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Abstract

In the central nervous system (CNS), neural stem cells (NSCs) differentiate into neurons,
astrocytes, and oligodendrocytes - these cell lineages are considered unidirectional and irreversible
under normal conditions. The introduction of a defined set of transcription factors has been shown
to directly convert terminally differentiated cells into pluripotent stem cells, reinforcing the notion
that preserving cellular identity is an active process. Indeed, recent studies highlight that tumor
suppressor genes (TSGs) such as /nk4a/Arfand p53, control the barrier to efficient
reprogramming, leaving open the question whether the same TSGs function to maintain the
differentiated state. During malignancy or following brain injury, mature astrocytes have been
reported to re-express neuronal genes and re-gain neurogenic potential to a certain degree, yet few
studies have addressed the underlying mechanisms due to a limited number of cellular models or
tools to probe this process. Here, we use a synthetic small-molecule (isoxazole) to demonstrate
that highly malignant EGFRvI/l-expressing Ink4a/Arf’"; Pten” astrocytes down-regulated their
astrocyte character, re-entered the cell cycle, and upregulated neuronal gene expression. As a
collateral discovery, isoxazole small-molecules blocked tumor cell proliferation in vitro, a
phenotype likely coupled to activation of neuronal gene expression. Similarly, histone deacetylase
inhibitors induced neuronal gene expression and morphologic changes associated with the
neuronal phenotype, suggesting the involvement of epigenetic-mediated gene activation. Our
study assesses the contribution of specific genetic pathways underlying the de-differentiation
potential of astrocytes and uncovers a novel pharmacological tool to explore astrocyte plasticity,
which may bring insight to reprogramming and anti-tumor strategies.
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Introduction

It is well established that mature astrocytes lack neurogenic potential, especially during late
postnatal stages and in adult brain [1]. Elegant work using genetic fate-mapping strategies
confirmed that mature cortical astrocytes are largely quiescent and non-neurogenic, but
retain the ability to proliferate and upregulate GFAP and other classical markers of reactive
glia [2, 3]. Despite a few studies that examine the ability of glia to give rise to neuronal
cells, this appears to only occur by forced expression of neuronal transcription factors /n
vitro, while the potential for this is drastically reduced /n vivo, likely due to the non-
neurogenic microenvironment [4-6]. Moreover, the finding that brain tumors often contain a
mixture of neuronal and glial cell types has raised the notion that these tumors either contain
multipotent or restricted stem/progenitors, or, arise from de-differentiated mature cell types,
such as astrocytes [7]. Clearly, there is an urgent need to understand the cellular and
molecular mechanisms underlying the proliferation and de-differentiation potential of
mature astrocytes. Understanding this process, and especially, developing new strategies or
tools to explore the extent of astrocyte plasticity may be relevant for designing
neuroregenerative approaches and treating brain tumors.

Recent work from multiple labs indicates that reprogramming to pluripotent stem cells is
markedly enhanced with the loss of tumor suppressor genes /nk4aor p53[8, 9]. These data
reinforce the connection between maintaining the differentiated state and initiating
tumorigenesis. The /nk4a/Arflocus encodes two key tumor suppressor proteins (p16/nk4a
and p19A™) that, respectively, engage two critical anti-proliferative pathways, the
retinoblastoma (Rb) and p53 pathways, both important for G1 checkpoint control [10, 11].
Ink4a (as well as its other Ink4 orthologs, Ink4b, Ink4c, and Ink4d) bind and inhibit the D-
type cyclin-dependent kinases Cdk4 and Cdk®6 that, in turn, relieve the cell-cycle inhibitory
activity of Rb. On the other hand, Arf binds to and inactivates the Mdm2 protein, which is
an E3 ubiquitin ligase that destabilizes p53. Both expression of p16!™k42 and p19ARF are
critical for effective tumor suppression - including GBM, which frequently harbor
homozygous deletions of the /nk4a/Arflocus [12-14]. Indeed, our previous studies indicate
that /nk4a/Arf 7 astrocytes can undergo de-differentiation to a stem-like glioma cell and re-
express progenitor markers such as Nestin and A2B5, retaining a capacity to become
differentiated glial and neuronal progeny [15].

