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ABSTRACT

Glioblastoma remains the most common, malignant primary cancer of the central
nervous system with a low life expectancy and an overall survival of less than 1.5 years.
The treatment options are limited and there is no cure. Moreover, almost all patients
develop recurrent tumors, which typically are more aggressive. Therapeutically resistant
glioblastoma or glioblastoma stem-like cells (GSCs) are hypothesized to cause this
inevitable recurrence. Identifying prognostic biomarkers of glioblastoma will potentially
advance knowledge about glioblastoma tumorigenesis and enable discovery of more
effective therapies. Proteomic analysis of more than 600 glioblastoma-specific proteins
revealed, for the first time, that expression of acid ceramidase (ASAH1) is associated with
poor glioblastoma survival. CD133+ GSCs express significantly higher ASAH1 compared to
CD133- GSCs and serum-cultured glioblastoma cell lines, such as U87MG. These findings
implicate ASAH1 as a plausible independent prognostic marker, providing a target for a
therapy tailored toward GSCs. We further demonstrate that ASAH1 inhibition increases
cellular ceramide level and induces apoptosis. Strikingly, U87MG cells, and three different
patient-derived glioblastoma stem-like cancer cell lines were efficiently killed, through
apoptosis, by three different known ASAH1 inhibitors with IC50’s ranging from 11-104
HM. In comparison, the standard glioblastoma chemotherapy agent, temozolomide, had
minimal GSC-targeted effects at comparable or even higher concentrations (IC50 > 750
HM against GSCs). ASAH1 is identified as a de novo glioblastoma drug target, and ASAH1
inhibitors, such as carmofur, are shown to be highly effective and to specifically target
glioblastoma GSCs. Carmofur is an ASAH1 inhibitor that crosses the blood-brain barrier,
a major bottleneck in glioblastoma treatment. It has been approved in Japan since 1981
for colorectal cancer therapy. Therefore, it is poised for repurposing and translation to
glioblastoma clinical trials.
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INTRODUCTION

Glioblastoma remains the most common, malignant
primary cancer of the central nervous system despite many
decades of research [1]. Life expectancy is less than two
years with the best medical and surgical treatments [2].
The current standard includes maximally safe resection,
followed by combined radiation therapy and chemotherapy
with temozolomide [2, 3]. Even with an initial successful
treatment, glioblastoma inevitably recurs, and most patients
do not survive for more than one year after recurrence
[4, 5]. Bevacizumab, an angiogenesis inhibitor, has been
approved for the treatment of recurrent glioblastoma [6].
Even with the addition of bevacizumab treatment, survival
is not significantly improved [7] and recently, bevacizumab
has been shown to have almost no effect on overall survival
in newly diagnosed glioblastoma [8, 9].

A potential new chemotherapeutic target for these
tumors, called acid ceramidase, has been described [10].
ASAHI, a lysosome cysteine amidase, plays an important
role in the metabolism of sphingolipids [11]. ASAHI1
converts ceramide into sphingosine and free fatty acid
[12—14]. Sphingosine is phosphorylated into sphingosine-
1-phosphate (S1P) by sphingosine kinase 1 (SPHK1) or 2
(SPHK2). Ceramide has been shown to induce apoptosis
whereas sphingosine-1-phosphate functions as a tumor
promotor [12—14]. Cell death induced by radiotherapy,
chemotherapy, or proapoptotic ligands are mediated by
ceramide [15]. Neural stem cell differentiation is mediated
via direct binding to the kinase PKCz by ceramide [15]. S1P
has been shown to stimulate glioblastoma cell invasiveness
in vitro by up-regulation of the urokinase plasminogen
activator, its receptor, and proinvasive molecule CCN1 [16,
17]. ASAH]1 has been shown to play a significant role in
tumor progression in many cancers, including melanoma,
colon, and prostate cancers [18-20]. Consequently, multiple
studies have suggested ASAH1 as a novel anticancer drug
target [11, 21]. However, none has implicated ASAHI to
play a significant role in the cancer biology of glioblastoma.

