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Abstract

Glioblastoma (GBM), the most common primary adult malignant brain tumor, is associated with a 

poor prognosis due, in part, to tumor recurrence mediated by chemotherapy and radiation resistant 

glioma stem-like cells (GSCs). The metabolic and epigenetic state of GSCs differs from their non-

GSC counterparts, with GSCs exhibiting greater glycolytic metabolism and global 

hypoacetylation. However, little attention has been focused on the potential use of acetate 

supplementation as a therapeutic approach. N-acetyl-L-aspartate (NAA), the primary storage form 

of brain acetate, and aspartoacylase (ASPA), the enzyme responsible for NAA catalysis, are 

significantly reduced in GBM tumors. We recently demonstrated that NAA supplementation is not 

an appropriate therapeutic approach since it increases GSC proliferation and pursued an 

alternative acetate source. The FDA approved food additive Triacetin (glyceryl triacetate, GTA) 

has been safely used for acetate supplementation therapy in Canavan disease, a leukodystrophy 

due to ASPA mutation. This study characterized the effects of GTA on the proliferation and 

differentiation of six primary GBM-derived GSCs relative to established U87 and U251 GBM cell 

lines, normal human cerebral cortical astrocytes, and murine neural stem cells. GTA reduced 

proliferation of GSCs greater than established GBM lines. Moreover, GTA reduced growth of the 

more aggressive mesenchymal GSCs greater than proneural GSCs. Although sodium acetate 

induced a dose-dependent reduction of GSC growth, it also reduced cell viability. GTA-mediated 

growth inhibition was not associated with differentiation, but increased protein acetylation. These 

data suggest that GTA-mediated acetate supplementation is a novel therapeutic strategy to inhibit 

GSC growth.
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Introduction

Glioblastoma (GBM, WHO grade IV astrocytoma), the most common primary brain tumor 

of the adult central nervous system, is associated with a poor prognosis. The standard of care 

of maximal surgical resection followed by concurrent radiotherapy and temozolomide 

(TMZ, Temodar®) chemotherapy is associated with a median survival of ~14 months (Stupp 

et al., 2005). Despite advances in adjuvant therapy, there has been little improvement in 

outcomes primarily due to the post-surgical persistence of chemotherapy and radiation 

resistant glioma stem-like cells (GSCs) that contribute to recurrence (Singh et al., 2004). 

Induction of GSC differentiation appeared to be a logical therapeutic approach. However, it 

is now evident that GSCs are highly plastic and their differentiation into “terminally” 

differentiated cells is reversible (Chaffer et al., 2011; Gupta et al., 2011; Jiang et al., 2011). 

Thus, therapeutic approaches that target both GSCs and their progeny, while sparing 

resident neural stem cells (NSCs) and oligodendrocyte progenitor cells (OPCs), the most 

abundant cycling population in the adult brain (Dawson et al., 2003), are of considerable 

interest.

The extent of histone hypoacetylation is linked to promoter CpG hypermethylation, 

silencing of tumor-suppressor genes, and poorer clinical outcomes (Seligson et al., 2009). 

Several histone deacetylase inhibitors (HDACi) (e.g., sodium butyrate, trichostatin A, 

Vorinostat) have shown promise in glioma treatment (Roesler et al., 2010). However, 

HDACi have serious limitations, including ineffective penetrance into solid tumors, 

cardiotoxicity, and thrombocytopenia (Duvic et al., 2007; Gryder et al., 2012). Safe 

alternative approaches to promote and/or maintain histone acetylation are required; yet, to 

date researchers have not investigated acetate supplementation as a therapeutic approach. 

Normally, most of the nuclear acetate required for histone acetylation is derived from 

glucose via ATP-citrate lyase (ACL)-mediated conversion of mitochondrial-derived citrate 

to acetyl-Coenzyme A (acetyl-CoA) (Fig. 1) (Wellen et al., 2009). However, in highly 

proliferative, glycolytic tumor cells, citrate is exported from the mitochondria to the cytosol 

to support lipid synthesis and biomass accumulation (i.e., Warburg effect) (Hatzivassiliou et 

al., 2005; Koppenol et al., 2011). This suggests that an alternative nucleocytosolic acetyl-

CoA synthetic pathway, distinct from ACL, may provide a therapeutic target.

N-acetyl-L-aspartate (NAA) is the most concentrated source of acetate in the human brain 

(12.1 ± 1.5 mM) (Rigotti et al., 2011). Aspartoacylase (ASPA) catalyzes the breakdown of 

NAA, its only known substrate (Kaul et al., 1991), to L-aspartate, for use in protein 

synthesis and the Krebs cycle, and acetate (Fig. 1). Free acetate is then converted to acetyl-

CoA via cytosolic/nuclear acetyl-CoA synthetase-1 (AceCS1) for lipid biosynthesis and 

histone/protein acetylation (Goldberg and Brunengraber, 1980) and via mitochondrial 

AceCS2 for ATP production (Fig. 1) (Fujino et al., 2001). Both NAA and ASPA protein 
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levels are decreased in glioma (Moffett et al., 2007; Tsen et al., 2014). Thus, decreased 

NAA-derived acetate bioavailability could contribute to histone/protein hypoacetylation as 

well as an increased glycolytic state by further exhausting the mitochondrial citrate supply. 

NAA-mediated acetate supplementation is not a candidate therapeutic approach since NAA 

catalysis requires ASPA, which is also decreased in glioma. Furthermore, we recently 

demonstrated that NAA promotes GSC proliferation in vitro via mechanisms that remain to 

be determined (Long et al., 2013a). Hence, an alternative acetate source is required.

Triacetin (glyceryl triacetate, GTA) is ideal for therapeutic acetate supplementation. Unlike 

free acetate, GTA is readily absorbed by the gastrointestinal tract, freely crosses the blood-

brain barrier and plasma membranes, and is hydrolyzed by non-specific lipases and esterases 

in all cell types to liberate glycerol and acetate. Glycerol can either participate in de novo 

triglyceride synthesis or be used for glycolysis after conversion to glyceraldehyde-3-

phosphate, while the acetate generates acetyl-CoA (Fig. 1) (Reisenauer et al., 2011). Thus, 

GTA serves as an ideal acetate delivery vehicle.

We demonstrate that GTA induces cytostatic growth arrest of primary tumor-derived GSCs 

more than established human GBM cells (U87 and U251), but has less effect on normal cells 

(i.e., normal human astrocytes and murine neural stem cells [NSCs]). Interestingly, GTA is 

more effective at growth arrest than sodium acetate and glycerol comparable to that 

generated by complete GTA catalysis. GTA-mediated acetate supplementation does not 

induce anti-proliferative effects via the promotion of differentiation or apoptosis, but 

increased acetylation of several proteins, suggesting an epigenetic mechanism of action.

