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Abstract. Glioblastoma multiforme (GBM) is the most 
common primary, intracranial malignancy of the central 
nervous system. The standard treatment protocol, which 
involves surgical resection, and concurrent radiation with 
adjuvant temozolomide (TMZ), still imparts a grim prognosis. 
Ultimately, all GBMs exhibit recurrence or progression, devel-
oping resistance to standard treatment. This study demonstrates 
that GBMs acquire resistance to radiation via upregulation 
of acid ceramidase (ASAH1) and sphingosine-1-phosphate 
(Sph-1P). Moreover, inhibition of ASAH1 and Sph-1P, either 
with humanized monoclonal antibodies, small molecule drugs 
(i.e. carmofur), or a combination of both, led to suppression 
of GBM cell growth. These results suggest that ASAH1 and 
Sph-1P may be excellent targets for the treatment of new 
GBMs and recurrent GBMs, especially since the latter over-
expresses ASAH1.

Introduction

Acid ceramidase (ASAH1), a lysosomal cysteine amidase, 
helps metabolize ceramides into sphingosine and free fatty 
acids. Ceramides promote senescence and apoptosis, while 
sphingososine-1-phospate (Sph-1P), the immediate metabolite 
of sphingosine, promotes cell survival, proliferation, inflam-
mation, and angiogenesis (1). As such, overexpression of 
ASAH1 confers resistance to apoptosis. Its levels have been 
shown to be elevated in several cancers, including breast (2), 
prostate (3,4), head and neck (5), colon, and melanoma (6). 

Moreover, downregulation or inhibition of ASAH1 may 
improve anticancer treatments (5,7,8).

Glioblastoma multiforme (GBM) is the most common 
primary, intracranial malignancy of the central nervous system. 
The standard treatment protocol, which involves surgical 
resection, concurrent radiation/temozolomide (TMZ), and 
adjuvant TMZ, still imparts a grim prognosis, where median 
overall survival (OS) is less than 15 months (9). Ultimately, all 
GBM develop resistance to standard treatment with recurrence 
or progression, where additional therapies yield a median 
survival of ~30 weeks (10-12). Though ASAH1 appears to be 
a promising therapeutic target in other tumors, no studies have 
explored its role in recurrent GBM.

It has been postulated that GBM cancer stem cells (CSCs) 
are the culprits that promote resistance to radiation, as CD133-
carrying glioma cells are increased in proportion following 
ionizing radiation (13). Recent studies with prostate cancer 
suggest that upregulation of ASAH1 confers resistance to radi-
ation by altering the sphingolipid metabolism pathway (14,15). 
This study examines whether ASAH1 plays a similar role in 
recurrent or irradiated GBM.

Materials and methods

Reagents and cells. Mouse antibody against ASAH1 
(612302) was purchased from BD Biosciences (San Jose, 
CA, USA). Anti-actin, carmofur, temozolomide (TMZ), and 
N-oleoylethanolamine (OE), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). HRP-conjugated 
goat anti-mouse IgG was supplied by R&D Systems, Inc. 
(Minneapolis, MN, USA). SDS-PAGE and western blot 
materials were obtained from Life Technologies, Inc. (Grand 
Island, NY, USA). Murine anti-Sph-1P monoclonal antibody, 
(LT1002) and humanized anti-Sph-1P monoclonal antibody 
(LT1009) were obtained from Lpath, Inc. (16,17).

Cells. The pediatric glioblastoma cell line (SJGBM2) was 
obtained from the Children's Oncology Group (COG) Cell 
Culture and Xenograft Repository. These cells were grown in 
Iscove's modified Dulbecco's medium supplemented with 20% 
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fetal bovine serum, 4 mM L-glutamine, and 1X ITS (5 µg/ml 
insulin, 5 µg/ml transferrin, 5 ng/ml selenous acid). The U87 
glioblastoma cell line was cultured in Eagle's minimum 
essential medium (MEM) containing 10% (v/v) fetal bovine 
serum (fBS).