Recent findings have also suggested that glioblastoma
stem-like cells (GSCs) may play a significant role in the
resistance of cancer to chemotherapy and radiotherapy [22,
23]. The cell membrane marker CD133 has been identified as
a GSC marker [24, 25]. Higher expression levels of CD133
are associated with poorer prognosis [24]. Patient-derived
GSCs have been isolated and are highly efficient at xenograft
formation when implanted into brains of immunodeficient
mice [26]. However, depletion of GSCs prior to implantation
markedly reduces tumor formation [27].

The lack of effective treatment for glioblastoma,
together with the recent findings regarding the role of GSCs,
has generated intense interest in developing new biomarkers
and GSC-targeted therapies to reduce tumor recurrence
and improve patient survival. Mass-spectrometry (MS)-
based proteomics analysis is emerging as a viable, high
throughput method for discovering disease biomarkers by

simultaneous, efficient quantitative analysis of many targets.
Recent optimization of this method by us for analyzing
protein markers in glioblastoma has been developed using
banked human glioblastoma specimens associated with
clinical parameters and outcome data from our institutional
Brain and Spinal Cord Tissue Bank [28]. Using this approach
we identified 601 proteins to be differentially expressed
in glioblastoma [28]. In this study, we quantitated their
correlation with survival by linear regression.

Here, we report that ASAH1, having the best correlation
with survival of all studied proteins, is negatively correlated
with glioblastoma survival. A higher expression level of
ASAH]1 was seen in patients with worse overall survival. Our
results also showed that CD133" GSCs express a very high
level of ASAHI1 compared to CD133- GSCs and non-stem
cancer cells, such as U87MG cells. These findings implicate
ASAHI1 as a plausible independent prognostic maker. ASAH1
inhibitors are highly more potent than temozolomide in killing
GSCs and U87MG cells. Due to its high level of expression
in GSCs, ASAHI inhibition is proposed as a new anti-
glioblastoma therapy that specifically targets GSCs.

RESULTS

Higher expression of ASAH1 is associated with
worse glioblastoma survival

Tumor tissues from 10 glioblastoma patients
with known survival data were studied. A total of 601
biomarkers were identified in our previous study using
the MS-based label-free quantitative proteomics by
spectral counting approach [28]. In spectral counting
quantification, the protein abundance is measured based
on the number of MS spectra assigned to a protein. We
used this mass spectral count data of the 601 proteins
and plotted them against the patient overall survival data.
Biomarkers were ranked based on R?value, ranging from
0 to 0.53 (see Table 1 [with R? value 0.2 and above]), and
Supplementary Table 1 for a complete list). ASAH]1 stands
out with the highest R? value of 0.53 among the biomarkers
studied (Table 1 and Figure 1A). The correlation between
protein levels and survival was evaluated by graphing
mass spectral count, which correlates with protein level,
against survival (see Supplementary Table 1 for fitted
data of all the proteins studied). The graph of the Kaplan-
Meier survival curve using our patients’ data revealed a
median survival of 315 days (Figure 1B). Overall survival
is higher in patients with tumors found to have a lower
level of ASAHI.

Western blot analysis confirms mass spectrometry
data of a higher expression level of ASAH1 in
patients with worse survival

Given these promising findings, we decided
to further investigation of ASAHI by Western blot
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Table 1: ASAH1 has the highest R? among 601 biomarkers studied

Symbol Name R?

