenchymal
transdifferentiation. Moreover, the newly identified EMT-oncometabolic network may
be helpful to monitor the invasive properties of glioblastomas and the success of
anti-EMT therapy.

INTRODUCTION

Glioblastoma (GBM) is the most prevalent primary
malignant brain tumor with a median survival of less
than two years. High levels of therapy resistance, strong
cellular invasiveness and rapid cell growth demand
aggressive multimodal therapies involving resection
followed by radio-chemotherapy [1-3].

Recent evidence has pointed to the existence of
brain tumor initiating cells in GBMs, so called brain
tumor stem cells (BTSCs). This subpopulation of GBM
cells with stem cell properties are considered to be the
main cause of tumor development, progression and
chemo-resistance also in malignant gliomas [4—7]. Recent
studies described an important link between stem-like
properties and the cells capacity to invade and disseminate
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into the microenvironment. This molecular switch called
epithelial-mesenchymal transition (EMT) enables cell
autonomous movement and extracellular matrix digestion,
both cardinal features of tumor stem cells [8, 9]. EMT
has been first described in epithelial tumors, but recent
studies could link this phenomenon to tumor progression,
invasion and therapy-resistance in GBM [10, 11]. EMT
is precisely orchestrated by transcriptional modulators
of the ZEB-, TWIST- and SNAI-families and results in
expression of the mesenchymal markers N-cadherin and
VIMENTIN [12-17].

Most recently EMT activation was associated
with aberrant lipid metabolism [18], elucidating the
importance of metabolic reprogramming for mesenchymal
transformation. Multiple genetic and metabolic pathways
are altered during malignant transformation, leading to
extensive cellular growth and stress resistance. Thus,
targeting onco-metabolic networks might be regarded as
an innovative strategy to develop personalized cancer
therapies [19, 20].

As such, cancer cells favor to generate ATP more
rapidly through upregulation of glycolysis instead of
oxidative phosphorylation. This so called Warburg effect
is the best characterized metabolic phenotype in cancer
[21]. Furthermore, cancer cells have been described
to increase choline metabolism, detected by elevated
intracellular levels of phosphocholine (PC) and total
choline derivatives [tCho, glycerophosphocholine (GPC)
+ PC + free choline (fCho)]. The cardinal enzyme of
choline metabolism, choline kinase alpha (CHKa), has
been described as the main regulator of the cholinic
phenotype and could be associated with tumor progression
in various cancers [22-25].

Induction of the cholinic phenotype has been
linked to malignant progression and aggressiveness in
several cancers [26-28]. Here we suppressed EMT by
blocking the potent EMT activator ZEB1 and analyzed
the effect on the cellular metabolism of GBM cells using
high resolution proton magnetic resonance spectroscopy
("H NMR). We identified a bidirectional link between
EMT and choline metabolism and revealed that targeting
CHKa is a powerful strategy to suppress EMT status and
BTSC properties of GBM cells. Moreover, metabolites
that are connected to EMT progression can be monitored
with ex vivo imaging technology and therefore have strong
potential for rapid clinical translation in tumor diagnostics
and surveillance.

RESULTS

ZEB1 knockdown reduces the viability of GBM
cells

In order to analyze whether -epithelial to
mesenchymal transition (EMT) affects metabolic pathways
in GBMs, we established stable tumor models with

suppressed expression of the core EMT activator ZEB1
in three GBM cell lines (LN229, GBM1 and JHH520)
through RNA interference technology. The knockdown
efficiency was confirmed on mRNA and protein level. RT
gPCR results showed that transduction with either shZEB1
#1 or shZEBI #5 resulted in a significant reduction
of ZEBI mRNA by 60%—-80% (Figure 1A, shown for
shZEB1 #1). Western blotting confirmed the efficacy of
both shZEB1 shRNAs, leading to a distinctive reduction
of ZEB1 protein levels (Figure 1B).

Previous research of our group revealed the role
of ZEBI in invasion of GBM cells [10, 12]. To further
investigate the phenotype of ZEB1 depletion, we analyzed
the cell viability after transduction with shZEBI1 #1 or
control vector. Therefore, we performed the TiterBlue®
viability assay with LN229, GBM1, and JHH520 shZEB1
#1 or control cells over five consecutive days. Figure 1C
shows that ZEB1 knockdown decreases the viability of all
three tested GBM cell lines.

ZEB1 knockdown alters the cellular metabolism
of GBM cells

In order to assess whether the reduction of EMT
influences the metabolism of GBM cells, we extracted
water-soluble metabolites from cells with ZEBI
suppression and control cells. The extracts were analyzed
via '"H NMR spectroscopy and differences in the relative
metabolite concentrations of both conditions were
calculated. Figure 2A shows a typical spectrum of GBM
cell metabolic extracts with the most prominent peaks
representing lactate (Lac), alanine (Ala), acetate (Ac),
glutamate (Glu), glutamine (GIn), glutathione (GSH),
creatine (Cre), phosphocreatine (PCre), free choline
(fCho), phosphocholine (PC), glycerophosphocholine
(GPC), total choline (tCho; comprising fCho, PC and
GPC), myo-inositol (myo), and glycine (Gly). ZEBI1
knockdown significantly (p < 0.05) alters the intracellular
levels of multiple metabolites belonging to various
metabolic networks including Glu, GSH, Cre, PC, tCho,
and Gly (Supplementary Figure S1). Given the importance
of choline metabolism in malignant transformation and its
utility for clinical brain tumor diagnostics [29] we decided
to focus our studies on alterations in choline derivatives.