Materials and Methods

Cell Culture

Established glioblastoma cell lines, U87 and U251, were maintained in Dulbecco’s Modified 

Eagle Medium (DMEM; Mediatech; Herndon, VA) supplemented with 10% fetal bovine 

serum (FBS; Hyclone; Logan, UT) on untreated cell culture dishes. Human cerebral cortical 

astrocytes (HA#1800 ScienCell; Carlsbad, CA) were cultured in basal medium with 2% FBS 

and astrocyte growth supplement (AM#1801 ScienCell). Mouse neural stem cells (NSCs), 

kindly provided by Dr. Jeffrey Spees (University of Vermont Department of Medicine), 

were prepared from postnatal day 4 cerebral cortex as described (Shimada et al., 2012). 

GSCs, kindly provided by Dr. Antonio Chiocca (Brigham and Women’s Hospital 

Department of Neurosurgery), were isolated from surgical specimens using previously 

described methodology (Godlewski et al., 2008). The GSCs were derived from frontal lobe 

GBM tumors: GBM2 from a 47-year-old male, GBM8 from a 70-year-old female, GBM34 

from a 78-year-old female, and GBM44 from a 44-year-old male. GBM12 was derived from 

a recurrent tumor in a 64-year-old female from which GBM9 GSCs were originally 

established. GSCs were maintained as free-floating spheres in stem cell medium (SCM) 

consisting of DMEM/F12 (Mediatech) supplemented with 1X B27 supplement (Life 

Technologies; Carlsbad, CA), 20 ng/ml EGF and 20 ng/ml bFGF (PeproTech; Rocky Hill, 

NJ) on non-adhesive plastic (Falcon petri dish). GSC differentiation was induced by 

culturing in DMEM with 10% FBS (differentiation medium, DM). For pharmacological 

induction of differentiation, GBM12 and GBM34 GSCs were plated in DM in the absence or 
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presence of dibutyryl cAMP (1 mM in water, Sigma; St. Louis, MO), forskolin (10 μM in 

ethanol, Sigma), all-trans retinoic acid (10 μM in ethanol, Sigma) or the phosphoinositide 3-

kinase (PI3K) inhibitor LY294002 (10 μM in dimethylsulfoxide [DMSO], Tocris 

Bioscience/R & D Systems; Minneapolis, MN) plus the mammalian target of rapamycin 

(mTOR) inhibitor rapamycin (20 nM in ethanol, Sigma) and the mitogen-activated protein 

kinase (MEK1/2) inhibitor PD035901 (1 μM in DMSO, Tocris) for 6 days. Since the final 

DMSO concentration for PD035901 and LY294002 was 0.1% each, 0.2% DMSO was used 

as a control for PI3K/mTOR/MEK inhibition. All media contained 50 U/ml penicillin and 

50 μg/ml streptomycin (Life Technologies) and was replenished every 48 hours.

mRNA and DNA analysis

Reverse transcription polymerase chain reaction (rtPCR) for proneural and mesenchymal 

antigenic profiling and whole genome cytogenetic analysis using GeneChip® Human 

Mapping 250K Nsp Arrays (Affymetrix; Santa Clara, CA) were performed as previously 

described (Tsen et al., 2014).

Growth Assessment

For cell cycle kinetics, cells (0.5 × 106 per 3.5-cm dish) were analyzed 24 hours after 

treatment with 0.25% GTA (12 mM), 0.25% glycerol, 0.25% triglyceride (canola oil), 12 

mM sodium acetate (equivalent to 0.25% GTA), 36 mM sodium acetate (since 3 moles of 

acetate are derived per mole of GTA) or 36 mM sodium acetate plus 0.25% glycerol. The 

GTA concentration was selected based on a dose response and represents the lowest 

concentration that induced growth arrest in both SCM and DM (Tsen et al., 2014). Flow 

cytometric analysis of propidium iodide labeled cells was performed as described (Long et 

al., 2013a).

Growth dynamics were assessed using unbiased trypan blue exclusion based cytometry. 

Cells were plated at 10,000 cells per well of a 24-well plate and treated as described above 

with medium replenished every 48 hours. After 1, 3, and 5 days of treatment, cells were 

trypsinized, collected via centrifugation, and counted according to the manufacturer’s 

instructions (Countess Automated Cell Counter; Life Technologies). Medium was collected, 

centrifuged briefly to remove cellular debris, and pH measured using a standard pH meter.

Protein Analysis

For western blot analysis, cells were plated at a density of 10,000 cells per cm2 per 6-cm 

dish and the cells were harvested with Triton Lysis Buffer (Lluri et al., 2008) after 1, 3 and 5 

days of treatment. SDS-PAGE (25 μg protein from whole cell lysates) and western blotting 

were performed as previously described (Lluri et al., 2008). To detect proteins acetylated 

consequent to GTA treatment, cells were incubated with 0.25% GTA, in the absence of a 

HDACi, and the cells were harvested in Triton Lysis Buffer 6, 12, or 24 hours later. Because 

protein acetylation is transient, cells were also treated with 0.25% GTA in the absence or 

presence of the HDACi Vorinostat (suberoylanilide hydroxamic acid, SAHA; 1 μM, Sigma). 

Twenty-four hours later, the cells were harvested in RIPA buffer (50 mM Tris-HCl pH 8.0, 

150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) 

to increase the extraction of nuclear proteins, particularly histones. Immunocomplexes were 
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visualized by enhanced chemiluminescence (PerkinElmer Life Sciences; Boston, MA). 

Semi-quantitative densitometry was performed using Quantity One software (Bio-Rad; 

Hercules, CA) as described (Long et al., 2013b).

For immunocytochemistry (ICC), cells were plated at a density of 20,000 cells per well of 

24-well plate, fixed with 2% paraformaldehyde after 1, 3, 5 days of treatment and processed 

as previously described (Jaworski and Pérez-Martínez, 2006). Immunoreactivity was 

visualized with a Nikon epifluorescence microscope (MicroVideo Instruments; Avon, MA) 

and all images were acquired with identical exposure settings using a SPOT RT digital 

camera (Diagnostic Instruments; Sterling Heights, MI).

The following antibodies were used: rabbit anti-human ASPA (GTX13389 GeneTex, Irvine, 

CA; 7,500X for western blot, 500X for ICC), rabbit anti-human AceCS1 (2,500X for 

western blot, 150X for ICC; #6516-1 Epitomics; Burlingame, CA), rabbit anti-human 

AceCS2 (500X for western blot, 100X for ICC; C14234 Assay Biotech; Sunnyvale, CA), 

and rabbit anti-E. coli Glutathione S-Transferase pi (GSTπ, 800X; AB8902 Millipore; 

Billerica, MA). Mouse anti-porcine glial fibrillary acidic protein (GFAP, 5,000X for western 

blot and ICC; G3893), mouse anti-porcine vimentin (200X; V6630), and rabbit anti-mouse 

laminin (200X; L9393) were from Sigma. Rabbit anti-acetylated lysine (1,000X; #9441) and 

mouse anti-CD44 (2,000X, #5640) were from Cell Signaling Technology (Danvers, MA). 