ASAHI Acid ceramidase 5.34E-01
H90B4 Putative heat shock protein HSP 90-beta 4 HSP9OAB4P 3.93E-01
STOM Erythrocyte band 7 integral membrane protein 3.64E-01
VATI Synaptic vesicle membrane protein VAT-1 homolog 3.52E-01
NFH Neurofilament heavy polypeptide NEFH 3.26E-01
PPIB Peptidyl-prolyl cis-trans isomerase B 3.23E-01
LAMP2 Lysosome-associated membrane glycoprotein 2 3.07E-01
MYOIE  Unconventional myosin-Ie 2.95E-01
AKPI13 A-kinase anchor protein 13 AKAP13 2.95E-01
HBE Hemoglobin subunit epsilon HBE1 2.90E-01
HBD Hemoglobin subunit delta 2.89E-01
LAMPI1 Lysosome-associated membrane glycoprotein 1 2.88E-01
MOES Moesin MSN 2.87E-01
SAMHI ~ SAM domain and HD domain-containing protein 1 SAMHD1 2.72E-01
MYHS8 Myosin-8 2.71E-01
TIGDI Tigger transposable element-derived protein 1 2.68E-01
HBB Hemoglobin subunit beta 2.61E-01
AACT Alpha-1-antichymotrypsin SERPINA3 2.56E-01
MYH7 Myosin-7 2.56E-01
LMNA  Prelamin-A/C 2.54E-01
CO4A Complement C4-A C4A 2.49E-01
HBG2 Hemoglobin subunit gamma-2 2.45E-01
ARPC3 Actin-related protein 2/3 complex subunit 3 2.45E-01
CO4B Complement C4-B C4B 2.40E-01
CAZAI F-actin-capping protein subunit alpha-1 CAPZA1 2.38E-01
COIAl Collagen alpha-1(I) chain COL1A1 2.37E-01
FBWI10 F-box/WD repeat-containing protein 10 FBXW10 2.37E-01
TM236 Transmembrane protein 236 TMEM236 2.36E-01
HBGI Hemoglobin subunit gamma-1 2.34E-01
YJ005 Uncharacterized protein FLJ45252 2.30E-01
GNAL Guanine nucleotide-binding protein G (olf) subunit alpha 2.29E-01
STT3A Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2.25E-01
PRDX2  Peroxiredoxin-2 2.13E-01
PCBPI1 Poly (rC)-binding protein 1 2.09E-01
MDILI Mitotic spindle assembly checkpoint protein MAD1 MADIL1 2.08E-01
CORIA  Coronin-1A CORO1A 2.00E-01
IGHM 2.00E-01

Ig mu chain C region

Biomarkers with coefficients of determination (R*) 0.2 and above are shown.

analysis. Clinical characteristics of the study subjects are
summarized in Supplementary Table 2. Consistent with
MS data, Western blot data demonstrated the trend of a
lower expression level of ASAH1 in patients with higher
survival (Figure 1C). These results were confirmed in

multiple experiments (n = 3). While the correlation is high,
there are variations. For example, the patient in lane 12,
who had a relatively short survival, was found to have a
relatively lower level of ASAH1 compared to patients with
longer survival. Our finding of the association between
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the low expression level of ASAH1 and high survival is
supported by a study by Hara et al., who showed ASAH1
to be a tumor promotor [29].

Immunohistochemical analysis showed higher
expression of ASAHI1 in patients with poor
survival

Tissue specimens from nine patients with
newly diagnosed glioblastoma were subjected to
immunohistochemical (IHC) staining of ASAHI. In line
with Western blot assaying and MS identifications, we
observed that the expression levels of ASAH1 by IHC
analysis are negatively correlated with survival outcome.
Quantification of the IHC staining of ASAH1 was carried
out by Allred scoring system [30, 31] based on the
proportion of positively stained tumor cells (proportion
score, PS) and the estimated staining intensity (intensity
score, IS). ASAHI showed higher scores for specimens
from short term survivors compared to the long term
survivors. Figure 2A shows representative IHC images of
tumor tissue from a short term survivor (< 15 months; 399
days; Left) with an IHC score of 7 (4 PS + 3 IS), and a
long term survivor (> 15 months; 962 days; Right) with a
score of 5 (4 PS + 1 IS), confirming the lower expression
of ASAH1 in patient with longer survival. A scatter plot of
IHC scores vs overall survival in days for the nine newly
diagnosed GBM patient samples stained for ASAHI is
shown in supplementary data.