The EMT activator ZEBI1 alters choline
metabolism by regulating choline kinase alpha
(CHKa)

ZEB1 depletion reduced the cholinic phenotype,
since we detected decreased amounts of the choline
metabolites PC and tCho in ZEBI knockdown cells.
Representative choline metabolite peaks of 'H NMR
spectra and corresponding relative quantifications
are shown in Figure 2B and 2C, respectively. ZEBI
knockdown led to a significant reduction of PC in LN229
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(» <0.01) and GBMI cells (p < 0.01). Furthermore, we
could detect a significant reduction of tCho (p < 0.01
for LN229 and p = 0.015 for GBM1) concentrations. In
JHH520 GBM cells, ZEB1 depletion did not significantly
change PC or tCho concentrations. Next we wanted to
investigate which metabolic regulator might account for
the ZEB1-mediated alterations in choline metabolism
and investigated the expression of the cardinal choline
metabolism regulating enzyme CHKa. Strikingly, ZEB1
inhibition resulted in suppressed CHK4 mRNA expression
in all tested cell lines (p < 0.001 for LN229, p < 0.0001
for GBM1, and p < 0.01 for JHH520 cells) (Figure 2D).
As CHKo phosphorylates free choline to generate PC, we
speculate that a reduction of CHKa activity most likely
causes the decrease of PC and tCho that we observed
after ZEB1 knockdown. This initial observation of a
putative ZEB1-CHKa link let us investigate whether it
is a bidirectionally regulated loop and if targeted CHKa
inhibition may impact the EMT properties of GBM cells.

CHKo knockdown alters choline metabolism
similar to ZEB1 suppression

In order to test the influence of CHKa inhibition
on EMT in GBM cells, we performed a genetic CHKa
knockdown using short hairpin interference technology
(shRNAs). RT qPCR analysis revealed a significant
(p < 0.0003) reduction of CHKao gene expression of
up to 75% (Figure 3A). '"H NMR analysis of metabolic
extracts showed alterations in relative choline metabolite
concentrations in shCHKa cells similar to those found

after ZEB1 knockdown. In concordance, the PC signal
at 3.22 ppm was highly reduced after CHKa depletion
(Figure 3B). Further statistical analysis highlighted a
significant reduction of PC (p < 0.05) and tCho (p < 0.05)
in CHKa knockdown cells as compared to control
vector transduced cells (Figure 3C). In addition, CHKa
knockdown significantly (p < 0.05) decreased the product
(PC) to educt (fCho) ratio of CHKa, suggesting that the
reduced amount of PC results from CHKa suppression
(Figure 3D). We also noticed alterations in intracellular
concentrations of other metabolites after CHKa depletion
as presented in Supplementary Figure S2A. CHKa
knockdown significantly increased Cre (p < 0.05) and
GPC (p < 0.05) and decreased Lac (p < 0.05). We further
detected a significant increase of the Cre/PCre ratio in
both LN229 (p < 0.05) and GBM1 (p < 0.05) shCHKa
cells (Supplementary Figure S2B), indicating reduced
phosphorylation of Cre by creatine kinase brain-type
(CKB). Indeed, we could confirm decreased expression of
CKB in LN229 (p < 0.05) and GBM1 (p > 0.05) shCHKa
cells (Supplementary Figure S2C).

Cells that express CHKa are positive for the
stem cell marker SOX2 and the mesenchymal
marker VIMENTIN

As we found a link between CHKa and the EMT
activator ZEB1, we further analyzed if cells with CHKa
also express other EMT/BTSC markers. We therefore
performed fluorescence microscopy on all analyzed cell
lines and stained for the mesenchymal marker VIMENTIN

[
o 1.2
S Bl pLKO.1
g o3 shzest #1 LN229 GBM1 JHH520
g 7 % g osaz
- —
g 3087 =0.0035
(]
E%OG * p.. — e D o — B actin
Bs ;
(<]
5 =04 ke | o'?' RS o?' P o'?' AR
3 *k L N EC SN O N
g $SEE 8 § 8
5 o021 |- [ -1 - R AV Af R AV Af R AV A
£ S § S F s §
S oo d J .
s 7 GBM1 JHH520
C GBM1 JHH520
'@’ 2500 T =
e - pLKO.1 2 10000 - pLKO.1 2 10000 - pLKO.1
8 2000 = shZEB1#M O -+ ShZEB1#1 8 = shZEB1#1
g % g 8000 Sk @ 8000 ke
© 1500 p<0.01 ] p<0.001 ] p<0.001
£ * £, 6000 b 2 6000: *
=) p<0.05 £ p=0.011 E p=0.011
& 1000 £ 4000 £ 4000 ¥k
2 2 y; 2 *
£ 500 $ 2000 . 'S 2000
3 3 3 -
o T o * o T T
0 1 2 3 4 5 o 1 2 3 4 5 0o 1 2 3 4 5
Days Days Days

Figure 1: ZEB1 knockdown reduces the cell viability. GBM cell lines (LN229, GBM1 and JHH520) were transduced with
lentiviral particles containing shZEB1 plasmids and knockdown efficiency was confirmed using RT qPCR (A) and Western blotting (B).
(C) The cell viability of ZEB1 knockdown cells was reduced as compared to control (pLKO.1) cells. Exponential growth curves were
calculated for each condition and displayed in the graphs. The data is represented as mean + SD (n = 3).
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and the stem cell marker SOX2 in combination with
CHKa (Figure 4). CHKa staining could be detected in
the cytoplasm as well as in the nucleus of the whole cell
population, although the expression level differed between
cells. The transcription factor SOX2 was expressed in the
nucleus of all cells, elucidating the immature character of
GBM cells. VIMENTIN could be detected predominantly
in the cytoplasm and the expression level differed between

the cells. Most interestingly, cells with more VIMENTIN
staining tend to have higher expression of CHKa. In the
co-staining for SOX2 and CHKa we could not detect
coherences, as all cells exhibit a strong SOX2 staining. Of
note, especially in LN229 cells CHKa tends to accumulate
in an area close to the nucleus in a puncta-like structure,
presumably in cells undergoing cell division (Figure 4A).
In the past, several publications could correlate CHKa
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Figure 2: EMT reduction by ZEB1 knockdown alters choline metabolism. (A) Overview of a 'H-NMR spectrum of metabolic
extracts of GBM cells. (B) Expanded regions of 'H-NMR spectra of control and shZEBI transduced cells showing the main choline
metabolites. (C) Quantitation of 'H-NMR spectra for PC and tCho from metabolic extracts of ZEBI knockdown and control cells.
(D) Expression of CHKA mRNA in ZEB1 knockdown cells was measured using RT qPCR and compared to pLKO.1 transduced cells.
Abbreviations: ppm, parts per million. The data is represented as mean + SD (n = 3).

www.impactjournals.com/oncotarget

Oncotarget



expression with cell cycle regulation and mitosis in
different tumor entities [30, 31]. Our results now suggest
that there could be a correlation between cell division and
CHKa expression in GBM as well.