Goat anti-human actin (1,000X, sc-1616) and rabbit anti-mouse 2′,3′-Cyclic-nucleotide 3′-

phosphodiesterase (CNPase; 250X, sc-30158) were from Santa Cruz Biotechnology (Santa 

Cruz, CA). Rabbit anti-human Sox2 (1,000X, ab97959), mouse anti-human nestin (1,000X, 

ab22035), rabbit anti-human Ki67 (50X, ab833), and mouse anti-human neuron-specific βIII 

tubulin (Tuj1, 3,000X; ab775) were from Abcam (Cambridge, MA). Species-specific HRP- 

(3,000X) and Cy3- (500X) conjugated secondary antibodies were obtained from Jackson 

ImmunoResearch (West Grove, PA).

Statistical Analysis

Statistical analyses were performed using a minimum of three independently prepared 

cultures. Data are expressed as mean ± standard error of the mean. Significant differences 

were determined by either one-way or two-way ANOVA and Bonferroni multiple 

comparison tests using Prism software (GraphPad; San Diego, CA). p < 0.05 was considered 

statistically significant.

Results

Mesenchymal GSCs share a common cytogenetic signature identified by rtPCR and Nsp 
array mapping

Inasmuch as mesenchymal and proneural glioma subtypes exhibit distinct metabolic states 

(Chinnaiyan et al., 2012; Mao et al., 2013), the cell lines used in the study were subjected to 

in-depth DNA analysis to determine whether GTA responsiveness was correlated with 

glioma subtype. First, primary tumor-derived GSCs from 5 distinct patient’s tumors 

(GBM12 was derived from a recurrent tumor from which GBM9 was derived) were 

characterized by rtPCR with well-accepted markers of proneural (i.e., CD133, Notch 1, 
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SOX2, platelet-derived growth factor receptor-alpha [PDGFRα], nestin, and Olig2) and 

mesenchymal (i.e., BCL2A1, Wilms Tumor 1, CD44, and CD44v6 (Jijiwa et al., 2011)) 

GBM tumors (Phillips et al., 2006; Verhaak et al., 2010) (Supplementary Fig. 1A). GBM8, 

GBM44, and GBM2 GSCs exhibited a proneural gene profile whereas GBM12, GBM34, 

and GBM9 GSCs exhibited a mesenchymal gene profile. Immunocytochemistry confirmed 

the expression of SOX2 and nestin in proneural GSCs and CD44 in mesenchymal GSCs 

(Supplementary Fig. 1B). Next, whole genome cytogenetic analysis was performed using 

GeneChip® Human Mapping 250K Nsp arrays to characterize chromosomal amplifications 

and deletions. The principal component analysis plot of SNP raw intensity data indicated 

that the established U87 and U251 GBM lines more closely resembled proneural GSCs than 

mesenchymal GSCs and that mesenchymal GSCs share common chromosomal alterations 

(Supplementary Fig. 1C). However, examination of individual chromosomal maps 

(Supplementary Figure 2, (Tsen et al., 2014)) revealed unique copy number variations in 

each GBM GSC, confirming that each line was derived from a distinct individual.

GTA induces growth arrest of GBM GSCs

Given the decreased NAA levels in glioma tumors (McBride et al., 1995) and that NAA 

treatment increased GSC proliferation (Long et al., 2013a), the effect of GTA-mediated 

acetate supplementation on the growth of GBM-derived GSCs was examined. Flow 

cytometric analysis of cells treated with 0.25% GTA for 24 hours revealed that GTA did not 

alter proliferation of U87 or U251 cells, NSCs or primary astrocyte (i.e., no change in the 

percent of cells in S phase) (Fig. 2A), whereas GTA consistently induced G0 growth arrest 

of all GSCs in SCM (Fig. 2B). Growth arrest was more pronounced for the mesenchymal 

GSCs than the proneural GSCs. In DM, GTA reduced proliferation of the proneural GSCs 

and increased proliferation of GBM12 and GBM34 GSCs (Fig. 2C). GTA is cleaved by non-

specific lipases and esterases in all cells into acetate and glycerol, yet the active molecule of 

GTA is widely believed to be acetate (Arun et al., 2010a; Arun et al., 2010b; Bhatt et al., 

2013; Brissette et al., 2012; Madhavarao et al., 2009; Mathew et al., 2005; Reisenauer et al., 

2011; Soliman and Rosenberger, 2011; Soliman et al., 2012). Hence, the growth inhibitory 

effect of 0.25% GTA (~12 mM) was compared to 12 mM sodium acetate and 36 mM 

sodium acetate (since 3 moles of acetate are derived per mole of GTA) in GBM8 and 

GBM12 GSCs as representative proneural and mesenchymal GBM subtypes, respectively 

(Figs. 2D, E). The growth effects of 0.25% glycerol alone and 0.25% glycerol plus 36 mM 

sodium acetate, equivalent to the complete catalysis of 0.25% GTA, were also tested. As an 

intact molecule, GTA is a short chain triglyceride. All triglycerides shorter than palmitate 

(C16) are synthetic, with GTA being the shortest. Rather than testing another synthetic 

triglyceride as a control, we tested the growth effects of canola oil, a naturally occurring, 

frequently consumed triglyceride that is touted for its high levels of cholesterol-lowering 

fats (i.e., low in saturated fats and contains omega-6 and omega-3 fatty acids). In SCM, 36 

mM sodium acetate alone, 36 mM sodium acetate plus 0.25% glycerol, and GTA reduced 

proliferation of GBM8 GSCs (Fig. 2D). Interestingly, the inclusion of glycerol decreased the 

growth inhibitory effects of 36 mM sodium acetate. In GBM12 GSCs, GTA was the only 

treatment to decrease cell proliferation, suggesting that GTA may exert functions distinct 

from serving as an acetate delivery vehicle. In DM, GTA-mediated growth inhibition in 

GBM8 GSCs was greater than 36 mM sodium acetate or 36 mM sodium acetate plus 0.25% 
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glycerol, while in GBM12 GSCs, only 36 mM sodium acetate plus 0.25% glycerol induce 

G0 growth arrest (Fig. 2E).

The long-term growth inhibitory effect of 0.25% GTA was tested by unbiased cytometry 

over 5 days (Fig. 3). GTA reduced growth of U251 cells (mutant p53) more than U87 cells 

(wild-type p53), modestly reduced growth of human cerebral cortical astrocytes, and 

actually promoted expansion of NSCs (Fig. 3A). Similar to the growth effects observed after 

24 hours, protracted GTA treatment in SCM significantly reduced growth of mesenchymal 

GSCs and had less effect on proneural GSCs. Interestingly, the mesenchymal GSCs 

increased their growth rate ~2-fold in DM (Fig. 3C) and were more responsiveness to GTA-

mediated growth inhibition than in SCM (Fig. 3B). In contrast, the growth rate of the 

proneural GSCs decreased in DM. Unlike in SCM, GTA significantly decreased the growth 

of proneural GSCs in DM. The differences in growth effects between sodium acetate and 

GTA became more apparent following continuous treatment (Fig. 4). Sodium acetate 

induced a dose-dependent growth reduction of GBM8 and GBM12 GSCs in both SCM (Fig. 