Radiation. Cells (U87 and SJGBM2) were grown to conflu-
ence, and then radiated with a Pantak Hf320 X-ray machine 
(Agfa NDT Ltd., Reading, UK) operating at 300 kV at a 
dosage of 2.09 Gy/min to a total radiation dose of 10 Gy, 
to generate the U87-10gy and SJGBM2-10gy cell lines. 
following radiation, these irradiated cells were allowed to 
grow to confluence over a period of ~1 month prior to any 
experiments that were performed.

Tissue collection. All human brain samples were collected 
after informed written consent was obtained from the 
GBM patients. The research protocol was approved by the 
Institutional Review Board (IRB) at the Medical College of 
Wisconsin (MCW), Milwaukee, WI, USA. Briefly, glioblas-
toma tumor tissues from consented patients were collected at 
the time of tissue resection and snap-frozen in liquid nitrogen 
within 30 min of removal and stored at -80˚C in the Brain 
and Spinal Tissue Bank at MCw until use. All tissues were 
evaluated by routine histologic, immunohistochemical, and 
angiogenic measurements. Each tissue biopsy sample was 
fixed in 10% buffered formalin, processed, embedded in 
paraffin, cut, stained with hematoxylin and eosin and any 
other histochemical or immunohistochemical stains needed 
to fully evaluate the tissue. The diagnostic evaluation of 
each biopsy was performed in the Department of Pathology 
at MCw. Diagnosis of glioblastoma was based on morpho-
logic features that are considered histological hallmarks of 
glioblastoma, including high cellularity, nuclear hyperchro-
matism and pleomorphism, abundant mitoses, endothelial 
proliferation, and necrosis with or without pseudo-palisades 
per the WHO classification.

Tissue homogenization. GBM primary tumor samples were 
homogenized and powdered in liquid nitrogen using a mixer 
mill (Retsch Inc., Haan, Germany). Samples were maintained 
at liquid N2 temperature throughout the process. Homogenized 
and powdered tissue samples were then re-suspended in 5X 
volume of the weight of the tissue sample in a reducing buffer 
(125 mM Tris pH 6.8, 4% SDS (w/v), 10% glycerol (v/v), 5% 
2-mercaptoethanol (v/v), complete protease inhibitor (Roche 
Diagnostics Corp., Indianapolis, IN, USA), HALT phosphatase 
inhibitor (Thermo Fisher Scientific, Grand Island, NY, USA). 
Samples were then heated to 70˚C with mixing at 1,400 rpm 
for 10 min, sonicated with a tip sonicator for 30 sec at power 
level 4, and then centrifuged at 16,000 x g for 10 min at room 
temperature. The supernatant was then collected.

Western blot analysis and quantification. Equal amounts 
(15 µg) of protein from each of the tumor samples were 
loaded onto the 4-12% gel. SDS-PAGE and western blots 
were performed using standard methods. Gels were blocked 
with 5% bovine serum albumin. A 1:500 dilution was used 
for primary antibody and 1:10,000 for secondary antibody. 
ImageJ software was used to quantify western blot images.

Acid ceramidase immunohistochemistry (IHC) methodology. 
All immunohistochemical (IHC) staining was performed on 
a Dako Autostainer Plus using the Dako Envision™ fLEX 
High pH detection kit. Briefly, after deparaffinization and 
rehydration of the tissue, antigen retrieval was performed with 
Tris/EDTA pH 9. After blocking of non-target epitopes, anti-
acid ceramidase primary antibody (Santa Cruz Biotechnology 
Inc., Dallas, TX, USA) was applied at a concentration of 1:100 
for 30 min, secondary antibody for 20 min, and DAB for 
10 min. Hematoxylin was used as counterstain.

Immunohistochemistry (IHC) scoring. Photomicrographs 
of stained tissues were acquired and graded blindly using 
the Allred scoring system as follows. for each patient, we 
determined the proportion of positively stained tumor cells 
(proportion score ‘PS’), as well as the staining intensity (mean 
intensity score ‘IS’) (18). Both scores were added together to 
obtain the final Allred score, which was then matched with the 
individual wHO pathology diagnoses.