Choline kinase alpha knockdown reduces the
expression of EMT activators and neural stem
cell markers

Given our results of a putative EMT-choline
metabolism loop and the co-expression of CHKa and the
mesenchymal marker VIMENTIN, we tested the influence
of CHKa suppression on the expression of EMT associated
genes. We found that suppression of CHKa caused a
strong reduction of ZEB1, ZEB2, TWIST 1, SNAII, and
SNAI2. Quantification of RT qPCR results revealed a 66%
reduction of ZEBI (p <0.001), 62% reduction of TWIST1
(» =0.0014) and a 53% reduction of SNAII (p < 0.001)
in LN229 and a 77% reduction of ZEBI (p < 0.0001), a
63% reduction of ZEB2 (p < 0.0001), a 47% reduction
of SNAII (p = 0.002), and a 78% reduction of SNAI2 in
GBM1 cells (Figure 5A). ZEB1 suppression was further
confirmed on protein level with up to 57% reduction in
LN229 and 21% reduction in GBMI1 cells (Figure 5B).

CHKa depletion in JHH520 cells suppressed SNAI2
mRNA expression by 76%, TWIST] mRNA expression
by 96% (p < 0.0001) and TWIST1 protein expression by
up to 73% but had no effect on ZEB expression. TWIST1
baseline protein expression in LN229 and GBM1 was too
low to be detected. Furthermore, we assessed the influence
of CHKa on the expression of known EMT target genes
and found that CHKa depletion reduced the expression
of N-cadherin by 50% in LN229 (p < 0.02) and by 65%
in GBM1 (p < 0.05) cells. The expression of VIMENTIN
was reduced by 83% in LN229 (p < 0.0001), by 68% in
GBMI (p < 0.0001), and by 38% in JHH520 (p < 0.02)
cells with CHKa knockdown, which is in concordance
with our immunofluorescence data. As mesenchymal cells
are characterized by high levels of stem cells markers, we
analyzed the expression of the neural stem cell markers
Nestin and SOX2 in shCHKa and control cells. CHKa
suppression significantly reduced the expression of
NESTIN in LN229 (p < 0.0001), GBM1 (p < 0.0001)
and JHH520 (p = 0.0024) cells and SOX2 in LN229
(» <0.0001) and GBM1 (p < 0.0001) cells (Figure 5C).
Together these results provide important insight into the
ability of CHKa to regulate the activation of EMT and the
stem cell character of GBM cells.
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Knockdown of choline kinase alpha reduces the
cellular viability, invasiveness and clonogenicity

Next we investigated if CHKa suppression is
able to reduce the mesenchymal phenotype of GBM
cells. Compared to their control counterparts, CHKa
knockdown cells exhibit significantly reduced viability
(Figure 5A). Furthermore, we assessed the invasive
behavior after CHKa inhibition with modified Boyden
chamber assays and found a 48% decrease in invading
cells for LN229 (p = 0.011) and a 42% decrease for GBM1
(p = 0.0082) cells (Figure 6B). Moreover, depletion of
CHKa significantly diminished the anchorage independent
in vitro clonogenicity of our tested neurospheres lines
(by 90% in JHH520, p < 0.0001 and by 80% in GBMI1,
p < 0.05). Taken together, shCHKa cells exhibit fewer
properties of mesenchymal cells than control vector
transduced cells. Furthermore, we looked at RNA
sequencing data of different tumor compartments which
were identified in the Anatomic Structures ISH Survey and
isolated by laser microdissection. Increased expression of
CHKa could be found in the infiltrative region and the
leading tumor edge of GBMs (Supplementary Figure S3).

>

o

Pharmacological inhibition of choline kinase
alpha reduces the expression of the EMT
activators ZEB1 and TWIST1 in GBM cells

Targeted suppression of EMT in cancer cells is
of highest clinical interest as successful mesenchymal
reprogramming appears to be crucial for the invasive
properties of a majority of malignant cells. In a
translational approach, we applied the CHKa-inhibitor
V-11-0711 (Vertex Pharmaceuticals Incorporated) on
GBM cells and tested subsequent alterations in geno- and
phenotype. V-11-0711 has been shown to specifically
suppress CHKa catalytic activity in breast cancer and
HeLa cells [32, 33].

GBM1 and JHH520 neurospheres were treated
with DMSO, 0.1 uM V-11-0711 or 1 uM V-11-0711 for
48 h and metabolic extracts were analyzed by '"H NMR
spectroscopy. As the PC signal at 3.22 ppm was highly
reduced in the drug treated cells we confirmed the ability
of V-11-0711 to inhibit the enzymatic activity of CHKa in
GBM cells (Figure 7A).

Strikingly, pharmacological suppression of CHKa
further led to a dose dependent reduction of ZEB1 protein

Figure 4: CHKa is co-expressed with the mesenchymal marker VIMENTIN in GBM cells. Immunocytochemical staining
was performed for CHKa (red), VIMENTIN (green), SOX2 (green), and DAPI (blue) in LN229 (A) and JHH520 (B) cells. All cells
were stained positive for the three tested proteins. VIMENTIN/CHKo/DAPI and SOX2/CHKa/DAPI co-stainings revealed that CHKa
expression correlates with the expression of VIMENTIN but not with SOX2 in all tested cell lines. Scale bar: 50 um; GBM1 not shown.
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in GBM1 and both ZEB1 and TWIST1 protein in JHH520
cells (Figure 7B). Additionally, V-11-0711 induced a dose
dependent increase of CHKa protein in GBM1 but not in
JHHS520 cell line.