4A) and DM (Fig. 4B). With the exception of GBM12 cells in DM, 36 mM sodium acetate 

plus 0.25% glycerol exerted greater growth inhibitory effects than GTA. However, it also 

was associated with a significant decrease in cell viability. While triglycerides promoted the 

growth of oligodendroglioma-derived GSCs in SCM (Long et al., 2013b), it had no effect on 

the growth of GBM-derived GSCs in SCM or DM. Similar to oligodendroglioma-derived 

GSCs (Long et al., 2013b), glycerol largely had no effect on the growth of GBM GSCs 

(except of GBM8 cells in DM), supporting the contention that acetate is the active 

component of GTA. Because GTA appeared to promote medium acidification 

(Supplementary Fig. 3), medium pH was assessed after 1 and 5 days of treatment (Fig. 5). In 

SCM (Fig. 5A), medium pH did not differ between treatment groups after 1 day, but sodium 

acetate and GTA treated medium was more basic than control medium after 5 days of 

treatment (i.e., showed a time-dependent increase in pH). Since medium is changed every 48 

hours, the pH of medium with GTA was tested after 2 days incubation. Medium pH after 2 

days incubation did not differ from medium incubated for 1 day with GTA. As empirically 

observed (Supplementary Fig. 3), by 1 day of GTA treatment in DM, the medium was more 

acidic than other treatments (Fig. 5B). Almost all treatments displayed a time-dependent 

medium acidification that was more pronounced in rapidly dividing, mesenchymal GBM12 

cells than proneural GBM8 cells. Interestingly, the pH of SCM medium increased (Fig. 5C) 

while the pH of DM medium decreased (Fig. 5D) when incubated with 0.25% GTA in the 

absence of cells for 5 days, suggesting that GTA may be interacting with medium 

components to alter pH. In sum, GTA exerts growth inhibitory effects on GSCs and their 

differentiated progeny comparable to 36 mM sodium acetate plus 0.25% glycerol without 

decreasing cell viability and has little to no effect on normal NSCs or astrocytes, suggesting 

GTA would have less off target effects in vivo.

GTA does not significantly alter ASPA, AceCS1, or AceCS2 protein levels

To begin to address the mechanism by which GTA reduced cell growth, the expression and 

spatial localization of ASPA and acetyl-CoA synthesizing enzymes, AceCS1 and AceCS2, 

were examined. Mesenchymal GSCs expressed more ASPA protein than proneural GSCs in 

SCM (p=0.01), but not DM (p=0.12) (Fig. 6A). GTA decreased ASPA protein levels in 
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GBM44 and GBM2 cells in DM, but otherwise had no effect on ASPA protein levels. 

Because ASPA undergoes cytosolic-nuclear shuttling (Hershfield et al., 2006), it is critical 

to examine its spatial localization (Figs. 6B, C). Immunocytochemistry of GBM9 and 

GBM8 cells, as representative mesenchymal and proneural GSCs, respectively, revealed that 

ASPA was expressed in the cytosol and nucleus of cells in SCM (Fig. 6B). Other than 

inducing a more adherent and flattened cell morphology, GTA had no discernable effect on 

ASPA spatial localization. In DM, ASPA appeared primarily nuclear in GBM9 cells and 

more cytosolic in GBM8 cells. GTA appeared to increase cytosolic ASPA in both cells. This 

apparent difference is spatial localization in DM was further examined in all cell lines at 

higher magnification (Fig. 6C). Indeed, in the proneural lines (GBM2, GBM8, GBM44), 

ASPA was enriched in the cytosol, and this was enhanced by GTA. In contrast, in the 

rapidly proliferating mesenchymal lines (GBM9, GBM12, GBM34), ASPA was enriched 

within the nucleus. GTA-mediated growth arrest was associated with a loss of nuclear 

ASPA, except in the small proportion of cells that continue to divide in the presence of GTA 

(Fig. 6C insets). Thus, the spatial localization of ASPA, and not the total level of ASPA 

protein, appears to be regulated by GTA.

Since acetate generated via GTA cleavage must be converted to acetyl-CoA via cytosolic/

nuclear AceCS1 and/or mitochondrial AceCS2, the expression and spatial localization of 

these acetyl-CoA synthesizing enzymes were examined. Mesenchymal and proneural GSCs 

had comparable AceCS1 levels in SCM (p=0.41) and DM (p=0.76) (Fig. 7A). Growth in 

DM decreased AceCS1 protein levels in most of the cell lines. GTA did not alter AceCS1 

protein levels either in SCM or DM. Although AceCS1 is abundantly expressed in the 

nucleus of oligodendroglial cells (Ariyannur et al., 2010; Moffett et al., 2011) and 

oligodendroglioma-derived GSCs (Long et al., 2013b), it was primarily cytosolic in both 

mesenchymal and proneural GBM GSCs under all culture conditions (Fig. 7B). AceCS2 

levels were greater in proneural GSCs both in SCM (p=0.0006) and DM (p<0.0001) (Fig. 

8A). GTA modestly reduced AceCS2 levels in GBM2 cells in DM; otherwise, GTA did not 

appreciably alter AceCS2 protein levels or spatial localization (Fig. 8B). Hence, GTA-

mediated growth arrest had no effect on the levels of acetyl-CoA synthesizing enzymes.

Mesenchymal GSCs are recalcitrant to serum-induced differentiation

To assess the differentiation capacity of the GSCs, the expression of the astrocytic marker 

GFAP was examined (Fig. 9). Growth factor depletion (i.e., growth in medium with 10% 

FBS without addition of bFGF or EGF) failed to promote GFAP protein levels in the 

mesenchymal GSCs (GBM12, GBM34, GBM9), but significantly increased GFAP protein 

levels in proneural GSCs (GBM8, GBM44, GBM2) (Fig. 9A). GTA decreased GFAP 

protein levels in GBM44 GSCs in SCM and attenuated DM-induced GFAP in GBM2 GSCs. 

Although GTA induced morphological alterations in GBM9 cells after 3 days in DM, no 

GFAP-positive cells were detectable (Fig. 9B). Immunocytochemistry of cells cultured in 

DM for 5 days further confirmed the differentiation capacity of the GSCs (Fig. 10). While 

the proneural GSCs differentiated into GFAP-positive astrocytes, Tuj1-positive neurons, and 

CNPase-positive oligodendrocytes, the mesenchymal lines failed to express these markers of 

differentiation (Fig. 10A). Rather, the mesenchymal GSCs retained the expression of CD44 

and abundantly expressed the proliferation marker Ki67 despite growth in differentiation 
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permissive conditions (Fig. 10B); thus, supporting the increased proliferation observed when 

cells were grown in DM relative to SCM (Figs. 3B, C). Treatment with 0.25% GTA 

appeared to reduce immunoreactivity for CD44, the drug resistance protein GST π 

(Calatozzolo et al., 2005), laminin, and Ki67 (Fig. 10B), but failed to promote 

immunoreactivity for GFAP, Tuj1, or CNPase (Supplemental Figs. 4, 5). Finally, we 

attempted to induce differentiation using agonists and antagonists of known signaling 

pathways dysregulated in glioma (Supplemental Figs. 4, 5). Activation of adenylyl cyclase 

or inhibition of PI3K, mTOR, and MAPK (Ras-Raf-MEK-ERK pathway) signaling failed to 

promote differentiation of GBM12 (Supplementary Fig. 4) or GBM34 (Supplementary Fig. 