CD133" glioblastoma stem-like cells express high
levels of ASAH1

Multiple studies have identified CD133 as a
biomarker of stem-like cancer cells and their association
with a poor prognosis [24]. While chemotherapy
can eliminate tumor cells, it can select for or leave
cancer stem cells behind, which has been proposed
as a mechanism of tumor resistance [23]. Others have
suggested that ASAH1 may contribute to drug resistance
of tumors, perhaps by promoting and maintaining
survival of cancer stem cells [22, 32, 33]. In an effort to
better understand glioblastoma cancer stem cells, Zorniak
et al, were able to generate and characterize several lines
of patient-derived GSCs, including GSC lines 22, 33,
and 44 [34]. The GSC lines 22 and 33 were identified
to exhibit CD133* while GSC line 44 is CD133- (Figure
2B) [34, 35]. Our studies found that GSC lines 22 and 33
expressed a much higher level of ASAH1 than U87MG
cells and GSC line 44, both of which are CD133- (Figure
2B). ASAHI, by inhibiting apoptosis, may have played a
pivotal role in promoting cell survival and proliferation
of CD133* GSCs, which are known to be resistant to
chemo- and radiotherapy [36]. Thus, a potential therapy
targeting CD133" GSCs can be envisioned through the
inhibition of ASAHI.

ASAH1 is secreted into the culture media
exclusively by CD133" GSCs

Although ASAHI is a non-secreted lysosomal
enzyme in normal tissue, it becomes dysregulated in
prostate cancer cells and is secreted into the culture media
exclusively by prostate cancer cells [37]. Interestingly,
we observed similar results in glioblastoma. Conditioned
media of GSC lines 22, 33 and 44 were assayed with anti-
ASAHI antibody. While none or very little of ASAH1
was detected in conditioned media of the CD133- GSC
line 44, a significant amount of ASAHI was detected in
the conditioned medium of CD133* GSC lines 22 and 33
(Figure 2C).

ASAHI inhibitors efficiently target U§7MG and
glioblastoma stem-like cells

To date, no drugs have been reported to be able to
induce cell death in GSCs. Temozolomide, currently the
only FDA-approved oral chemotherapy of glioblastoma,
is inhibiting cell growth of US7MG cells and GSCs with
reported IC,’s of ~600 mM and 1.6 mM, respectively
[3, 36, 38]. To further examine the significance of
ASAH1 in survival of GSCs and U87MG cells, we
used previously identified ASAHI1 inhibitors, namely
N-oleoylethanolamine (OE), carmofur, and ARN14988
[39—42]. These inhibitors were able to kill US7MG cells
and three different patient-derived GSC lines, 22, 33, and
44, with IC, s ranging from 11-104 mM, based on MTT
assays (Figure 3, Table 2). Microscopy studies of MTT
assays demonstrated that most of the cells of GSC line
22 were killed with 100 mM of carmofur as indicated by
the lack of staining with reduced products of MTT assays
compared to the control. These dead cells bind annexin
V, indicating they were induced to undergo apoptosis by
carmofur (Figure 3E). Consistent with previous studies,
GSCs are more resistant to apoptosis, requiring a higher
concentration of drugs to achieve a similar death rate as in
non-stem-like cancer cells such as US7MG cells, which
were shown to contain only ~0.15% CD133" cells of the
total population [36, 38, 43]. GSCs require IC,’s 2-7-fold
higher than those of U87MG cells (Table 2). Despite a low
expressing level of ASAHI in GSC 44 cells, they remain
sensitive to ASAH1 inhibitors. This may indicate that due
to a different cellular environment, GSC 44 cells are also
dependent on ASAHI activity. While ASAH1 inhibitors
are highly cytotoxic to both U87MG cells and GSCs,
temozolomide, has minimal effects (~20%) on cell death
at 72 hours at comparable or even higher concentrations
(Figure 3F). Flow cytometric analysis revealed U87MG
cells treated with 60 and 100 mM of carmofur for 12
hours induced ~18% and 36% of cells, respectively, to
undergo apoptosis as demonstrated by the double staining
with annexin V and propidium iodide (PI) (Figure 4).
In contrast, temozolomide-treated US7MG cells did not
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undergo apoptosis as evidenced by the lack of staining
with annexin V and PI (Figure 4D). These findings reveal
that ASAHI1 inhibitors are overwhelmingly more potent
than temozolomide in killing glioblastoma cells via
apoptosis. Similar findings were found with GSC line 22
when treated with carmofur. Approximately 96% of cells
of GSC line 22 underwent apoptosis with 100 mM of
carmofur, demonstrating the high efficiency of carmofur
at killing GSCs (Figure 4E and 4F).