Several key questions are raised by these studies: (1) Are there specific tumor suppressor
genes and/or oncogenes that govern the differentiation potential of malignant astrocytes, and
(2) What is the extent of phenotypic plasticity of malignant astrocytes and is it reversible? In
this report, we use a synthetic small-molecule 3,5-disubstituted isoxazole (compound 1),
identified in a previous high-throughput chemical compound screen for inducers of
differentiation of P19 embryonal carcinoma cells [16, 17], to interrogate the molecular
pathways that control the lineage plasticity of malignant astrocytes. We demonstrate that
Ink4a/Arf, Pten, and EGFRvIII pathways interact to maintain the differentiated state of
astrocytes, and that in this context isoxazole acts as a stem cell modulator (SCM) to trigger
neuronal gene expression and block tumor cell proliferation. Our findings provide novel
insights into /nk4a/Arfmediated de-differentiation of malignant astrocytes and identify a
potential starting point for future glioma therapeutic drug design. Most importantly, we
demonstrate the use of a novel pharmacological tool to explore the phenotypic plasticity of
astrocytes, which is relevant in the context of cellular de-differentiation, reprogramming,
and malignancy.
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Materials and Methods

Astrocyte cell culture

SS05 cells or primary astrocytes were isolated from cerebral cortices of 5-day-old wild-type,
Ink4a/Arf", Pten™. Inkda/Arf”; Pten” or p537-; Pten”f pups according to previous
methods [15]. The floxed /nk4a/Arfor Ptenallele was deleted using an adenovirus
expressing Cre. Infection of astrocytes with lentiviruses expressing constitutively active
EGFR(EGFRVIII) has previously been described [15]. Cells were cultured in 10% FBS in
DMEM:F12 media (Omega Scientific). For differentiation experiments, astrocytes harboring
glioma-relevant mutations were switched to serum-free (or indicated concentrations of FBS)
DMEM:F12 media supplemented with N2 and B27 (Invitrogen) and treated with vehicle
(DMSO) or different concentrations of 1 or 2 at indicated time points. In some experiments,
cells were treated with N2/B27 media containing LIF and BMP-2 (50 ng/ml each) and 1%
FBS for 4 days to promote astrocyte differentiation [17, 44]. For TSA or VPA-induction
experiments, cells were plated in 10% FBS, switched to N2/B27 media the next day and
treated with either 50 or 100 nM TSA (Millipore) or 300 nM or 1 mM VPA (Sigma) for 4
days.

Immunostaining and cell quantification

Cells were fixed with 4% paraformaldehyde, followed by immunocytochemical staining as
previously described [44, 45]. Labeled cells were visualized using a Nikon TE2000-U
inverted microscope (Nikon, Inc.) and a CoolSnap digital camera (Photometrics, Inc.).
Quantification of cell phenotype from 3 independent experiments was done by sampling 6-8
random fields in each well and counting a total of 250-500 cells at 20x magnification.
Throughout the study, definitive neuronal or glial cells were scored on the basis of
morphological criteria (elaboration of processes), as well as immunoreactivity with various
markers (e.g. Tujl or GFAP staining). 4’,6-diamidino-2-phenylindole (DAPI) was used to
identify individual cells. In some cultures, propidium iodide (1 mg/ml, Molecular Probes) or
Hoechst 33342 (1 mg/ml, Sigma) were added to label dead or all cells, respectively. Staining
of live (rather than fixed) cultures was used to avoid underestimating cell death because of
possible detachment of dying and/or dead cells from culture substrates. The following
primary antibodies were used: rabbit anti-Tuj1 (1:2500; Covance) or mouse anti-Tujl
(1:500; Sigma), guinea pig anti-GFAP (1:2500; Advanced Immunochemical, Inc.), mouse
anti-Olig2 (1:500; Chemicon), or rabbit anti-Ki67 (1:400; Accurate). Secondary antibodies
were all from Jackson ImmunoResearch and used at 1:250 dilution.

Clonal assay

SS05 cells were dissociated and plated at single cell density (20 cells/l) in clear 96-well
plates in a final volume of 100 .l of serum-free DMEM media supplemented with N2 and
B27 and treated with either vehicle or 1. After 12-24 hours, healthy, live single cells were
identified and marked and at least 50-100 clones per treatment were scored for Ki67 or Tujl
staining after 4 days.

Reporter gene assay

All reporter gene assays were done in 96-well format, and each data point represents the
average of 12 replicates. Reporter genes included G/uR2-and NRI-luciferase and each well
contained ~25,000 cells in a volume of 100 L. 5x108 cells SSO5 cells were transfected
with 5 pg DNA by electroporation (Amaxa) and plated in growth media overnight.
Compounds were added the day following transfection and luciferase assays were performed
24 hour later.

Differentiation. Author manuscript; available in PMC 2013 August 26.
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RT-PCR, Q-PCR and protein blotting