Pharmacological inhibition of choline kinase
alpha reduces the viability, invasiveness and
clonogenicity of GBM cells

Next we wanted to prove that pharmacological
inhibition of CHKa can resemble the effect of our genetic
inhibition model. Strikingly, treatment with 1 pM or
10 uM V-11-0711 for 48 h drastically reduced the cell
viability of GBM1 and JHH520 cells (Figure 8A) which
we could associate with dose-dependent induction of
apoptosis (Figure 8B). For the following in vifro invasion
and clonogenicity assays we therefore used V-11-0711
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Figure 5: Suppression of CHKa reduces the expression of EMT-associated genes and neural stem cell markers.
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The data is represented as mean + SD (n = 3).
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Combination treatment with temozolomide and
V-11-0711 has synergistic effects in a subset of
GBM cell lines

ZEBI has been associated with chemo resistance in
GBMs [11]. In order to assess if CHKa inhibition induces
sensitivity to the standard chemotherapeutic in GBM
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anti-growth effects in all tested drug combinations
(correlation index < 1) (Figure 9), whereas for JHH520
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GBM1
B
£ 150001 ->- pLKO.1
8 -~ shCHKa
[ *
= =0.018
S 10000+ P
=
2
o 50004
8 L]
>
®
o (i v T v T
0 1 2 3 4
Days
GBM1
100
&
T 80
2 ol
E *
T [
(]
-]
o - -
>
£

pLKO.1  shCHKq

GBM1

200

1504

1004

50+

number of colonies

pLKO.1  shCHKa
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reduces the viability of LN229 and GBM1 cells. Exponential growth curves were calculated for each condition and displayed in the graphs.
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pictures of hematoxylin stained invaded cells and quantifications of three Boyden chamber experiments are shown (*p < 0.05). (C) CHKa
suppression reduces the clonogenicity of JHH520 and GBM1 cells as assessed by soft agar assays. Representative pictures of NBT stained
colonies and quantifications of three colony forming assays are shown (*p < 0.05). Abbreviations: HPF, high power field; NBT, 4-Nitro blue

tetrazolium chloride. The data is represented as mean + SD (n = 3).
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DISCUSSION

In this study we could show for the first time that
EMT can be reduced by targeting choline metabolism in
GBM. Both genetic reduction through RNA interference
and pharmacological inhibition of CHKa with the small
molecule inhibitor V-11-0711 in GBM cells significantly
reduced the expression of EMT activators and EMT
target genes. Furthermore, we observed impaired cellular
invasiveness, clonogenicity, viability as well as reduced
expression of neural stem cell markers, all hallmarks of
EMT [12], upon interfering with choline metabolism.

Our approach was to study whether EMT is
associated with metabolic processes in GBM cells. We
therefore used a previously described EMT inhibition
model based on knockdown of ZEB1 [12]. In our model
we observed decreased cell viability and changes in
various intracellular metabolite concentrations in cells
with reduced ZEB1. The role of ZEB1 in cell proliferation
and tumor growth is not fully understood. A hallmark
paper investigating the role of ZEB1 in gliomagenesis
reported doubling of proliferation upon ZEB1 impairment

A

[11], although changes in ZEB1 caused by activation
of WNT signaling had no effect on proliferation [10].
Similarly, contrary results are published in other systems
showing that ZEB1 promotes [34, 35], impairs [36, 37],
or has no effect [38] on proliferation and cellular growth.
On the metabolite level we observed a significant decrease
of PC and tCho in LN229 and GBMI cells (Figure 2).
High concentrations of PC and tCho, also referred to as
the cholinic phenotype, could be correlated with malignant
transformation in various types of cancers [27, 28],
thus our results hint at reduced malignancy after EMT
inhibition. We found that the molecular cause for the
reduced cholinic phenotype is impaired CHKa expression
in cells with EMT suppression, both confirmed on mRNA
and protein level. Also in breast cancer, CHKa activity
has been described as the main regulator of the cholinic
phenotype [22]. CHKa catalyzes the phosphorylation of
free choline to PC during the synthesis of the membrane
lipid phosphatidylcholine, thus CHKa is of highest
importance for the integrity of the cell membrane and a
variety of signaling pathways involving membrane lipids
and membrane anchored proteins [39, 40]. As expected,
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Figure 7: Treatment with the choline kinase inhibitor V-11-0711 alters choline metabolism and reduces the expression of
the EMT activators ZEB1 and TWIST1 in GBM cells. (A) Expanded regions of "H-NMR spectra for the main choline metabolites
of DMSO and V-11-0711 treated cells show the effectiveness of V-11-0711 treatment (B) V-11-0711 treatment led to a suppression of
ZEB1 and induction of CHKa protein in GBM1 and a suppression of both ZEB1 and TWIST1 protein in JHH520 cells as measured by
immunoblotting. Alpha tubulin and beta actin immunoblotting were used as loading controls. Abbreviations: DMSO, dimethyl sulfoxide.