DISCUSSION

Our study has identified several potential
biomarkers that have not been previously characterized
or known to be associated with survival in glioblastoma.
This makes it difficult for further validation of our MS
data due to the lack of available specific antibodies.
Nonetheless, our study provides a comprehensive analysis
of many biomarkers with regarding to the extent of their
correlations with survival. The correlation with survival
is not expected to approach the R?value of 1, given that
the tumor burden by itself is not the only factor dictating
the length of survival. Patients’ comorbidities such as
infection, coronary, kidney, or pulmonary diseases, etc.,
can significantly alter survival. Moreover, the likelihood
of multiple biomarkers and pathways involved may offer
further reasons for the lower correlation values.

To better understand the complexity of glioblastoma
tumor biology, these biomarkers would need to be further
examined regarding their roles in tumor formation and
progression. Among these potential survival markers,
ASAH]1 demonstrated the highest correlation with survival
(Table 1 and Figure 1A). These findings were confirmed
with our subsequent Western blot studies, demonstrating
the negative effect of ASAH1 on survival in patients
with glioblastoma (Figure 1C). Consistent with our data,
a study by Hara, et al. demonstrated that inhibition of
ASAHI led to an increase in apoptosis in the US7MG cell
line [29]. The increase in apoptosis appears to be mediated
by the increase in ceramide level, which has been shown
to stimulate apoptotic cell death [12, 29]. In fact, a
chemotherapy drug previously used to treat brain tumor
called etoposide, a topoisomerase Il inhibitor, actually
mediates glial apoptosis in the C6 glioma cell line via the
ceramide pathway by inducing the release of cytochrome
¢, and leading to the activation of caspase-9 and caspase-3
[39].

The significant role of ASAH1 in tumor progression
and invasion has been well characterized in the prostate
cancer cell line DUI145. Investigators reported that
over-expressed ASAHI1 in cells resulted in larger tumor
volumes that are more resistant to chemotherapy, and
when ASAHI is suppressed, cells became more sensitive
to chemotherapy [20]. The growth of prostate cancer
xenografts was significantly suppressed compared to
conventional radiation therapy when mice were treated

with B13, an ASAHI1 inhibitor, and radiation, suggesting
a synergistic role between these inhibitors and radiation
[44].