Total RNA was isolated by Trizol reagent (Invitrogen) and RT-PCR was carried out as
previously described [46]. For Q-PCR, genomic DNA contamination was digested with
RNase-free DNase when isolating total RNA. First strand cDNA was synthesized from 1.0
g of total RNA in 20 .l volume with an iScript cDNA Synthesis Kit (Bio-Rad), diluted to
40 I by DNase-free water, and 0.5 pl is used as template to measure the transcripts level by
Q-PCR. Q-PCR was performed by using SYBR green dye (Bio-RAD) to measure duplex
DNA formation with the Bio-RAD CFX384™ Real-Time PCR Detection System and
normalized to the expression Gapdh. Primer sequences are available upon request. For
protein blotting, whole cell lysates were prepared from astrocytes cells cultured in
undifferentiated conditions (DMSO vehicle control) or from differentiating conditions (1 or
2). For protein blotting analysis, whole cell lysates were prepared from SS05 cells using
RIPA buffer (Tris-HCI, 50 mM, pH 7.4; NP-40, 1%; Na-deoxycholate, 0.25%; NaCl, 150
mM; EDTA, 1 mM; PMSF, 1 mM; aprotinin, leupeptin, pepstatin, 1 mg/ml; Na3VO4, 1
mM; NaF, 1 mM). Protein concentration in centrifugation-clarified cell lysates were
measured by the BCA Protein Assay Kit (Pierce) and equal amounts of protein were
separated on a 4-12% SDS-PAGE and transferred to Hybond PVDF (Amersham
Biosciences). Protein blots were done using the NuPage gel and transfer system with 4-20%
Tris-Bis gels (Invitrogen). Primary Abs for protein blotting included: mouse anti-cyclin D1
and mouse anti-cyclin E1 (1:500; Cell Signaling); mouse anti-p21 (1:500; Santa Cruz
Biotechnology), mouse anti-BTublll (1:500; Sigma), and mouse anti-GAPDH (1:5000;
Chemicon). Immunoreactive bands were visualized using AP-conjugated secondary
antibodies, followed by BCIP/NBT detection (KPL).

Cell cycle analysis

Statistics

Results

SS05 cells were collected, centrifuged, washed, and resuspended in PBS and 70% (v/v)
ETOH, then washed with PBS followed by incubation with 200 pg/ml RNase A and 40p.g/
ml of propidium iodide (Sigma). Cell cycle was monitored using a FACScalibur flow
cytometer (Becton-Dickson) with 10,000 events/determination and analyzed by using
FLOWJO analysis software (Tree Star, Inc.). Control (DMSO- and FBS-treated)
experiments were performed in parallel. Cells that have 2N DNA content are G4 and cells
with greater than 2N DNA content are S, G, and M. The cell cycle analysis was repeated in
at least 3 independent experiments and the data presented are from one representative
experiment.

Experiments with two groups were analyzed for statistical significance using unpaired two-
tailed Student's £test, and all error bars are expressed as * standard deviation (s.d.), unless
otherwise stated. Values of p < 0.05 or p < 0.001 were considered statistically significant.

Isoxazole SCMs block cell proliferation and induce neuronal gene expression in malignant

astrocytes

To explore the lineage potential of malignant astrocyte cultures, we used a continuous line
of cultured astrocytes (SS05) derived from genetically engineered mice with homozygous
deletion of both /nk4a/Arfand Prentumor suppressor genes. SS05 cells initially expressed
the astrocyte marker (GFAP), but downregulated their astrocyte phenotype and increased
proliferation during in vitro cell culture with 10% FBS (data not shown). SS05 cells also
harbor constitutively active epidermal growth factor receptor variant 11l (EGFRVvIII), the
most commonly amplified/mutated oncogene in GBM [18-20]. Phenotypic plasticity was
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tested with 1 (Figure 1A), a second-generation analog of a SCM identified in our original
screen [16] and previously shown to induce neuronal differentiation in wild-type NSCs from
adult rat hippocampus [17]. To establish an effective drug concentration, serum was
withdrawn and SS05 cells were treated in adherent cultures with 1 (0-100 wM) for 4 days.
We observed a concentration-dependent activation of G/uR2- and NR1-luciferase reporter
genes, markers of neuronal differentiation, with 1 treatment in SS05 cells, compared with
vehicle-treated control cells or cells grown in 10% FBS (Figure 1B). We also found that 1
(40 M) increases the number of cells of a neuronal phenotype (Tuj 1 +) and decreases the
number of proliferating cells (Ki67+) (Figure 1C-G). Higher concentrations of 1 (>40 uM),
however, resulted in significant cell death compared with vehicle-treated cells (Figure 4B),
hence we used 1 at 40 .M in the majority of our studies since this concentration conferred
maximal Tuj1+ cells with minimal toxicity. In addition, treated cells rapidly (<24 hours)
flattened and exhibited enlarged nuclei and extended morphologic processes (Figure 1D).
Although the Tujl-induction is robust, 1-treated SS05 cells do not exhibit typical neuronal
morphology and still retain astrocyte-like features. Furthermore, the neuronal marker
Map2ab is not induced in malignant astrocytes after 1 treatment (data not shown),
suggesting that 1 is able to active some neuronal genes, but not the entire lineage program.