Sphingolipid quantification. Electrospray ionization tandem 
mass spectrometry (ESI/MS/MS) analysis of endogenous 
(phyto)ceramide species were performed on a Thermo 
fisher Quantum triple quadrupole mass spectrometer, 
operating in a multiple reaction monitoring (MRM) positive 
ionization mode, using the modified version of published 
methods (19). Briefly, biological materials were fortified with 
the internal standards (ISs: C17 base D-erythro-sphingosine 
(17CSph), C17 sphingosine-1-phosphate (17CSph-1P), 
N-palmitoyl-D-erythro-C13 sphingosine (13C16-Cer) and 
heptadecanoyl-D-erythro-sphingosine (C17-Cer) and 
C6-Phyto-ceramide), then extracted with an ethyl acetate/
iso-propanol/water (60/30/10 %v/v) solvent system. After 
evaporation and reconstitution in 150 µl of methanol, samples 
were injected on the HP1100/TSQ Quantum LC/MS system 
and gradient eluted from the BDS Hypersil C8, 150x3.2 mm, 
3 µm particle size column, with a 1.0 mM methanolic ammo-
nium formate/2 mM aqueous ammonium formate mobile 
phase system. Peaks corresponding to the target analytes 
and internal standards were collected and processed using 
the Xcalibur software system. Quantitative analysis was 
based on the calibration curves generated by spiking an arti-
ficial matrix with the known amounts of the target analyte 
synthetic standards and an equal amount of the internal 
standards (ISs). The target analyte/IS peak area ratios were 
plotted against analyte concentration. The target analyte/IS 

figure 1. U87-10gy and SJGBM2-10gy cells overexpressed ASAH1. U87 and 
SJGBM2 were irradiated (10 Gy) to produce U87-10gy and SJGBM2-10gy, 
respectively. Irradiated cells were allowed to growth to confluence prior to 
assaying. Protein lysates were subjected to western blot analysis for ASAH1 
protein expression. Results shown are representatives of three independent 
experiments.
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peak area ratios from the samples were similarly normal-
ized to their respective ISs and compared to the calibration 
curves, using a linear regression model. Introduction of the 
internal standards to the samples prior to extraction, yielded 
results already ‘recovery corrected’, therefore, no further data 
manipulation was necessary.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assays. Cells were plated onto a 96-well plate at the 
density of 1x105 cells/ml. Media was exchanged to serum-free 
media following overnight incubation. Cells were treated with 
various antibodies for 48 h. MTT reagents were added after 
48 h of incubation, followed by acidic-isopropanol 4 h later to 
dissolve formazan. The absorbance values were recorded at 
wavelengths 570 and 630 nm. IC50 values were calculated with 
the GraphPad Prism software.

Immunohistochemistry (IHC) of Sph-1P. Cells were grown on 
Nunc Lab-Tek Chamber slides overnight then fixed and stained 
according to the published protocol, with the exception that 

the staining of U87 and U87-10gy cells was performed with 
LT1002 at the concentration of 22 µg/ml (16,20). Slides were 
imaged with a Nikon Eclipse 80i microscope at the mentioned 
magnification level.

Results

U87-10gy and SJGBM2-10gy cells overexpress ASAH1. A 
previous study demonstrated the upregulation of ASAH1 in 
irradiated prostate cancer cells, suggesting a mechanism of 
cancer cell resistance to radiation (14). To evaluate the role 
of ASAH1 in promoting radioresistance, native U87 and 
SJGBM2 cells were irradiated with 10 Gy of radiation to 
generate U87-10gy and SJGBM2-10gy cell lines. Less than 
1% of total cells survived radiation. Irradiated cells were 
allowed to grow to confluence prior to being harvested for 
assays. western blots of the cells demonstrated U87-10gy 
and SJGM2-10gy cell lines expressed much higher levels 
of ASAH1 compared to their native counterparts (fig. 1). 
These findings indicate that these survived cells naturally 