It has been suggested that a small subpopulation
of cells, the GSCs, are capable of self-renewing “stem-
like” cancer cells, actually promoting tumor propagation,
recurrence, and even tumor resistance to common
treatment therapies [22, 27, 45, 46]. This theory implies
that to be an effective anticancer therapy, it must be
able to eliminate GSCs. Using US7MG cells, and GSC
lines 22, 33, and 44, we found ASAHI1 to be highly
expressed in only CD133" cells (Figure 2). Thus, we
have discovered an enzymatic biomarker that presents at
a high level in CD133" GSCs. Consequently, targeting
ASAH1 will enable the development of an anticancer
therapy tailored towards GSCs. Given that the previous
study has identified CD133" cells as actual glioblastoma
stem-like cells, we speculate that ASAH1 may decrease
overall survival by enhancing survival of GSCs, and
therefore, producing resistance to common anticancer
therapies. In support of this hypothesis, a CD133" cell
subpopulation isolated from the U87MG parental cell
line was shown to have increased migratory response
to sphingosine 1-phosphate (S1P), an end product of
ASAHI, compared to parental US87MG cells [43]. Using
histologically confirmed glioma specimens, Abuhusain
et al demonstrated that the shift from ceramide to S1P
increases with increasing glioma cancer grade [47]. This
increase in the S1P level may be due to the elevated
level of ASAHI, which converts ceramide to SI1P, as
was demonstrated in patients with lower overall survival.
This indirectly supports our finding of ASAH1 having the
negative effect on survival. Patient glioblastoma tissues, in
fact, contain 9-fold higher S1P and 5-fold lower ceramide
concentrations compared to the normal gray matter [47].
Inhibition of S1P formation, which can be achieved by
ASAHI inhibition, also blocks angiogenesis via a pathway
independent of VEGF [47]. Given these findings it can
be speculated that, at least in glioblastoma, inhibition of
ASAHI achieves two critical tasks: 1) induce apoptosis
and 2) block angiogenesis.

Recently, targeting ASAH1 for cancer treatments
has generated significant interest, as reported by
multiple studies, which identified ASAHI as a
therapeutic target. Thus, several ASAH]1 inhibitors are
being developed for use in different cancer treatments
[21, 48]. In light of our results, we probed the role of
ASAHI in cell survival of US7MG cells and GSC lines
22, 33, and 44 using known ASAH1 inhibitors, OE,
carmofur, and ARN14988. It is important to mention
that carmofur was recently found to be a potent
inhibitor of ASAH1 and was demonstrated to be able to
cross the blood-brain barrier [41]. Carmofur has seen
clinical use in Japan since 1981 for the treatment of
colorectal cancers [49-51]. These inhibitors efficiently
killed U87MG cells and GSCs, although with different
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Table 2: IC50’s of ASAH1 inhibitors with respect to various cell lines

IC50
Cell Lines Carmofur N-oleoylethanolamine ARN14988
U87MG 37 uM £ 4 uM Il uM = 1pM 18 uM £ 4 uM
GSC 22 S8 uM £ 2 uM 68 uM £ 10 uM 9uM +£2 uM
GSC 33 104 uM =7 uM 31 uM £ 3 uM 53 uM £ 10 uM
GSC 44 47 M £4 1M 45 uM £+ 5 uM N.D

ASAHI inhibitors are able to kill U§7MG and glioblastoma cancer stem cells with high efficiency. Results are expressed
as mean and + S.E.M (N = 3). N.D, not determined, GSC, glioblastoma stem-like cell.
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Figure 1: ASAH1 expression level is negatively correlated with survival. (A) The graph of spectral count of ASAH1 vs survival
is shown with data points indicated by circles. The dark line represents linear regression analysis. The coefficient of determination (R?) is
0.534. A negative correlation is seen between mass spectral count of ASAH1 and patient overall survival in days. (B) The Kaplan-Meier
survival curve of 15 patients is shown. The median survival is 315 days. (C) Upward trending of ASAH1 expression level is seen when
comparing patients with high to low overall survival. Western blot of ASAH1 and loading control B-actin confirms the negative correlation
between ASAH1 and survival. Patient characteristics are shown above each lane. Quantitation of Western blot of ASAH1 with Image] is
displayed as the graph of relative expression level vs survival in days (n = 3; p <0.05).
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IC,’s (Figure 3 and Table 2). Temozolomide, the only
FDA-approved glioblastoma chemotherapy agent, has
a minimal effect (~20% cell death) on US7MG cells at
72 hours compared to ASAH1 inhibitors (Figure 3F).
To elucidate the mechanism of cell death induced by
ASAHI1 inhibitors, flow cytometric experiments were
done with annexin V and PI dyes. Flow cytometric
analysis revealed a significant fraction of both
U87MG cells and GSC line 22 treated with carmofur
underwent apoptosis as demonstrated by the double
labeling of annexin V and PI (Figure 4). Consistent
with MTT assays, temozolomide-treated US7MG cells
did not undergo apoptosis as evidenced by the lack of
staining with annexin V or PI (Figure 4D). To date,
these ASAH1 inhibitors, much more effective than
temozolomide, are the only reported small-molecule
drugs capable of killing US7MG cells and GSCs. Thus,
making them highly desired candidates for further drug
development studies, or even clinical trials, given that,
in Japan, carmofur has been in clinical use sincel1981
for the treatment of colorectal cancers [41, 48—52].
The mechanism involved in the regulation of
ASAHI1 may have been altered in the CD133" GSCs,
allowing it to be secreted into culture media (Figure
2D) or possibly into the interstitial tissues in case of an