Ink4a/Arf plays a key role to maintain the differentiated astrocyte state

Since SS05 cells have been cultured extensively and likely harbor multiple perturbations in
growth control pathways (loss of /nk4a/Arfand Pten, activation of EGFRvIII), we next
assessed the effect of 1 on primary (<5 passages) /nk4a/Arf’~; Pten”fand Ink4a/Arf’~;
Pten™~ astrocytes and tested their response to 1 in serum-free conditions. Compound 1
inhibited proliferation in both /nk4a/Arf”; Pten” and Ink4a/Arf’"; Pten”" astrocytes (Figure
2B-C, K-L), and concomitantly increased hallmarks of neuronal differentiation, as indicated
by Tujl+ staining (Figure 2G-H, K-L) and up-regulation of pro-neuronal genes NeuroD1
and NMDA receptor 1 (NR1) consistent with activation of the neuronal lineage in 1-treated
astrocytes (Figure S1). By contrast, 1 had no significant effect on the proliferation or
differentiation of primary astrocytes from /nk4a/Arft!* ; Pren””f wild-type (wt) mice, also
cultured in serum-free media (Figures 2A and 2F). These results suggest that /nk4a/Arfis
required for the maintenance of the differentiated astrocytic state, either alone or in
conjunction with Pten, and blocks the ability of 1 to induce the neuronal phenotype.

The constitutively activated EGF receptor cooperates with loss of /nk4a/Arfduring
malignant gliomagenesis [21] and is frequently observed in orthotopic and de novo mouse
glioma models as well as human GBMs [18, 22]. Notably, expression of EGFRV/I/in the
context of /nkda/Arf’~; Pten” astrocytes attenuated the anti-proliferation and neuronal
differentiation effects of 1 (Figures 2D, 2L, and 2M). Interestingly, additional loss of Prenin
Ink4a/Arf’-: EGFRVIII astrocytes promoted partial recovery of 1-mediated neuronal
differentiation and decrease in proliferation, suggesting that deletion of Pfen can mitigate, at
least in part, the blocking effects of EGFRv//I on 1-treated cells (Figures 2E, 2J, and 2N).
Importantly, there was no change in proliferation or differentiation with 1 treatment in
Ink4a/Arft!* astrocytes after Pren deletion, consistent with the critical role of /nk4a/Arfin
maintaining the differentiated state of astrocytes and preventing de-differentiation into
glioma stem-like cells (Figure S2).

To examine whether neuronal conversion occurs at the expense of astrocytic fate, we
established primary astrocytes from /nk4a/Arf”f mice and deleted /nk4a/Arfwith Cre-
expressing adenovirus. We treated /nk4a/Arf-deficient cells with vehicle or 1 at early
passages (passage 2 and 3), when GFAP expression was still detectable. Compound 1-
treated cells displayed a reduction in GFAP and increased Tujl expression after deletion of
Ink4a/Arf, while GFAP expression was unchanged in vehicle-treated cells at passage 2,
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regardless of /nk4a/Arfdeletion (Figure 3A-B). Interestingly, some 1-treated cells expressed
both GFAP and Tuj1 (Figure3A), consistent with /nk4a/Arf-deficient astrocytes exhibiting
phenotypic plasticity. The reduction in GFAP and up-regulation of Tuj1 was even more
dramatic in passage 3 cells, suggesting further de-differentiation of /nk4a/Arfdeficient
glioma stem-like cells over time (Figure 3A and 3C).

Since /nk4a/Arfare upstream regulators of Rb and p53, we further tested 1's effects on
neuronal differentiation in p537 Pten” and p537 Pten”- astrocytes. We confirmed
increased number of Tujl+cells in p537-; Pten””f and p537-; Pten”- astrocytes, although to a
much lesser extent compared to /nk4a/Arf’-; Pten” or Ink4a/Arf!-; Pten” astrocytes,
respectively, suggesting the contribution of additional pathways (Figure S3). In addition, we
used SS05 cells to confirm a second structurally distinct isoxazole analog (2) on the ability
to upregulate pro-neuronal reporter genes (Figure S4). A summary of effects of 1 on
proliferation and differentiation of various genotypes is shown in Table S1. Taken together,
these data demonstrate that isoxazole SCMs induce the neuronal phenotype in both primary
astrocytes and an established cell line, so long as they harbor the glioma-relevant /nk4a/Arf
mutation.

Treatment with isoxazole SCMs leads to a delay in G1 and entry into M-phase

A critical issue is whether 1 retains its potentially therapeutic effects by upregulating
neuronal gene expression and inhibiting cell growth under conditions of sustained mitogenic
signaling, as present in tumors. To explore this, we assessed the impact of 1 on SS05 cells
under serum conditions. Compound 1 induced a concentration-dependent decrease in SS05
cell number even in the presence of 10% FBS (Figure 4A). To determine whether this
reduced cell number is a consequence of increased cell death, we performed propidium
iodide (PI) staining, which stains dead/dying cells in live cultures, and observed a
concentration-dependent increase in the percentage of Pl-positive cells over time, but only
with concentrations greater than 40 wM (Figure 4B). Thus, the negative effect of 1 on cell
number is not apparently due to effects on cell viability, but on a decrease in growth rate,
possibly due to effects on cell cycle progression. Next, we set out to evaluate 1's effects on
cell cycle regulation.