5) cells. Although some treatments were associated with morphological alterations, these 

had little or no effect on the expression of GFAP, TuJ1, or CNPase. Therefore, GTA-

mediated growth arrest is not due to the promotion of differentiation.

GTA promotes protein acetylation

Previous studies have demonstrated a role for GTA in histone acetylation in vivo (Soliman 

and Rosenberger, 2011; Soliman et al., 2012). To identify other proteins that may be 

acetylated by GTA in vitro, proneural (GBM8) and mesenchymal (GBM12) GSCs were 

treated with 0.25% GTA, in the absence of an HDACi, for 6, 12 or 24 hours and the extent 

of lysine acetylation was assessed by western blot analysis using an antibody specific for 

acetylated lysine residues (Figs. 11). Even in the absence of an HDACi to prevent in vitro 

deacetylation, GTA increased acetylation of several proteins. Acetylation was more 

pronounced in GBM8 cells (Fig. 11A) than GBM12 cells (Fig. 11B) and more pronounced 

in SCM than DM. The acetylation was specific since actin acetylation was not increased. 

Inasmuch as acetylation is a dynamic process, it is possible that proteins acetylated by GTA 

could have become deacetylated either in culture or subsequent to extraction in Triton Lysis 

Buffer. Therefore, cells were treated with 0.25% GTA in the absence or presence of the 

HDACi SAHA (1 μM) for 24 hours, extracted with RIPA buffer to increase histone protein 

extraction, and analyzed by western blot analysis (Fig. 11C). Not unexpectedly, there was a 

significant increase in the number of acetylated proteins in SAHA treated cells. Preliminary 

mass spectrometry analysis of GBM12 treated cells has characterized the identity of some of 

the proteins whose acetylation was increased by GTA, including increased acetylation of 

histone H4K8, H4K12, and H4K16 as well as several other proteins involved in cell cycle 

regulation (Lam & Jaworski, unpublished observation). In sum, GTA induced growth arrest, 

which was more pronounced in rapidly proliferating mesenchymal GSCs, without altering 

the levels of acetyl-CoA synthesizing enzymes. Furthermore, GTA increased acetylation of 

several proteins without promoting differentiation, suggesting GTA exerts it growth 

inhibitory effect via an epigenetic mechanism involving the promotion of lysine acetylation 

of proteins involved in cell cycle regulation.

DISCUSSION

GTA displays the greatest efficacy on cancer cells with the most aggressive phenotype, 

including greatest growth rate, glycolytic metabolic state, and genetic alteration (e.g., mutant 

p53). GTA induced growth arrest of GSCs to a greater extent than established glioma cell 

lines (U87, U251) and had little to no effect on normal cells (human cerebral cortical 
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astrocytes, murine NSCs). GTA also displayed greater efficacy on more aggressive 

mesenchymal GSCs than proneural GSCs (Colman et al., 2010) and on U251 cells, which 

possess mutant p53, more than U87 cells, which possess wild-type p53. We showed that 

proneural GSCs expressed more mitochondrial AceCS2 suggesting they had greater capacity 

to oxidize acetate than mesenchymal GSCs, supporting previous reports that mesenchymal 

glioma cells are more glycolytic (Chinnaiyan et al., 2012; Mao et al., 2013). Rapidly 

dividing cells are more glycolytic because they divert mitochondrial citrate to the cytosol to 

support biomass accumulation (Hatzivassiliou et al., 2005; Koppenol et al., 2011). We 

believe that GTA had little effect on NSC and normal astrocyte proliferation because these 

slowly cycling cells are more oxidative; thus, GTA should not negatively affect normal 

brain cells in vivo when administered therapeutically. By serving as an exogenous source of 

free acetate, GTA may permit citrate to remain within the mitochondria and promote 

oxidative phosphorylation and thereby antagonize the Warburg effect. However, a recent 

study demonstrated that GTA does not alter mitochondrial biogenesis under physiological 

conditions in vivo (Bhatt et al., 2013). Therefore, we propose that in cells that preferentially 

express AceCS1, as opposed to AceCS2, GTA-derived acetate primarily supports 

cytoplasmic and nuclear acetyl-CoA synthesis to promote protein acetylation.

GTA likely contributes to the acetylation of a plethora of proteins since it is primarily 

viewed as a delivery vehicle for acetate (Arun et al., 2010a; Arun et al., 2010b; Bhatt et al., 

2013; Brissette et al., 2012; Madhavarao et al., 2009; Mathew et al., 2005; Reisenauer et al., 

2011; Soliman and Rosenberger, 2011; Soliman et al., 2012). The identification of 3600 

acetylation sites on 1750 proteins indicates that the prevalence of acetylation rivals that of 

phosphorylation as a post-translational modification (Choudhary et al., 2009). In particular, 

N-terminal acetylation at the ε-amino group of lysine residues is one of the most common 

protein modifications, occurring on 80–90% of cytosolic mammalian proteins (Persson et 

al., 1985; Starheim et al., 2012). Lysine acetylation regulates diverse protein properties, 

including DNA-protein interactions (Yang and Seto, 2008), DNA repair response (Li et al., 

2010; Robert et al., 2011; Shubassi et al., 2012), autophagy (Bánréti et al., 2013), subcellular 

localization (Forte et al., 2011), protein stability (Abe et al., 2000; Hwang et al., 2010) and 

protein-protein interaction (Scott et al., 2011).

Thus far, the only identified substrates for GTA-mediated acetylation are histones (i.e., 

H3K9, H4K8, and H4K16) (Soliman and Rosenberger, 2011; Soliman et al., 2012). 