The data is represented as mean + SD (n = 3).
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direct suppression of CHKa through RNA-interference
reduced the cholinic phenotype to levels similar or even
lower than observed after ZEB1 suppression (Figure 3).
Taken together, these results suggest that the activity of
CHKa is associated with EMT in GBM cells. CHKa is
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broadly expressed in our tested cell line models (Figure 4).
This is not surprising as CHKa catalyzes important steps
during membrane lipid synthesis and thus appears to be
indispensable for the cell survival and proper function.
Our co-labeling experiments revealed that cells with high
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Figure 8: V-11-0711 treatment reduces the viability, invasiveness, and clonogenicity of GBM cells. (A) Cell viability was
impaired by V-11-0711 treatment in a dose dependent manner. Exponential growth curves were calculated for each condition and displayed
in the graphs. (B) V-11-0711 induces apoptosis as assessed with the Muse® Annexin V and Dead Cell Kit. Pharmacological inhibition
of CHKa with 0.47 uM (GBM1) and 0.2 uM (JHH520) V-11-0711 led to diminished invasive capacity (C) of GBM1 and JHH520 cells
(*p < 0.05) and decreased the in vitro clonogenicity (*p < 0.005) (D). Abbreviations: DMSO, dimethyl sulfoxide; NBT, 4-Nitro blue

tetrazolium chloride. The data is represented as mean + SD (n = 3).
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levels of CHKa express high levels of the EMT target decreased expression of the stem cell genes Nestin and

gene VIMENTIN [15-17]. Furthermore, we detected SOX2 after CHKa suppression. Both genes are established
strong expression of the neural and glioma stem cell BTSC markers with prognostic value and clinical
marker SOX2 [41, 42] in all our tested models. We could relevance [41, 50].
not detect any differences in SOX2 expression in cells Mesenchymal transformation is crucial for
with high or low levels of CHK . the generation of chemo- and radioresistant BTSCs
Interestingly, CHKa knockdown reduced the protein in malignant brain tumors [51, 52], thus identifying
expression of the EMT activator ZEB1 in LN229 and achievable approaches to inhibit EMT is of highest
GBMI1 cells and TWISTI1 in JHH520 cells (Figure 5). clinical interest. Given our evidences from the genetic
These results indicate that there is a bidirectional link studies that CHKa controls mesenchymal differentiation,
between EMT and choline metabolism in GBM and we tested the effect of compound based CHKa inhibition
that CHKa regulates EMT in a global way affecting the using the CHKa inhibitor V-11-0711 which recently has
expression of several EMT activators. This hypothesis was been shown to selectively inhibit CHKa activity [32, 33].
further corroborated by the reduced ZEB1, ZEB2, SNAII, Analysis of metabolic extracts with 'TH NMR spectroscopy
SNAI2 and TWISTI mRNA levels as well as lowered proved the enzyme inhibiting capability of V-11-0711 in
expression of EMT targets N-cadherin and VIMENTIN GBM cells as we did not detect any CHKa product - PC
after CHKa knockdown [15-17]. Probably as a result at 3.22 ppm — after drug exposure (Figure 7). Strikingly,
of the reduced expression of EMT associated genes, V-11-0711 treatment reduced the expression of the EMT
cells with CHKa suppression exhibit fewer phenotypic activator ZEB1 in GBM1 and both ZEB1 and TWIST1 in
properties of mesenchymal cells, since we detected JHHS520 cells in a dose-dependent fashion. Furthermore,
significantly reduced invasiveness and clonogenicity in we detected a significant reduction in cellular viability,
shCHKa cells (Figure 6). Concisely, ZEB1, ZEB2, and survival, invasiveness, and clonogenicity after drug
TWISTI have all been described to promote invasion, treatment, confirming our data with genetic CHKa
and clonogenicity in GBM and other tumors [12, 43—48]. inhibition. Since V-11-0711 dose dependently induces
Additionally we found increased CHKa expression on the apoptosis in GBM cells we used drug concentrations
infiltrative leading edge of GBMs as compared to tumor for the invasion and colony forming assays inducing no
parenchyma, indicating CHKa expression is associated (GBM1) or very mild (JHH520) apoptosis. We further
with invasive properties of the tumor cells in GBM patients detected a dose dependent increase of the CHKa protein
(Supplementary Figure S3). Taken together, this led us level in GBM1 cells, indicating a rescue mechanism
hypothesize that CHKa suppression is able to suppress the probably triggered by the dramatically decreased PC
EMT phenotype in GBM. Of note, previous studies with concentrations. This also suggests that not the protein level
breast cancer and ovarian cancer cells correlated CHKa but rather the enzymatic activity of CHKa is crucial for
expression with increased cellular invasiveness, migration, EMT regulation in GBM. Therefore, CHKa suppression
and proliferation [23, 49], indicating the importance of could be a novel approach to precisely target highly
CHKa as a regulator of the mesenchymal phenotype in invasive cancer stem cells. Of note, comprehensive CHKa
other tumors than GBM. inhibition through systemic administration of V-11-0711
EMT has been associated with cancer stemness or other inhibitors will impair the cell membrane synthesis
in a variety of tumors [8, 9]. Along with the impaired in all cells and phenotypic effects will not be limited to
in vitro clonogenicity after CHKa blockade, we observed the cancerous lesions. Therefore we envision that this
GBM1 JHH520

S I AN

S \ 3 °

£ 1 £

s ‘V s &

E § ! B —

= *p=0.0017 £

S os T T T T S os T T T v J

00 05 1.0 15 20 25 00 05 10 15 20 25
dose of drug [xy] dose of drug [xy]