By modulating Rb and p53 activity, /nk4a/Arfregulates the G1-S transition during the cell
cycle [11, 23]. We therefore examined the expression of the G1 cyclin and Cdk proteins,
cyclin D1 and Cdk4. We observed diminished expression of cyclin D1 and Cdk4 with 1
treatment, compared with vehicle-treated cultures at 4 days in serum-free conditions (Figure
4C). Interestingly, there was already increased Cdk inhibitor p21\WAF! expression at 2 days,
concomitantly with increased Tujl after 1 treatment (Figure 4C). Compound 1's effects on
cell cycle regulation appears to be restricted to the early part of G1, since cyclin E1 levels (a
late G1 cyclin) remained unchanged (Figure 4C). To examine whether compound 1's effects
on cell cycle gene expression was reversible, we treated SS05 cells with 1 for 4 days, then
cultured cells without 1 for 3 additional days (washout). The absence of serum after 1
withdrawal led to poor cell survival (data not shown), thus we treated cells with vehicle or 1
in the presence of low serum (1% FBS). In the presence of serum, there was only a modest
reduction in Cdk4 levels in 1-treated cells, compared to vehicle treatment, which did not
significantly change after the 3-day washout (Figure 4D), suggesting that isoxazole's effects
on the expression of cell cycle regulators are reversible, at least in a subset of cells.

To confirm the effects of 1 in the cell cycle progression of SSO5 cells, we conducted flow
cytometric analysis to examine DNA content of unsynchronized cells. At 1 and 2 days, SS05
cells treated with 1 showed a substantial increase in the G1 population compared to vehicle-
treated cells or cells grown in 10% FBS (Figure S5). As expected, serum-starved SS05 cells
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arrested in G1, with both vehicle and 1-treatment, after extended time in culture. Taken
together, these results suggested that the 1-mediated block in proliferation and reduction in
cyclin D1 and Cdk4 is associated with a delay in G1 and entry into M-phase.

Isoxazole's effects on proliferation and differentiation is irreversible in a subset of glioma

stem cells

To evaluate the potential utility of 1 as an anti-glioma agent, a key question that comes from
these above experiments is whether its anti-proliferation and differentiation effects are
reversible? To investigate this, we pre-treated SSO5 cells with vehicle or 1 for 4 days in
serum-free conditions, then switched the media to 10% FBS for an additional 4 days. In a
parallel experiment, we treated SS05 cells with 1 for 4 days, also in the absence of serum.
As expected, we observed an increase in cell number when cells pre-treated with vehicle are
switched to 10% FBS, compared to 1 treatment alone (Figure 5A). Strikingly, when cells
were pre-treated with 1 and then stimulated with serum we saw no increase in cell number,
suggesting 1 pre-treatment can irreversibly block serum-induced proliferation.

These conclusions were confirmed by Ki67 staining of vehicle- or 1 pre-treated cells and
post-treated with FBS when we observed the distribution of cells with two types of nuclear
morphologies in 1 pre-treated cultures: (1) cells with small, round Ki67+ nuclei and (2) cells
with large, flat Ki67-nuclei, suggesting a subset of 1 pre-treated cells still retained the ability
to proliferate after serum challenge (Figure 5B-D). The mixed responsiveness of cells to 1
treatment could be a consequence of heterogeneity of the starting population. To address
this, we performed clonal analysis of vehicle or 1-treated SS05 cells (n>100 clones per
treatment). SS05 cells were dissociated and single cells were plated and treated with vehicle
or 1 for 4 days. By scoring individual clones derived from a single cell, we observed ~70%
Ki67+ cells within vehicle-treated clones, compared with only ~45% Ki67+ 1-treated clones
(Figure 5E). Since we failed to observe clones that were entirely positive or negative for
Ki67 (data not shown), these results suggest that the response to vehicle or 1 treatment is
uniform across SS05 cells. Upon staining for Tuj1, we observed clones either positive or
negative for Tujl, consistent with 1 treatment of the bulk population. We therefore scored
individual vehicle-or 1-treated clones and determined there were ~18% Tujl+ clones with
vehicle treatment compared to ~80% Tujl+ clones with 1 treatment (Figure 5F). Based on
these data from bulk cultures and single cells, we conclude that the changes in neuronal gene
expression and reduction of proliferation SSO05 cells in response to 1 is irreversible, at least
in a subpopulation of cells.