Acetylation of H4K16 is particularly noteworthy since loss of H4K16 acetylation is a 

common hallmark of cancer (Fraga et al., 2005), while acetylated H4K16 is an important 

epigenetic regulator that marks actively transcribed euchromatin. The nuclear co-

localization of ASPA and AceCS1 is thought to support AceCS1-dependent acetyl-CoA 

synthesis and histone acetylation subsequent to ASPA-mediated NAA catalysis (Ariyannur 

et al., 2010; Hershfield et al., 2006; Moffett et al., 2011; Takahashi et al., 2006). Nuclear 

AceCS1 may also exert ASPA/NAA-independent functions (e.g., recycling HDAC-derived 

free acetate). In contrast to the abundant nuclear AceCS1 immunoreactivity observed in 

oligodendroglioma-derived GSCs (Long et al., 2013b), nuclear AceCS1 was not as 

prominent in GBM-derived GSCs, even in mesenchymal GSCs in DM that abundantly 

expressed nuclear ASPA. This glial-specific difference could be due to the fact that 
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extensive histone acetylation maintains OPCs in a proliferative state whereas astrocytic 

acetylation promotes differentiation (Marin-Husstege et al., 2002). We recently performed 

an acetylome mass spectrometry analysis of GTA treated cells and have identified several 

candidate cell cycle regulatory proteins that may contribute to GTA-mediated growth arrest.

Acetylation of non-histone proteins may also underlie the growth inhibitory effects of GTA 

(Singh et al., 2010). For example, acetylation enhances p53-dependent transcription and 

facilitates the cellular response to genotoxic stress (Marouco et al., 2013; Pisano et al., 2010; 

Tang et al., 2008). Recently, mitochondrial protein acetylation has garnered considerable 

interest as a potential therapeutic approach to restore dysregulated metabolism in cancer (Xu 

et al., 2013). Under basal conditions, over one-third of all proteins in mitochondria are 

acetylated (Anderson and Hirschey 2012; Choudhary et al., 2009; Kim et al., 2006; Newman 

et al., 2012). However, in response to nutrient fluctuations, almost every metabolic enzyme 

involved in the Krebs cycle, fatty acid metabolism, urea cycle and glycogen metabolism 

becomes acetylated (Wang et al., 2010; Xu et al., 2013). Hence, we do not rule out the 

possibility that GTA-derived acetate promotes oxidative phosphorylation similar to 

dichloroacetate, which promotes mitochondrial pyruvate oxidation by stimulating activity of 

the enzyme pyruvate dehydrogenase (Michelakis et al., 2010; Michelakis et al., 2008; Xie et 

al., 2011). GTA-dependent media acidification raised concerns since extracellular 

acidification rate in vitro is primarily driven by lactic acid release, suggesting that GTA 

treated cells exhibited accelerated glycolysis. However, GTA incubated with DM in the 

absence of cells also showed media acidification, suggesting that GTA was reacting with a 

media component. Treatment with media acidified with hydrochloric acid to a comparable 

pH failed to induce growth arrest, indicating that media pH alone was not the basis for GTA-

induced growth arrest.

Acetyl-CoA levels increase over 2-fold in brain, heart and liver following GTA 

administration (Reisenauer et al., 2011); yet, we did not observe increased AceCS protein 

levels in GBM GSCs. We acknowledge that AceCS enzymatic activity may be increased 

without increasing total protein levels. Alternatively, the lack of increased AceCS protein 

levels could be due to a feedback mechanism since acetylation inactivates AceCS1 and 

AceCS2 (Hallows et al., 2006; Starai et al., 2002). However, this would decrease the cell’s 

ability to convert GTA-derived acetate to biologically active acetyl-CoA and would beg the 

question of what the cell does with the additional acetate.

An alternative hypothesis to GTA serving as an acetate source is that, as a short-chain fatty 

acid, GTA may function as an HDACi, similar to sodium butyrate. In fact, GTA inhibits 

HDAC activity and expression (Soliman and Rosenberger, 2011). Studies have never 

examined whether GTA remains intact within cells because the abundance of intracellular 

lipases and esterase would likely result in complete catalysis. Three features distinguish 

GTA and sodium acetate treated cells, suggesting that GTA may subserve functions other 

than as an acetate source. First, GTA (0.25%, 12 mM) was as, or more, effective at growth 

arrest than 12 mM glycerol plus 36 mM sodium acetate, concentrations that would be 

generated by complete catalysis of 0.25% GTA. GTA has also been shown to be a more 

effective than calcium acetate as a method of increasing brain acetate levels (Mathew et al., 

2005). Second, GTA, but not 12 mM glycerol plus 36 mM sodium acetate, resulted in media 
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acidification. Finally, whereas GTA induced growth arrest without inducing apoptosis, as 

demonstrated by trypan blue staining and lack of activated caspase-3 expression, 12 mM 

glycerol plus 36 mM sodium acetate significantly increased cell death. However, HDACi 

induce terminal cell differentiation and apoptosis (Marks et al., 2000), neither of which was 

observed in GTA treated cells. Thus, further studies are needed to determine the exact 

mechanism of GTA-induced cytostasis.

GTA is not the only dietary agent that displays chemotherapeutic effects. Numerous natural 

and synthetic products, including a broad range of dietary agents (e.g., short-chain fatty 

acids sodium butyrate and sodium proprionate, genistein, quercetin, trichostatin A, 

sulforaphane, resveratrol, caffeine) exhibit HDAC inhibitory activity in vitro and/or in vivo 

(Myzak et al., 2006; Seidel et al., 2012). HDAC inhibition has also been considered a 

therapeutic approach for a number of neuropathologies, including neurodegenerative 

disorders (e.g., Alzheimer’s disease, Huntington’s disease, Parkinson’s disease) (Konsoula 

and Barile, 2012), cerebral ischemia (Schweizer et al., 2013), acute central nervous system 

injury (Moffett et al., 2013; Shein and Shohami, 2011), neuropsychiatric disorders 

(Ariyannur et al., 2013), muscular dystrophies (Consalvi et al., 2011) and multiple sclerosis 

(Faraco et al., 2011). We acknowledge that GTA provides acetate globally; thus, we cannot 

target specific cells or proteins. Since GTA-mediated acetylation could transcriptionally 

activate oncogenes (Lin et al., 2013; Ohshiro et al., 2010) as well as tumor suppressors and 

increased histone acetylation of myelin basic protein may exacerbate multiple sclerosis 

(Koch et al., 2013), we are cautious not to view GTA as a panacea. Inasmuch as GTA is an 

FDA approved food additive with “generally regarded as safe” status that has been tested for 

parenteral nutrition in a wide variety of species with no adverse effects (Fiume and Panel., 

2003) and has been chronically administered to infants with Canavan disease without 

cardio-, hemo- or hepatotoxicity (Segel et al., 2011), we assert that identification of GTA’s 

targets and further investigations of GTA as a chemotherapeutic adjuvant are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

acetyl-CoA acetyl coenzyme A

AceCS1 acetyl coenzyme A synthetase 1

AceCS2 acetyl coenzyme A synthetase 2

ASPA aspartoacylase

ACL ATP-citrate lyase

CNPase 2′, 3′-cyclic nucleotide 3′-phosphodiesterase

DM differentiation medium

DMEM Dulbecco’s Modified Eagle Medium

FBS fetal bovine serum

GBM glioblastoma

GFAP glial fibrillary acidic protein

GSC glioma stem-like cell

GTA glyceryl triacetate

HDAC histone deacetylase

HDACi histone deacetylase inhibitor

ICC immunocytochemistry

NAA N-acetyl-L-aspartate

NSC neural stem cell

PCR polymerase chain reaction

PLL poly-L-lysine

SAHA suberoylanilide hydroxamic acid

SCM stem cell medium

SNP single nucleotide polymorphism

STR short tandem repeat
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Figure 1. Acetyl-CoA Synthesis and Metabolism
Acetyl-CoA is synthesized within mitochondrial, cytosolic and nuclear subcellular 

compartments. Under glycolytic conditions, typified by rapidly dividing transformed cells 