figure 2. Ceramides are downregulated in both irradiated U87 and SJGBM2 cells (U87-10gy and SJGBM2-10gy, respectively). Cell pellets were prepared and 
lipids were extracted for mass spectrometry as described in Materials and methods. (A) Intracellular ceramide levels from U87 (black bars) and U87-10gy (gray 
bars) cells. (B) Intracellular ceramide levels from SJGBM2 (black bars) and SJGBM2-10gy (gray bars) cells. Concentrations were normalized and adjusted 
based on the phosphate level. C(N), ceramide species with long-N-acyl-chain; dhC, dihydroceramides. Results shown are mean ± SD of three independent 
experiments. *P<0.05.

Figure 3. Sphingosine-1-phosphate is upregulated following radiation. Cells were grown on a slide and then fixed for IHC. Using the murine anti-Sph-1P 
antibody (LT1009), IHC was performed on (A) U87 and (B) U87-10gy cells. Comparing to U87 cells, much greater staining intensity (reddish color) was 
detected in U87-10gy cells. Results shown are representatives of three independent experiments.



DOAN et al:  ASAH1 CONfERS RADIORESISTANCE 1935

overexpress ASAH1, which may be an important mechanism 
for cell survival after radiation.

Cell radiation results in reduced accumulation of ceramides 
in both U87-10gy and SJGBM2-10gy. To determine whether 

upregulation of ASAH1 modulates sphingolipid metabolism, 
sphingolipid levels were determined in native and irradiated 
GBM cells. In addition to the accumulation of ASAH1, cells 
that survived radiation contained substantially reduced levels 
of all ceramides measured compared to native cells, potentially 

figure 4. ASAH1 and CD133 are upregulated in irradiated or recurrent patient GBM tissues. Pre-radiation (Pre-rad) and post-radiation (Post-rad) GBM tissues 
from the same patients who had undergone radiotherapies and yet still having recurrent GBMs were homogenized and subjected to western blotting and IHC 
with anti-ASAH1 and anti-CD133 antibodies. (A) Protein lysates were subjected to western blot analysis for ASAH1 and CD133 protein expression. Results 
shown are representatives of three independent experiments (B) IHC of GBM tissues with the anti-ASAH1 antibody, images were taken with a magnification 
of x10. (C) ASAH1 staining intensities were quantified with ImageJ and displayed as relative intensity with respect to the pre-radiation tissues.
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making them much less susceptible to cell death or apoptosis 
induced by chemo- or radiotherapy (fig. 2).

Sphingosine-1-phosphate is upregulated following radiation 
as detected by IHC. To study the effect of radiation on the 
Sph-1P level, we elected to perform IHC, using the anti-Sph-1P 
murine monoclonal antibody to detect Sph-1P levels in U87 and 
U87-10gy cells. As shown in fig. 3, U87-10gy cells exhibited 
a much greater staining intensity than U87 cells, suggesting 
the presence of a higher amount of Sph-1P in U87-10gy cells. 
A plausible interpretation is that radio-resistant cells contain a 
substantially elevated level of ASAH1, whose enzyme activity 
is known to be involved in the pathway leading to the accumu-
lation of Sph-1P (as seen in fig. 3) (4).