Neuronal gene expression in malignant astrocytes is triggered by HDAC inhibition

To explore the molecular basis of 1-mediated anti-proliferation and up-regulation of
neuronal gene expression in malignant astrocytes, we considered two non-exclusive
hypotheses. Namely, that 1 regulates the expression of stem cell reprogramming factors or
that 1 acts via an epigenetic mechanism. To address the first possibility, we performed
quantitative real time PCR (Q-PCR) to evaluate the expression changes of candidate stem/
progenitor, neuronal, and astrocyte lineage mMRNAs in both genotypes of EGFRvI/I-
expressing /nk4a/Arf’- (with and without Pren) astrocytes compared to /nk4a/Arf’-; Pten”"
astrocytes between vehicle- and 1-treated cells. We observed 1-mediated down-regulation of
NSC/progenitor genes (e.g., Sox2and Nestin) and the astrocyte gene (e.g., GFAP) (Figures
6A-B and 6E). Besides SoxZ, we interrogated the expression of the remaining stem cell
reprogramming/pluripotency factors [24, 25] (e.g., Oct4, KIf4, c-Myc and Nanog) but did
not observe a significant change after 1 treatment (data not shown). Consistent with marker
staining, 1 induced robust up-regulation of the neuronal lineage gene 7ujZin Inkda/Arf’~;
Ptenf astrocytes (Figure 6C). By contrast, 7u/1 is only modestly increased in both /nk4a/
Arf’; Pten™:. EGFRvIIl and Ink4a/Arf’; Pten”-; EGFRvII/ astrocytes, 5- and 2.5-fold,
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respectively, in vehicle-treated cells compared with 1 treatment (Figure 6C). The reason for
this modest 7w fold-change, particularly in /nk4a/Arf’; Pten”"; EGFRvI// astrocytes is
due to higher baseline 7ujy7 levels upon serum-withdrawal, consistent with marker staining
(Figure 2J and Figure S6). Finally, we observed similar results with a second neuron-
specific gene NeuroD1, confirming isoxazole SCMs as neuronal inducers of stem-like
malignant astrocytes (Figure 6D).

With no support for the reprogramming hypothesis, we next asked whether epigenetic
modulation, at least in part, correlates with 1-mediated neuronal gene expression. Histone
acetylation is a critical epigenetic regulatory mechanism controlled by the balance of histone
acetyltransferases (HATS) and deacetylases (HDACS) [26, 27]. To investigate the possibility
that modulating histone acetylation was involved in the neuronal reprogramming of
malignant astrocytes, we therefore treated SS05 cells with specific HDAC inhibitors — either
trichostatin A (TSA) or valproic acid (VPA). We observed strong induction of Tujl1+ cells,
as well as an inhibition of cell proliferation, after either TSA or VPA treatment, similar to 1
and consistent with an epigenetic reprogramming model (Figure 6F and data not shown).
Moreover, confirming HDAC inhibition, treatment of cells with 1, TSA, VPA, or serum
withdrawal alone (vehicle) resulted in increased histone H3 and H4 acetylation (Figure 6G).
Our data demonstrate that HDAC inhibition recapitulates the effect of 1 in malignant
astrocytes, and is sufficient to induce gene expression and morphologic changes consistent
with neuronal differentiation.

Discussion

One of the most surprising and exciting discoveries in neural developmental biology this
past decade is the finding that NSCs possess characteristics of glial identity [28, 29]. Radial
glia give rise to neurons in the developing telecenphalon across vertebrate species and
radial-like stem cells in the postnatal hippocampus and lateral ventricle subependymal zone
differentiate into neurons throughout life [30]. Why do some glial cells possess neurogenic
potential, while other glia apparently lack it? This is a critical question, especially in the
context of brain tumors of glial origin, such as glioblatoma multiforme (GBM). The question
remains whether GBMs arise from de-differentiated astrocytes, committed astrocyte
progenitors, or undifferentiated NSCs? The identification of NSCs in adult brain has led to
the model that poorly differentiated GBM may result from transformation of a NSC or early
glial progenitor, rather than progressive de-differentiation of a mature astrocyte. Distinction
among these possibilities may be important in predicting the probable genetic targets
involved in malignant transformation and tumor progression. Indeed, the state of glial cell
differentiation may be an important factor that governs whether a given genetic mutation
exerts its full oncogenic potential. Thus, identifying and understanding specific tumor
suppressor genes and/or oncogenes, in conjunction with novel pharmacological tools, that
alter the phenotypic plasticity of mature astrocytes, may shed light on the etiology of
malignant glioma.