Figure 9: Combinatory treatment with Temozolomide and V-11-0711 has synergistic effects in GBM1 cells. V-11-0711
in combination with TMZ led constantly to synergistic cytotoxic effects in GBM1 but not in JHH520 cells (*p < 0.05). Abbreviations:
DMSO, dimethyl sulfoxide; CI, Combination Index (CI < 1, synergistic; CI = 1, additive; CI >1, antagonistic); [xy], multiple of the single
TMZ (x) and V-11-0711 (y) dose; Single TMZ dose (x): 17.5 uM for GBM1 and JHH520; Single V-11-0711 doses (y): 0.47 uM for GBM1
and 0.2 uM for JHH520.
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potential form of therapy could be applicable as local
therapy in the open resection cavity or continuous through
convection enhanced delivery through intratumoraly
implanted catheters to target the disseminated single cells
in the next vicinity. Another possibility could be highly
selective intra-arterial transfer of siRNAs or shRNAs
through cerebral circulation over the blood brain barrier
(BBB) to the side of the tumor to suppress CHKa by
means of RNA interference. It has been described recently
that viruses can be transported over the BBB after osmotic
disruption using mannitol. This superselective intra-
arterial cerebral infusion technique is already in use for
the treatment of patients with recurrent malignant glioma
in a phase I study and would present an alternative way
to suppress CHKa independent from pharmacological
compounds [53, 54]. We were able to successfully monitor
CHKa and EMT inhibition through reduced intracellular
PC and tCho, both after genetic modification of the cells as
well as after drug application using non-invasive 'H NMR
spectroscopy. This ex vivo metabolic imaging technology
raises the interesting option to potentially monitor the
EMT-status in cells by quantifying their intracellular
choline concentrations. /n vivo proof of principle
experiments are necessary to assess whether this concept
might be applied for GBM diagnostics and therapeutic
treatment surveillance.

The exact mechanism of CHKa-dependent
suppression of EMT activators and reduction of GBM
cell growth, invasiveness, and clonogenicity remains
to be investigated. However, choline metabolism and
especially CHKo activity has been correlated with
malignant progression in various cancers [24, 32, 55, 56].
In the past, the RAS signaling pathway was found to
regulate CHKa expression during tumor progression
via phosphoinositide 3-kinase (PI3K) [55, 57, 58], thus
directly linking CHKa activity to known oncogenes and
signaling pathways driving tumor progression. Also EMT
is regulated by Ras and PI3K signaling [59-61], making
an indirect connection between choline metabolism and
EMT regulation possible. Furthermore, a most recent
study of Hu et al. described CHKa itself to be an important
player in EGFR/PI3K/AKT signaling in colorectal
cancer. Therefore, CHKa-mediated EMT induction via
activation of EGFR/PI3K/AKT signaling could be a
possible explanation for our observations but of course
needs further investigations [62, 63]. As previous studies
showed that CHKa overexpression increases cellular
invasiveness, drug resistance and metastasis formation
[25, 49], establishing a CHK o overexpression model in
GBM would be a desirable way to further analyze the
reciprocal regulation between choline metabolism and
EMT in the future.

EMT activation in cancer cells is associated with
increased chemotherapeutic resistance [64—66]. We found
that combinatory treatment with the standard of care
chemotherapeutic temozolomide (TMZ) and V-11-0711

causes synergistic cytotoxic effects in GBMI1 cells
(Figure 9). Our results in JHH520 cells were inconsistent,
indicating that not the CHKoa expression level itself
regulates drug resistance and subsequent downstream
analyses are needed to address the exact mechanism.

Besides the cholinic phenotype, we detected
alterations of intracellular metabolites associated with
other metabolic networks after EMT/CHKa inhibition
such as increased creatine. Cre has been described as a
putative anti-cancer agent and could be correlated with
inhibition of tumor cell growth [67, 68]. The observed
increase of Cre could result from reduced creatine kinase
B (CKB) activity. CKB catalyzes the phosphorylation
of creatine to phosphocreatine, which has been shown
to promote tumorigenesis [69, 70]. Indeed, depletion of
CHKa resulted in reduced mRNA expression of CKB
and an increase of the Cre/PCre ratio (Supplementary
Figure S2). These results further emphasize the oncogenic
role of CHKa in cancer cells and indicate that the effect
on cellular metabolism caused by CHKa-mediated EMT
reduction is not only limited to choline homeostasis.

In conclusion we could identify CHKa as a powerful
regulator of EMT in GBM cells. This opens the possibility
to target chemotherapy resistant BTSCs through impairing
their mesenchymal differentiation. Furthermore, we
confirmed V-11-0711 as a potent CHK o and EMT inhibitor
and suggest that our identified EMT-oncometabolic
network may also be helpful to develop more tailored
diagnostics monitoring the invasive properties of GBMs as
well as surveilling the success of anti-EMT therapy. Given
the importance of EMT for tumor progression and tumor
stem cells in a variety of other tissue types, our discoveries
could impact also other fields of oncology.

MATERIALS AND METHODS

Cell culture and V-11-0711 treatment

LN229 was purchased from American Tissue
Culture Collection (Manassas, VA). JHH520 neurospheres
were generously provided by G. Riggins (Johns Hopkins
Hospital Baltimore, United States of America) and
GBM1 neurospheres were generously provided by Dr
Angelo Vescovi (Milan, Italy). HEK293T cells were
also purchased from American Tissue Culture Collection
(Manassas, VA). All cell lines were cultivated under
standard cell culture conditions of temperature (37°C) and
carbon dioxide (5%). GBM1 and JHH520 cell lines were
both cultured as neurospheres in DMEM w/o pyruvate
(Gibco) supplemented with 30% Ham’s F12 Nutrient
Mix (Gibco), 2% serum free B27 supplement (Gibco),
20 ng/ml human recombinant bFGF (Peprotech), 20 ng/ml
human recombinant EGF (Peprotech), 5 pg/ml Heparin
(Sigma Aldrich), and 1x Anti-Anti Penicillin Steptomycin
Fungizone® mixture (Gibco). LN229 and HEK293T
cells were propagated to monolayer growth in DMEM
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with pyruvate (Gibco) plus 10% Fetal Calf Serum (FCS;
Biochrome) and 1x Anti-Anti Penicillin Steptomycin
Fungizone® mixture (Gibco). Cells were passaged
regularly to avoid acidification of media.

All cell lines were routinely tested for the absence
of mycoplasma contamination using the PCR-based
Mycoplasma Test Kit I/C from Promokine and tested for
their identity using short tandem repeat testing [71].

A stock solution of the CHKa inhibitor V-11-0711 was
prepared in DMSO and stored at —20°C. For immunoblotting,
cells were cultured for 48 h under general cell culture
conditions in the presence of various concentrations of V-11-
0711 diluted in neurosphere medium. For all experiments
with V-11-0711 we decided to use JHH520 and GBM1 cells
as they both can be cultured without 10% serum which we
found to interfere with the activity of small molecules.