(i.e., high pyruvate kinase M2 activity), glucose is converted to lactate. In contrast, under 

oxidative conditions (i.e., low pyruvate kinase M2 activity) glucose generates mitochondrial 

acetyl-CoA to drive energy production via the tricarboxylic acid (TCA) cycle and for the 

Nε-acetylation of mitochondrial proteins. Mitochondrial acetyl-CoA may also be generated 

via amino acid metabolism and the β-oxidation of fatty acids. To support biomass 

accumulation of rapidly dividing cells (e.g., cholesterol and lipid synthesis), cytosolic and 

nuclear acetyl-CoA is derived from citrate that is exported from the mitochondria, thereby 

Long et al. Page 19

J Cell Physiol. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



creating a more glycolytic metabolic state. Cytosolic and nuclear acetyl-CoA may also be 

generated from pyruvate- or NAA-derived acetate. Although it is well accepted that NAA is 

synthesized in neuronal mitochondria, its mitochondrial synthesis or ASPA-mediated 

catalysis in other cells has not been investigated. However, NAA provides an important 

alternative source of acetyl-CoA within the cytosol and nucleus. Abbreviations: AceCS1/2 - 

acetyl-CoA synthetase 1/2, ACL - ATP-citrate lyase, ADLH - aldehyde dehydrogenase, 

ASPA - aspartoacylase, CS - citrate synthase, HATs - histone acetyltransferases, KATs - 

protein acetyltransferases, LDH - lactate dehydrogenase, NAA - N-acetyl-L-aspartate, PDH 

- pyruvate dehydrogenase, PEP - phosphoenolpyruvate, PK - pyruvate kinase,
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Figure 2. GTA induces G0 growth arrest of glioblastoma-derived GSCs in vitro
Established GBM cell lines in growth medium (A), free-floating GSCs in SCM (B, D), and 

adherent GSCs in DM (C, E) were treated with 0.25% GTA and, after 24 hours, the cell 

cycle profile of propidium iodide-labeled cells was analyzed by flow cytometry. A) GTA 

did not alter the percent of proliferating U87 and U251 GBM cells, mouse neural stem cells 

(NSCs) or human cerebral cortical astrocytes. B) GTA significantly reduced proliferation 

via G0 growth arrest of all GSCs except GBM8, which displayed G2/M arrest. The anti-

proliferative effect of GTA was more pronounced in aggressive GSCs with a mesenchymal 

genetic signature (GBM12, GBM34, GBM9). C) In DM, GTA reduced proliferation only in 

proneural GSCs (GBM8, GBM44, GBM2) and actually increased proliferation of GBM12 
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and GBM34 GSCs. D, E) Cell cycle profile of a representative proneural GSC (GBM8) and 

mesenchymal GSC (GBM12) in SCM (D) or DM (E) after 24 hours of treatment with 0.25% 

triglycerides (canola oil), 0.25% glycerol, 12 mM sodium acetate (NaAc), 36 mM NaAc 

(equivalent acetate to 0.25% GTA), 36 mM NaAc plus 0.25% glycerol (equivalent to 

complete catalysis of 0.25% GTA) or 0.25% GTA. Only GTA reduced proliferation of both 

GSCs in SCM (D). E) In DM, acetate supplementation was more effective at inhibiting 

proliferation of proneural GBM8 cells than mesenchymal GBM12 cells. n ≥ 3 independent 

experiments. *p < 0.05, **p ≤ 0.01, #p ≤ 0.001, ##p ≤ 0.0001.
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Figure 3. GTA induces growth inhibition of GSCs and their differentiated progeny
Established GBM cell lines in growth medium (A), free-floating GSCs in SCM (B), and 

adherent GSCs in DM (C) were treated with 0.25% GTA for 5 days, with medium 

replenished every 48 hours. GTA-mediated growth dynamics were assessed by unbiased 

trypan blue exclusion based cytometry after 1, 3, and 5 days of treatment. A) GTA reduced 

growth of U251 cells greater than U87 cells and only had a modest effect on normal human 

cerebral cortical astrocytes. In contrast, GTA slightly increased NSC expansion. B) GTA 

significantly reduced growth of mesenchymal GSCs (GBM12, GBM34, GBM9). However, 

similar to flow cytometric results at 24 hours (Fig. 2B), GTA was less effective at reducing 

proneural GSC growth (GBM8, GBM44, modest GBM2 effect). C) Similar to SCM, GTA 

reduced growth of mesenchymal GSCs in DM. In contrast to growth in SCM, GTA indeed 

reduced proneural GSC growth in DM. n ≥ 3 independent experiments. *p < 0.05, **p ≤ 

0.01, #p ≤ 0.001, ##p ≤ 0.0001.
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Figure 4. Sodium acetate is less effective at growth inhibition than GTA
Free-floating GSCs in SCM (A), and adherent GSCs in DM (B) were treated with 0.25% 

triglycerides (canola oil), 0.25% glycerol, 12 mM sodium acetate (NaAc), 36 mM NaAc 

(equivalent acetate to 0.25% GTA), 36 mM NaAc plus 0.25% glycerol (equivalent to 

complete catalysis of 025% GTA) or 0.25% GTA for 5 days, with medium replenished 

every 48 hours. Growth dynamics were assessed by unbiased trypan blue exclusion based 

cytometry after 1, 3, and 5 days of treatment. A) In SCM, 36 mM NaAc plus 0.25% glycerol 

was more effective at growth reduction than GTA, but was also associated with decreased 

cell viability. B) In DM, GTA reduced growth of mesenchymal GBM12 GSCs greater than 

36 mM NaAc plus 0.25% glycerol and did not reduce cell viability. n ≥ 3 independent 

experiments. *p < 0.05, **p ≤ 0.01, #p ≤ 0.001, ##p ≤ 0.0001, n.s.- not significant.
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Figure 5. Acetate supplementation alters medium pH
Free-floating GSCs in SCM (A), and adherent GSCs in DM (B) were treated with 0.25% 

triglycerides (canola oil), 0.25% glycerol, 12 mM sodium acetate (NaAc), 36 mM NaAc 

(equivalent acetate to 0.25% GTA), 36 mM NaAc plus 0.25% glycerol (equivalent to 

complete catalysis of 025% GTA) or 0.25% GTA for 5 days, with medium replenished 

every 48 hours. Medium pH was measured after 1 and 5 days of treatment. A) In SCM, the 

media pH was comparable after 1 day of treatment. However, after 5 days, acetate 

supplemented medium was more basic than control, likely due to growth reduction (Fig. 