Irradiated or recurrent patient GBM tissues exhibited upregu-
lation of ASAH1 and CD133 based on western blotting and 
IHC. we have now shown that irradiated cell culture tissues 
(U87-10gy and SJGBM2-10gy) have higher expression levels 
of ASAH1 than non-irradiated culture tissues. However, 
whether similar findings can be seen in native human GBM 
samples that had undergone prior radiation remains to be 
answered. To address this question, we obtained pre- and 
post-radiation GBM samples from the same patients who 
had undergone radiotherapies and eventually were diagnosed 
with recurrent GBM. western blots of these homogenized 
patient tissues also demonstrated upregulation, to various 
degrees, of ASAH1 in post-radiation tissues in comparison to 
pre-radiation tissues, which paralleled the findings in tissue 
culture studies (figs. 1 and 4A). CD133, a glioma cancer stem 
cell marker, was also found to be upregulated in post-radiation 
tissues (fig. 4A). Similarly, IHC of these GBM samples 

revealed far greater ASAH1 staining in post-radiation samples 
when compared to pre-radiation samples (fig. 4B and C). Post-
radiation GBMs also demonstrated higher ASAH1 staining in 
the background or extracellular space and this could be due to 
the secretion of ASAH1 into the extracellular space by irradi-
ated GBMs, as had been shown to be the case in irradiated 
U87 and SJGBM2 cells (fig. 5).

Radiation induces over-secretion of ASAH1 and SJGBM2-
10gy media containing a high amount of secreted ASAH1 
stimulated 50% more cell growth than SJGBM2 media 
with a lower amount of secreted ASAH1. western blots of 
serum-free media previously used to culture U87-10gy and 
SJGBM2-10gy demonstrated that U87-10gy and SJGM2-10gy 
cell lines secreted much higher levels of ASAH1 compared 
to their native counterparts (fig. 5A). far more ASAH1 was 
detected in the serum-free media of SJGBM2-10gy cells than 
from SJGBM2. To test the effect of ASAH1 on cell growth, 
serum-free media that were used to cultivate SJGBM2 and 
SJGBM2-10gy cells over a period of 48 h were collected. 
Irradiated SJGBM2-10gy cells were allowed to grow to 
confluence over a period of a week prior to being cultured 
for another 48 h in serum-free media. U87 cells were then 
grown in these serum-free media from irradiated SJGBM2-
10gy cells for 48 h following by cell growth analysis with 
MTT assays. Consistent with its function, SJGBM2-10y 
media, which is rich in secreted ASAH1, promoted 50% more 
cell growth than SJGBM2 media containing a lower level of 
secreted ASAH1 (fig. 5B).

Neutralization of secreted ASAH1 and Sph-1P with anti-
ASAH1 and anti-Sph-1P antibodies, respectively, resulted 

Figure 5. Radiation induced over-secretion of ASAH1 and serum-free media rich in secreted ASAH1 stimulated 50% more cell growth. (A) SJGBM2 cells 
were irradiated (10 Gy) to produce U87-10gy and SJGBM2-10gy cells. Irradiated cells were allowed to growth to confluence prior to assaying. Cells were 
grown in serum-free media x 48 h and media of respective cell lines were then subjected to western blot analysis for secreted ASAH1 protein levels. (B) SJGM2 
and SJGBM2-10gy were grown in serum-free media for 48 h. These media were harvested and used to cultivate U87 cells for another 48 h. following this, 
cell growth of U87 cells cultivated with SJGBM2 media and SJGBM2-10gy media was calculated with MTT assays. Results shown are mean ± SD of three 
independent experiments. *P<0.05.
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in reduced cell growth. ASAH1, as shown in this study, can 
be secreted into the culture media. Similarly, Sph-1P can, as 
reported by others, be secreted into the media as well (21). 
Given their known roles in the promotion of cell growth (as 
shown in fig. 5), we sought to determine whether neutraliza-
tion of ASAH1 and Sph-1P with antibodies would lead to 
decreased cell growth. we treated U87-10gy with anti-ASAH1 
and anti-Sph-1P antibodies for 48 h and measured cell growth 
patterns with MTT assays. Treatment of U87-10gy cells with 
3 µg of either anti-ASAH1 or anti-Sph-1P decreased cell 
growth by ~50% (Fig. 6). The data imply that the neutraliza-
tion of secreted ASAH1 or Sph-1P can prevent these molecules 
from promoting cell growth and proliferation.