For the combinatory treatment with TMZ and V-11-
0711, the cells were cultured with different concentrations
of the single drugs or both in combination (Single doses of
V-11-0711: 0.47 uM for GBM1 and 0.2 uM for JHH520;
Single doses of TMZ: 17.5 uM). Therefore, triplicates
of 2000 cells in 100 ul were seeded in 96 —wells and
cultured in medium supplemented with the desired
drug concentration. After six days the cell viability was
determined with the CellTiter-Blue® Cell Viability Assay
(Promega) due to the manufacturer’s instructions. The
combination index (CI) was calculated as described
before using the program CompuSyn (ComboSyn Inc.,
Paramus, NJ. 07652 USA) [72]. Due to the algorithm of
the software, a CI < 1 accounts for synergistic, a CI = 1
for additive, and a CI > 1 for antagonistic effects. The
significance of the synergistic effect (*p < 0.05) was
calculated compared to additive effect (CI=1).

Generation of lentiviral particles

The third generation lentiviral packaging system
was used for the generation of lentiviral particles as
previously described [10]. In brief, HEK293T cells were
transfected with the lentiviral vector of choice and three
different packaging plasmids (pMDLgpRRE, pPRSVREV
and pMD2VSVG) using GeneJuice® Transfection Reagent
(Merck Millipore). Virus supernatant was collected at time
points 48 h, 72 h and 96 h post transfection. Interference
RNA sequences against CHKo were designed with
the software Primer3 [73] and cloned into the pLKO.1
TRC vector (Addgene plasmid #10878, [74]). Plasmids
containing shRNAs against ZEB1 were derived as
described previously [12].

Quantitative real time PCR

Total RNA was extracted using the RNeasy Mini
Kit (Qiagen) due to the manufacturer’s instructions. The
RNA concentration was photometrically assessed using
the Nanodrop2000 spectrometer (Thermo Scientific).

Two micrograms of RNA were utilized to synthesize
complementary ¢cDNA single strands using M-MLV
reverse transcriptase (Promega) and random hexameric
primers. Quantitative real time PCR was carried out using
the Sso Advanced SYBR Green Supermix (BioRad) in a
CFX Connect Thermocycler (BioRad). A total of 10 ng
c¢DNA and 10 pmol per primer were used in each qPCR
reaction. The relative quantifications were normalized
to the endogenous housekeeping genes B-actin and -2-
microglobulin. Calculation of normalized relative gene
expression was performed by supplied software of the CFX
Connect Real-Time PCR Detection System (Bio-Rad).
The figures show data from three independent experiments
represented as mean + SD. An unpaired student ¢ test was
performed to calculate statistical significance. The Primer
sequences can be found in Supplementary Table S1.

Western blotting

Cells were lysed in ice-cold RIPA buffer and protein
concentrations were determined using the DC Protein
Assay Kit (BioRad). Incubation with primary antibodies
against ZEB1 (1:2000, Sigma #HPA027524), CHKa
(1:500, Abcam #ab88053), TWIST1 (1:100, Santa Cruz
#sc-81417), B-actin (1:1000, Santa Cruz #sc-130657)
and o-tubulin (1:10000, Sigma #T9026) was performed
overnight at 4°C on a 3D-shaker in 5% milk powder (Carl
Roth) in TBST. As secondary antibodies we used goat-anti-
rabbit IRDye800CW (1:10000, LI-COR #926-32211), goat-
anti-mouse IRDye680RD (1:10000, LI-COR #926-68070)
and goat anti-rabbit-HRP (1:10000, Jackson Immuno
Research #111-035-144) diluted in blocking solution and
incubated for 1 h at room temperature. Signal detection
was performed either on a film based system by applying
Super Signal West Pico Chemiluminescent Substrate
(Thermo Scientific) or on a luminescence based system in
a LI-COR Odyssey CLx Imager (LI-COR). Densitometry
was done using supplied software from LI-COR or Imagel
software [75]. Densitometry values for ZEB1 and CHKa
were normalized to the corresponding alpha tubulin values,
TWIST1 was normalized to beta actin.

Dual-phase metabolite extraction of cell cultures

At least 5 x 10° cells were harvested, counted in
triplicates and subjected to methanol/chloroform/water
(1:1:1, v/v/v) dual-phase extraction as previously described
[22, 76]. In brief, cells were washed twice with 10 ml
ice-cold saline, resuspended in 850 ul ice-cold ddH,O
and transferred into a prechilled glass centrifuge tube.
A total of 4 ml of ice-cold methanol were added and the
cells were vortexed vigorously and incubated on ice for
15 min. Then 4 ml of ice-cold chloroform were added,
vortexed and incubated for 10 min on ice. Finally, 3.15
ml of chilled ddH,O were added, vortexed and incubated
at 4°C overnight to enable phase separation. Next day,
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the samples were centrifuged for 30 min at 4500 rpm at
4°C, and the upper phase containing the water soluble
metabolites was carefully separated, supplemented with
10 mg of Chelex® 100 resin (Sigma Aldrich) and incubated
on ice for 10 min to remove divalent cations. After filtration
through a 70 um mesh the samples were centrifuged for
1 h in a vacuum concentrator at 30°C to evaporate the
methanol. Subsequently, the samples were frozen at —80°C,
lyophilized and stored at —80°C until measurement.

'"H NMR data acquisition and processing

The lyophilisates were resuspended in 20 mM
phosphate buffer (pH 7.0) containing 10% D,O and
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS; euriso-
top) or 3-(Trimethylsilyl) propanoic acid (TSP; Lancaster
Synthesis) as an internal standard.