4A). B) In DM, after 1 day GTA medium was already more acidic than other treatments. 

Medium pH of mesenchymal GBM12 GSCs became more acidified under most treatment 

conditions. C, D) The effect of GTA on medium pH in the absence cells was assessed in 

SCM (C) and DM (D). GTA-induced changes in medium pH was independent of cell 

metabolism. n ≥ 3 independent experiments. *p < 0.05, **p ≤ 0.01, #p ≤ 0.001, ##p ≤ 

0.0001, n.s.- not significant.
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Figure 6. GTA treatment alters ASPA cytosolic-nuclear spatial localization
A) Western blots (25 μg whole cell lysate) and densitometric analysis of ASPA protein 

levels normalized to actin. Treatment with 0.25% GTA had no effect on ASPA protein 

levels in SCM and reduced ASPA protein levels in DM in GBM44 and GBM2 cells. B) 

ASPA immunocytochemistry in representative mesenchymal (GBM9) and proneural 

(GBM8) cells after 3 days of GTA treatment. In SCM (GSCs grown adherently on PLL), 

ASPA was abundantly expressed in the cytosol and nucleus of GSCs, even in GTA treated 

cells. In DM, ASPA was similarly detected in the cytosol and nucleus in untreated cells, but 

appeared more cytosolic in GTA treated cells. C) ASPA immunoreactivity in cells treated 

with 0.25% GTA in DM for 3 days. Examination at higher magnification revealed that 

ASPA was primarily cytosolic in the proneural cells, regardless of GTA treatment. In 
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contrast, in mesenchymal cells, ASPA was abundantly detected in the nucleus in the absence 

of GTA and was almost exclusively cytosolic in GTA treated, growth arrested cells. The 

exception was the presence of nuclear ASPA in dividing cells (insets). n ≥ 3 independent 

experiments. Unless otherwise indicated, symbols represent differences relative to day 1 

cells of the same treatment condition. *p < 0.05. Scale bar = 100 μm (B), 50 μm (C).
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Figure 7. GTA treatment does not alter acetyl-CoA synthetase 1 expression
A) Western blots (25 μg whole cell lysate) and densitometric analysis of AceCS1 protein 

levels normalized to actin. Most GSC lines expressed more AceCS1 in SCM than DM. 

Treatment with 0.25% GTA had no effect on AceCS1 protein levels in SCM or DM. B) 

AceCS1 immunocytochemistry in representative mesenchymal (GBM9) and proneural 

(GBM8) cells after 3 days of GTA treatment. In all cases, AceCS1 was primarily cytosolic. 

n ≥ 3 independent experiments. Unless otherwise indicated, symbols represent differences 

relative to day 1 cells of the same treatment condition. *p < 0.05, **p ≤ 0.01, #p ≤ 0.001. 

Scale bar = 100 μm.
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Figure 8. GTA treatment does not alter acetyl-CoA synthetase 2 expression
A) Western blots (25 μg whole cell lysate) and densitometric analysis of AceCS2 protein 

levels normalized to actin. AceCS2 was comparably expressed in SCM and DM, but 

expression was greater in proneural than mesenchymal cells. Treatment with 0.25% GTA 

had no effect on AceCS2 protein levels in SCM and reduced AceCS2 protein levels in DM 

in GBM34 and GBM2 cells. B) AceCS2 immunocytochemistry in representative 

mesenchymal (GBM9) and proneural (GBM8) cells after 3 days of GTA treatment. AceCS2 

displayed punctate cytosolic expression indicative of mitochondrial localization, which was 

unaffected by GTA treatment. n ≥ 3 independent experiments. Unless otherwise indicated, 

symbols represent differences relative to day 1 cells of the same treatment condition. *p < 

0.05, **p ≤ 0.01. Scale bar = 100 μm.
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Figure 9. GTA-mediated growth inhibition is not due to the promotion of differentiation
A) Western blots (25 μg whole cell lysate) and densitometric analysis of GFAP protein 

levels normalized to actin. No GFAP expression, either in SCM or DM, was detected in the 

GSCs with a mesenchymal signature (GBM12, GBM34, GBM9). In contrast, growth factor 

depletion of proneural GSCs (GBM8, GBM44, GBM2) was associated with significantly 

increased GFAP expression. Treatment with 0.25% GTA had no effect on differentiation, 

except in GBM44 GSCs in SCM where GTA decreased GFAP levels and in GBM2 GSCs 

where GTA attenuated DM-induced GFAP expression. B) GFAP immunocytochemistry in 

representative mesenchymal (GBM9) and proneural (GBM8) cells after 3 days of GTA 

treatment in DM. GBM9 cells failed to express GFAP under conditions permissive to 

differentiation (i.e., 10% FBS). n ≥ 3 independent experiments. Unless otherwise indicated, 

symbols represent differences relative to day 1 cells of the same treatment condition. *p < 

0.05, **p ≤ 0.01. Scale bar = 100 μm.
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Figure 10. Mesenchymal GSCs display reduced differentiation capacity
Immunocytochemistry of cells cultured in DM for 5 days in the absence (A) or presence (B) 

of GTA. Human cerebral cortical astrocytes were used as a control. A) In the absence of 

GTA, the proneural GSCs differentiated into GFAP-positive astrocytes, Tuj1-positive 

neurons, and CNPase-positive oligodendrocytes; yet, a subset of cells retained expression of 

the progenitor marker nestin. In contrast, the mesenchymal GSCs failed to exhibit markers 

of differentiation. Moreover, the cells abundantly expressed the proliferation marker Ki67, 

even under growth conditions that promote differentiation. B) Immunocytochemistry of cells 

cultured with 0.25% GTA in DM for 5 days. Both mesenchymal GBM12 and proneural 

GBM8 cells exhibited decreased immunoreactivity for the hyaluronan receptor CD44, drug 
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resistance protein GSTπ, extracellular matrix protein laminin, and proliferation marker 

Ki67. Scale bars = 100 μm.
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Figure 11. GTA increases protein acetylation in GSCs in vitro
GBM8 (A) and GBM12 (B) GSCs were treated with 0.25% GTA in the absence of an 

HDACi, the cells were harvested at the indicated time points, and analyzed by western blot 

analysis (25 μg protein, whole cell Triton Lysis Buffer lysate) with an antibody specific to 

acetylated lysine residues. Both GSCs displayed a time-dependent increased acetylation of 

several proteins. C) Cells were treated with 0.25% GTA in the absence or presence of the 

HDACi SAHA (1 μM) for 24 hours and analyzed by western blot analysis (25 μg protein, 

whole cell RIPA Buffer lysate). There was a significant increase in the number of acetylated 

proteins in SAHA treated cells. Even in the absence of SAHA, GTA enhanced acetylation of 

several proteins, including within the histone molecular weight range (H1-21.3kDa, 

H2a-14.3kDa, H2b-13.8kDa, H3-15.0kDa, and H4-11.3kDa).
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