Treatment of U87-10gy and SJGBM2-10gy cells with 
carmofur, an ASAH1 inhibitor, resulted in cell death 
and elevated levels of ceramides. Other researchers have 
demonstrated that an ASAH1 inhibitor, such as carmofur, 
can effectively target cancers (22). Previous data suggested 
that carmofur inhibits ASAH1 activity and elevates tissue 
ceramide levels, which in turn induces apoptosis (22). To test 

whether ASAH1 inhibition contributes to cell death, we evalu-
ated the effects of carmofur on U87, SJGBM2, U87-10gy, and 
SJGBM-10gy cells. when exposed for 12 h to carmofur, all 
cell lines showed markedly increased cell death relative to 
control cells subjected to the same treatment. we observed 
a median inhibitory concentration (IC50) of 37, 50, 28 and 
21 µM for U87, SJGBM2, U87-10gy and SJGBM2-10gy, 
respectively (fig. 7). Importantly, targeting U87-10gy cells 
with carmofur was accompanied by marked intracellular 
accumulation of various ceramide species compared to 
control cells (fig. 7). This suggested that ASAH1 inhibition 
by carmofur contributes to cytotoxicity.

Irradiated GBMs exhibit significantly greater ASAH1 staining 
than non-irradiated GBMs. To evaluate the difference in 
ASAH1 IHC staining between irradiated and non-irradiated 
GBMs, we performed ASAH1 IHC on 6 irradiated and 5 non-
irradiated GBMs. we scored the level of staining using the 
Allred scoring system, in which a higher score suggests more 
staining (18). Utilizing this system, we obtained the score 
of 5 for non-irradiated vs. 7 for irradiated GBMs, with a 

figure 6. Neutralization of secreted ASAH1 and Sph-1P with Anti-ASAH1 or Anti-Sph-1P antibodies resulted in reduced cell growth. Cells were grown in 
96-well plates with serum-free media over a period of 48 h, after which MTT assays were performed to measure cell growth. U87-10gy cells were treated with 
3 µg of either anti-ASAH1 (A) or humanized anti-Sph-1P (LT1009) antibodies (B). PBS, and/or 3 µg of non-specific IgG (NS), either control mouse or human-
ized IgG, were used as negative controls. Results shown are mean ± SD of three independent experiments. *P<0.05, compared with PBS and NS (non-specific 
IgG) groups.

figure 7. U87-10gy and SJGBM2-10gy cells are sensitive to carmofur and inhibition of ASAH1 with carmofur leads to increased levels of ASAH1 substrate 
ceramides. (A) Cells treated with carmofur and their IC50 values of 37, 50, 28 and 21 µM for U87, SJGBM2, U87-10gy and SJGBM2-10gy, respectively, were 
determined utilizing MTT assays. (B) Intracellular ceramide levels were measured from untreated U87-10gy cells and U87-10gy cells treated with 50 µM 
carmofur for 1 h. Concentrations were normalized and adjusted based on the phosphate level. C(N), ceramide species with long-N-acyl-chain; dhC, dihydroc-
eramides. Results shown are mean ± SD of three independent experiments. *P<0.05.
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statistically significant p-value (Table I and Fig. 8). Similar 
to fig. 4, irradiated GBMs also exhibited higher ASAH1 
staining in the extracellular space, possibly due to the secre-
tion of ASAH1 into the extracellular space by irradiated 
GBMs (fig. 8).

Discussion

The current standard treatment protocol for GBM consists 
of surgery followed by radiation and chemotherapy (9,23). 
Despite treatment, all GBMs will inevitably develop resistance 
and recur (12,24,25). It was postulated that GBM cancer stem 
cells (CSCs) are the culprit that promotes radioresistance, 
as evidenced by CD133-carrying glioma cells that were 
increased in proportion following ionizing radiation (13). A 
recent study in prostate cancer suggested that upregulation of 
ASAH1 confers resistance to radiation by altering the sphin-
golipid metabolism pathway (14). Our work addresses whether 
ASAH1 plays a similar role in GBM.