"H NMR spectra of extracts were acquired on a
Bruker AVANCE III HD 700 spectrometer equipped
with a 5 mm HCN TCI cryo-probe operating at 700 MHz
(16.4 Tesla). The 'H-NMR data were obtained using
excitation sculpting for water suppressing and the following
acquisition parameters: 25°C sample temperature, 9800 Hz
sweep width, 3.2 s repetition time and time-domain data
points of 32 K and 256 transients.

Spectra were processed and analyzed using
Mestrenova version 8.0.1-10878 (Mestrelab Research .L.).
Metabolite intensities of different samples were
normalized to a standard of the same concentration in
each measurement. The figures show data from three
independent experiments represented as mean =+ SD.
Furthermore, an unpaired student # test was performed to
calculate statistical significance.

Double immunofluorescence stainings

LN229, GBM1, and JHH529 cells were plated onto
coverslips in 24-well plates. For GBM1 and JHH520 cells,
the coverslips were pre-coated with 50 pg/ml laminin
(Sigma) for 1 h at 37°C. After three hours incubation at
37°C and 5% CO,, the cells were washed with PBS and
fixed with 4% Paraformaldehyde in PBS for 20 min at
RT. The cells were washed again with PBS and incubated
with blocking buffer (PBS pH 7.4, 10% Normal Goat
Serum (Gibco), 0.5% TX-100, 0.05% Tween20) for 2 h
at RT. Cells were stained with rabbit-anti-CHKa (1:250,
Abcam # ab88053) and either mouse-anti-VIMENTIN
(1:1000, #) or mouse-anti-SOX2 (1:100, Cell Signaling
#4900S) primary antibodies diluted in blocking buffer
overnight at 4°C. Secondary antibodies (goat anti-mouse
Alexafluor488 (1:1000, Thermo Fisher #A-11029) and
goat anti-rabbit Alexafluor594 (1:1000, Thermo Fisher
#A-11037)) were incubated for 2 h at RT. Preparations
were mounted in ProLong Gold + DAPI (Thermo Fisher)
and fluorescent images were obtained by a LSM 700
microscope, Carl Zeiss, and analyzed in ZEN software

(Carl Zeiss). Controls were performed with omission of
one or both primary antibodies.

Cell viability and apoptosis assays

For the assessment of cell viability, cell numbers
were adjusted to defined concentrations (20.000 cells/ml
for GBM1 and JHH520; 15.000 cells/ml for LN229). For
the analysis of ZEB1 and CHKa knockdown cells we used
cells from passages 3 to 10 post transduction to exclude
a transient effect from viral transduction. Triplicates
of 100 pl were plated into each well of a 96-well plate.
On five consecutive days the relative viable cell mass
was determined using the CellTiter-Blue® Cell Viability
Assay (Promega) due to the manufacturer’s instructions.
Fluorescence was measured after two h substrate
incubation on cells using the Tecan Safire 2 Multiplate
reader (Tecan) at 560ex/590em. Exponential growth
curves were calculated for each condition and displayed
in the graphs with GraphPad Prism 5 (GraphPad Software,
Inc., USA).

In order to test if V-11-0711 treatment induces
apoptosis in GBM cells, GBM1 and JHH520 cells
were treated with different concentrations of V-11-0711
for 48 h. Afterwards, the percentages of living, early
apoptotic, late apoptotic, and dead cells were assessed
using the “Muse® Annexin V and Dead Cell Assay Kit”
for the Muse® cell analyzer (Merck Millipore) due to the
manufacturer’s instructions.

Invasion and clonogenicity assays

Invasion of GBM cells was assessed with a modified
Boyden chamber assay as described previously [12]. In
brief, a total of 1*¥10° cells were plated per Matrigel (BD)
coated insert in DMEM w/o FCS, DMEM with 10% FCS
was added in the lower chamber. After an incubation of
24 h the experiment was terminated and the remaining
non-invaded cells on the upper surface of the membrane
were removed carefully by swabbing. The filter was fixed
with methanol (—20°C) for 10 min, washed with PBS and
subsequently stained with hematoxylin for 5 min. After
destaining with warm water, five pictures were taken per
well and the stained invaded cells were counted. For the
drug treatment experiments, cells were pretreated for 24 h
with 1 pM (GBM1) or 0.5 uM (JHH520) V-11-0711
in standard culture conditions before assessing their
invasiveness in a time window of 24 h.

For the assessment of the clonogenic capacity of
GBM cells we performed Soft agar assays as described
previously [71]. In brief, six-well plates were coated with
1.5 ml of a base layer of 1% agarose (Gibco) in neurosphere
medium and placed in 4°C for 1 h. A top layer containing
0.6% agarose and a single-cell suspension (3500 cells/
well for GBM1 and 5000 cells/well for JHH520) in 2 ml
neurosphere medium was plated on top of the base layer and
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incubated at RT for 1 h. Once the cell layer was solidified 2
ml of neurosphere medium (for V-11-0711 treatment studies
either supplemented with drug or vehicle) were added to
each well. Every three days 500 pl fresh medium (for V-11-
0711 treatment studies either supplemented with drug or
vehicle) were added to each well. On day 21, 1 ml of a
1 mg/ml 4-Nitro blue tetrazolium chloride (NBT) solution
(Sigma Aldrich) was added and incubated overnight at
37°C to stain the colonies. The experiments were quantified
using the Clono Counter software [77].

RNA sequencing data from IVY Glioblastoma
Project

RNA sequencing data was generated from anatomic
structures isolated by laser microdissection. Five tumor
structures (Leading Edge, Infiltrating Tumor, Cellular
Tumor, Microvascular Proliferation, and Pseudopalisading
Cells around Necrosis) were identified by H&E staining
and compared to hyperplastic blood vessels and the
microvascular proliferative region. A total of 122 RNA
samples were generated from 10 tumors and used for
sequencing. Website: © 2015 Allen Institute for Brain
Science. Ivy Glioblastoma Atlas Project [Internet].
Auvailable from: glioblastoma.alleninstitute.org.
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