Here, we provide compelling evidence that even a subset of highly malignant /nk4a/Arf”-;
Pten”"; EGFRvIll-expressing astrocytes can halt their proliferation and upregulate neuronal
gene expression mediated by isoxazole SCMs. We confirmed a role of /nk4a/Arfalone, or
together with Pten, in the maintenance of the mature astrocyte state, consistent with the
emerging concept that tumor suppressor genes represent a barrier for reprogramming to the
pluripotent state in iPS cells [8, 9, 31, 32]. In addition, our study is consistent with work
from a number of laboratories that have demonstrated that /nk4a is important for
maintaining NSC renewal and that /nk4a suppression is associated with increased neuronal
differentiation [33-35]. In our studies, although we observed expression of the four
pluripotency-inducing transcription factors, Oct4, Sox2, Kif4, and ¢c-Myc in the context of
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Ink4a/Arfand Pren deletion, only Sox2was significantly downregulated after 1 treatment,
suggesting that both transcriptional and epigenetic mechanisms may be involved in the
reprogramming of mature astrocytes. Our work also establishes that potent oncogenes, such
as EGRVvIII, can inhibit the ability of isoxazole SCMs to induce the neuronal phenotype in
de-differentiated astrocytes and that additional tumor suppressor gene mutations, such as
loss of Pten, is important to overcome the EGFRvI/I-mediated block of 1's effects on growth
and differentiation. These studies underscores the need to identify downstream genes that
are regulated by the combinatorial actions of /nk4a/Arf, Pten, and EGFRVIII, alone and in
conjunction with 1, to fully understand the mechanism of astrocyte de-differentiation and
subsequent anti-proliferation and induction of neuronal gene expression. Our model is
shown in Figure 7.

What could be the mechanism mediating changes in astrocyte plasticity induced by 1?
Recent evidence point to a handle of neuronal-specific transcription factors, when
ectopically expressed, can convert non-neuronal cell types directly to express neuronal
lineage genes [36, 37]. By altering transcriptional/epigenetic regulatory networks, 1 may be
sufficient to activate salient features of the neuronal transcriptional program, at least in part.
Indeed, our prior mechanistic studies suggested that 1 is a neurotransmitter-like excitation
signal in NSCs that regulates the neuronal genome through a transcriptional/epigenetic
network that involves histone deacetylase 5 (HDACS5) and myocyte enhancer factor-2 to
control early neuronal cell fate events, including activation of the neurogenic transcription
factor NeuroD1 [17]. Although at present, the precise molecular targets of isoxazoles remain
unclear, 1 treatment of wt mouse NSCs is associated with increased global and gene-specific
histone acetylation, but does not directly appear to block HDAC activity (data not shown).
However, isoxazole SCMs may functionally belong to a growing class of “epi-drugs” such
as DNA methyltransferase inhibitors, HDAC inhibitors, HAT activators, and inhibitors of
methyltransferases or demethylases. Indeed, the HDAC inhibitor sodium butyrate was used
as a positive control in our high-throughput screen based on its strong and reliable activation
of the Nkx2.5-luc transgene [16]. Thus, it is not entirely surprising that isoxazoles are
capable of epigenetic modulation of gene expression in the context of normal and cancer
stem cells, which provide rationale, in retrospect, for the discovery of small molecules with
epi-drug-like effects from the original screen. It will be intriguing to identify the isoxazole
target, especially in the context of cancer stem cells, which may shed light on the underlying
biology of malignant glioma.

Interestingly, in recent years there has been some progress with epi-drugs to treat cancer,
such as the demethylation agents azacitidine (VVidaza) and decitabine (Dacogen) in the
treatment of myelodysplastic syndrome and AML, and the HDAC inhibitor SAHA (Zolinza)
for therapy of cutaneous T-cell lymphoma [38-40]. However, the biology of these drugs and
how they target cancer cells, or cancer stem cells, is not clear. Moreover, from the clinical
perspective, epi-drugs have not yet met the expectations placed on them, due to nonspecific
cytotoxic effects and/or unanticipated effects of enhanced proliferation of cancer stem/
progenitor cells [41, 42]. In the context of GBM, epigenetic alterations can affect the
expression of cancer genes alone, or in combination with genetic mechanisms [43].
Combination therapy with both epi-drugs and traditional chemotherapeutic agents is likely
to be a powerful strategy against GBM.

In conclusion, our findings indicate that isoxazole SCMs can be delivered to malignant
astrocytes, to induce neuronal gene expression in addition to suppressing tumor cell
proliferation. Future structure-activity relationship studies and improvements on 1
pharmacokinetics will pave the way for target identification and in vivo testing. These
results demonstrate the feasibility of chemical biology approaches to provide novel
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pharmacological tools for reprogramming pathway discovery that can also serve as entry
points for differentiation agents to treat GBM.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

1 activates neuronal genes in /nk4a/Arf’-; PTEN”-, EGFRVIII astrocytes (SSO05 cells). (A)
Chemical structure of lead isoxazole (1). (B) 1 induces a concentration-dependent increase
in both G/luR2-and NRI-luciferase (luc) reporters. (C-D) 1 promotes neuronal gene
expression (Tuj 1) in SSO5 cells compared to vehicle control (DMSOQ) in 4-day cultures. (E-
F) 1 blocks proliferation of SS05 cells, compared to vehicle control (DMSQO) in 4-day
cultures. Scale bar: 25 um. (G) Quantification of Ki67+ and Tuj1+ cells after 4 days of
vehicle or 1 treatment is shown. (**p < 0.001, #test, data in graphs represent + s.d. from
three independent experiments).
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Comparison of 1's effects in primary mouse astrocytes carrying glioma-relevant mutations.
(A-E) Representative images of vehicle or 1-treated astrocytes with indicated /nk4a/Arf;