western blot analysis of GBM cell cultures that survived 
10 Gy of radiation (U87-10gy and SJGBM-10gy) revealed that 
protein expression of ASAH1 is significantly increased, while 
ceramide levels correspondingly decreased, when compared 
to non-irradiated GBM cells (figs. 1 and 2). It has been shown 
in prostate cancers that upregulation of ASAH1 (following 
radiation) is mediated by radiation-induced c-Jun/AP-1, tran-
scription factors that have been implicated in the DNA-repair 
pathway (15). ASAH1 is the principal, rate-limiting enzyme 
that metabolizes ceramides into sphingosine (3,26,27). 
As expected from this mechanism, ceramide levels were 
decreased in cells containing a high level of ASAH1, as 
shown in U87-10gy and SJGBM2-10gy cells. However, 
Mahdy et al reported that upregulation of ASAH1 in prostate 
cancer cells did not result in lower ceramide levels (14). This 
discrepancy can be due to the timing of the measurement 
following radiation. In their study, the sphingolipid analysis 
was performed within hours following radiation; on the other 
hand, in our study, the analysis was performed once survived 
cells grew to confluence, a process that took approximately one 
month. following radiation, most cells died within one week; 
<1% of cells survived ionizing radiation and grew to conflu-
ence after a month of culture. The data suggest that only cells 
that express a high level of ASAH1 could survive radiation. 
Since Mahdy et al performed sphingolipid analysis within 
hours following radiation, their results likely included cells that 
would not survive radiation long-term (those that contained 
lower levels of ASAH1 and higher levels of ceramides). with 
our study, the longer time interval selected out these cells (as 
they died within 1 week), where final analysis involved only 
cells that survived radiation.

To confirm the upregulation of ASAH1 and Sph-1P as a 
mechanism of radioresistance, we performed western blotting 
and IHC on GBM cell lines and patient GBM tissues. IHC 
staining of both U87 and U87-10gy cells with humanized 
anti-Sph-1P revealed increased levels of Sph-1P in irradiated 
U87-10gy (fig. 3). Similar to the western blot data, ASAH1 
IHC analysis of four different sets of data from the same 
patient (pre- and post-radiation GBM specimens) confirmed 

Figure 8. Irradiated GBMs exhibit significantly greater ASAH1 staining than de novo or non-irradiated GBMs. Representatives of ASAH1 IHC staining of 
non-irradiated (A) and irradiated GBMs (B) are shown. Similar to the irradiated U87 cells, secretion of ASAH1 may contribute to the higher extracellular 
staining of irradiated GBM.

Table I. Irradiated GBMs exhibit a statistically significantly 
higher Alfred ASAH1 staining score than non-irradiated GBMs.

 Non-irradiated Irradiated
Characteristics GBM GBM P-value

Male 3 3
female 2 3
Mean age (years)  63±7 57±6
Alfred median IHC score 5 7 0.036

five non-irradiated and 6 irradiated GBMs were stained with the 
ASAH1 antibody and their stainings were scored using the Alfred 
scoring system taking into account both the proportion of positively 
stained tumor cells and the staining intensity. Non-irradiated and 
irradiated GBMs had an Alfred median score of 5 and 7, respectively 
with P-value of 0.036.
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the upregulation of ASAH1 in post-radiation samples, ranging 
from 1.5- to 60-fold higher in staining intensity as assessed by 
ImageJ (Fig. 4). This finding was further supported by data 
showing a significantly lower Allred median ASAH1 staining 
score for non-irradiated GBMs in comparison to radiated 
GBM samples (fig. 8). Consistent with previous data (13), 
we showed that irradiated GBMs also have a higher protein 
expression of CD133 than non-irradiated GBMs. Given the 
concomitant high expression level of ASAH1 in irradiated 
GBMs, this raises the possibility that CD133+ cells or CSCs 
are the cells that survive radiation and overexpress ASAH1, as 
shown in western blot and IHC studies (fig. 4A). These results 
indicate that the U87-10gy cell line is a potential, clinically-
relevant model to study recurrent GBMs, especially in studies 
that target the sphingolipid metabolism pathway.