Pten; EGFRVIII genotypes or wild-type (wt) astrocytes and immunostaining for Ki67 in 4-
day cultures. (F-J) Representative images of vehicle or 1-treated astrocytes with indicated
Ink4a/Arf; Pten; EGFRVIII genotypes or wild-type (wt) astrocytes and immunostaining for

Tujl or GFAP in 4-day cultures. Scale bar: 25 um. (K-N) Quantification of Ki67+ or Tuj1+

primary astrocytes after 4 days of vehicle or 1 treatment is shown. (**p < 0.001, £test, data
in graphs represent + s.d. from three independent experiments).
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Figure 3.

Compound 1 induces Tuj1 at the expense of GFAP expression in primary /nk4a/Arf -
astrocytes. (A) Comparison of vehicle (passage 2) or 1 (passage 2 and 3) treatment in /nk4a/
Arf’fand Ink4a/Arf’ astrocytes. Note co-expression of Tujl and GFAP in a subset of 1-
treated cells (arrows). Scale bar: 25 pm. (B-C) Quantification of Tuj1+ or GFAP+ in
passage 2 or 3 astrocytes after 4 days of vehicle or 1 treatment is shown. (*p<0.05, **p <
0.001, test, data in graphs represent * s.d. from three independent experiments).
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Figure4.

1 prevents proliferation, but not survival, of /nk4a/Arf’-; PTEN"-; EGFRVIII astrocytes
(SS05 cells). (A) Total number of cells/plate treated with different concentrations of 1 and
FBS after 4 days. (B) Increasing concentrations (>40 M) of 1 induces death of SS05 cells
over time. (C) Protein blotting time-course analysis of cell cycle regulatory genes in SS05
cells treated with 1 compared to vehicle control. (D) Cdk4 and Tuj1 protein levels in SS05
cells treated with vehicle or 1 for 4 days, then cultured for 3 additional days after washout of
drug, in the presence of 1% FBS. Gapdh served as a normalization control. (Data in graphs
represent + s.d. from three independent experiments).
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Figureb.

Ink4a/Arf’-: PTEN"-; EGFRVIII astrocytes (SS05 cells) display an irreversible block in
proliferation with 1 treatment. (A) Quantification of the total number of cells/field after
vehicle or 1 pre-treatment is shown. (B-D) Shown are representative images of SS05 cells
treated with 1 for 4 days, pre-treated with vehicle for 4 days and post-treated with 10% FBS
for 4 days, or pre-treated with 1 for 4 days and post-treated with 10% FBS for 4 days. Note
in (D): 1 pre-treated cultures and post-treated with FBS contain a mixture of Ki67+ cells
with small round nuclei (arrowhead) and Ki67- cells with large flat nuclei (arrow). Scale
bar: 10 um. (E) Quantification of the percentage of Ki67+ cells is shown. (F) Quantification
of the percentage of clones expressing Tuj1 is shown. (*p < 0.05 or **p < 0.001, #test, data
in graphs represent + s.d. from three independent experiments).
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Stem cell and lineage-specific gene expression in primary /nk4a/Arf’-; PTEN™', Ink4a/
Arf’; PTENI: EGFRvIII and Ink4a/Arf/-; PTEN’-, EGFRvIII astrocytes after 1 treatment.
(A-E) Q-PCR analysis of stem cell, pro-neuronal, and pro-astrocytic gene expression in
glioma stem cells treated with vehicle or 1 for 24 hours. Gapdh served as a normalization
control. (F) Histone deacetylase inhibitors TSA or VPA induce Tujl in SS05 cells. Scale
bar: 25 um. (G) Histone H3 and H4 acetylation levels in SS05 cells after 4 days of treatment

with various compounds. (Data in graphs represent + s.e.m. from three independent

experiments).
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Figure7.

Model showing isoxazole SCM-mediated growth arrest and neuronal differentiation in
malignant astrocytes. Upon loss of /nk4a/Arftumor suppressor genes, wild-type astrocytes
undergo de-differentiation into glioma “stem” cells. The inclusion of SCMs (e.g., 1 or 2) can
be used to block proliferation and induce terminal neuronal differentiation, alone or in
conjunction with other small-molecules/drugs that induce cell death, will likely facilitate
successful GBM differentiation-based therapy. The subsequent activation of potent
oncogenes in /nk4a/Arf’ astrocytes (e.g., EGFRVvIII) may promote the emergence of 1-
resistant cells that may require additional loss of tumor suppressor genes (e.g., Pter) to
sensitize 1-resistant cells and enhance the growth inhibitory/pro-differentiation effects of 1.
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