ASAH1 was shown in this study to be secreted into the 
extracellular space (figs. 4, 5, and 8), which is consistent 
with other reports that document secretion of Sph-1P into 
the extracellular space as well (21,26,28,29). Consequently, 
cancer cells with increased secretion of ASAH1 and Sph-1P 
create a tumor microenvironment that favors cancer survival 
by virtue of the ASAH1 and Sph-1P known tumor-promoting 
functions (21,27,29-31). In support of this microenvironment 
theory, we demonstrated that media from SJGBM2-10gy 
cells, which secreted a high amount of ASAH1, promoted 
50% more cell growth than media from SJGBM2 cells that 
contained a lower amount of secreted ASAH1 (fig. 5). In 
addition, staining of irradiated GBMs also demonstrated 
significant ASAH1 staining in the extracellular space, 
suggesting that irradiated GBMs also secrete ASAH1 into 
the extracellular space (figs. 4 and 8). The presence of tumor 
promoters ASAH1 and Sph-1P outside the intracellular space 
provides a unique opportunity to target these molecules with 
antibodies. Employing this strategy, we found that treatment 
of U87-10gy cells with anti-ASAH1 antibody reduced cell 
growth by 50% (Fig. 6). A similar 50% reduction in cell 
growth was observed in U87-10gy treated with the humanized 
anti-Sph-1P antibody (fig. 6). This reduction in cell growth is 
likely attributed to the ability of antibodies to disrupt the roles 
that ASAH1 and Sph-1 have in the promotion of cell growth 
and survival (3,21,28,29,31-33). The benefit of an anti-ASAH1 
antibody was clearly displayed in a serum autoantibody 
profiling study of patients with melanoma (34).

This study found that melanoma patients who developed 
auto anti-ASAH1 antibody were protected from lymph node 
metastasis. The study even suggested that upregulation of auto 
anti-ASAH1 antibody may play an important preventative 
role in melanoma metastasis, and the loss of this antibody 
may result in melanoma progression (34). with regards to the 
benefit of anti-Sph-1P antibody, multiple animal studies have 
shown that anti-Sph-1P antibody can neutralize the ability 
of Sph-1P to induce cell proliferation, promote angiogenesis, 
and protect tumor cells from apoptosis in several tumor cell 
lines (16,35). In addition, Sph-1P has also been shown to be an 
important player in promoting malignancy in GBMs. Results 
from a previous study indicated that GBM malignancy is asso-
ciated with an increased drive of the pathway that converts 
ceramide to Sph-1P (36). To explore the potential therapeutic 
benefit of inhibiting ASAH1 activity, we examined the effect of 
carmofur on cell survival. Carmofur decreased U87, SJGBM2, 

U87-10gy and SJGBM-10gy cell viability with IC50 values of 
37, 50, 28, and 21 µM, respectively (fig. 7). Irradiated cells are 
more sensitive to carmofur than their non-irradiated counter-
parts, possibly due to higher expression levels of ASAH1 in 
the former (fig. 7). Treatment of U87-10gy cells with carmofur 
increased ceramide levels (fig. 7).

In conclusion, GBM is a highly malignant tumor. Radiation 
is a mainstay treatment option. Despite aggressive manage-
ment, the pathology inevitably recurs and/or progresses. 
This study provides an explanation as to why radiation treat-
ments of GBM often have limited success, mainly due to the 
up regulation of ASAH1 and Sph-1P, leading to resistance to 
radiation. This study identifies ASAH1 and Sph-1P as excel-
lent drug targets that can be taken advantage of to improve 
outcome. Inhibition of ASAH1 and Sph-1P, with antibodies, 
small molecule drugs (carmofur), or a combination of both, 
could represent an innovative clinical approach for treating 
GBMs, especially for ASAH1-overexpressed recurrent GBMs.
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