in vivo brain tumor. This may enable CD133" GSCs to
transfer their malignant potential to nearby cells. The
secreted ASAH1 may, in principle, diffuse into nearby
cancer cells or even normal cells, enabling them to
become more resistant to radio- and chemotherapy,
promoting cell growth and angiogenesis. The exclusive
secretion of ASAHI1 by CD133" GSCs can be utilized
as an advantage by developing an antibody or tumor
vaccine against the secreted ASAH1, allowing a therapy
specifically targeting glioblastoma.

Implication of the study

This study has discovered both ASAHI as a de
novo glioblastoma drug target and a new class of drug
tailored towards GSCs, given ASAH1 is highly expressed
only in CD133" GSCs. To our knowledge, these are the
first small-molecule drugs demonstrated to be highly
effective against glioblastoma stem-like cells. Among
these three known inhibitors of ASAH1, carmofur, which
is capable of crossing the blood-brain barrier, is already
a common treatment modality for colorectal cancers in
Japan since 1981. As such, patients with glioblastoma
can potentially receive immediate benefits from this new
class of drug.
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<3 050
Transferrin ”. :nf g 0.00 —
44 33 22 T 4332
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Figure 2: While CD133 (+) glioblastoma stem-like cancer cell lines 22 and 33 express a high level of ASAH1, limited
expression of ASAH1 was seen in CD133- GSC 44 and U87MG cells. (A) Immunohistochemical analysis of ASAH1 quantified
using Allred scoring system. Left (L) represents the higher ASAH1 expression (IHC score 7) from a patient surviving < 15 months and
on the right (R) the lower ASAH1 expression (IHC score 5) from a patient with longer survival > 15 months. (B) Western blots of
GSC cell lines, 22, 33, and 44, and U87MG, cells with CD133 antibody, ASAH1 and B-actin antibodies, and (C) Western blots of the
conditioned media of GSC lines, 22, 33, and 44 with ASAH1 and transferrin antibodies to demonstrate that ASAH1 is secreted into the

media exclusively by CD133 + GSCs.
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Experimental procedures

Ethics statement

The research protocol was approved by the Institutional
Review Board (IRB) at the Medical College of Wisconsin
(MCW), Milwaukee, WI. All samples were collected after
informed written consent was obtained from patients.

Reagents and cells

Mouse antibody against ASAH1 (612302)
was purchased from BD Biosciences (San Jose,
CA). Anti-actin, carmofur, temozolomide, and
N-oleoylethanolamine (OE), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma-Aldrich (St. Louis, MO). ARN14988
was a gift from Dr. Daniele Piomelli, University of
California, Irvine, CA. DMSO used to dissolve carmofur,
temozolomide, ARN14988, and N-oleoylethanolamine
(OE) was purchased from Sigma Aldrich (St. Louis,
MO). HRP-conjugated goat anti-mouse IgG was supplied
by R&D Systems, Inc. (Minneapolis, MN). SDS-PAGE
and Western blot materials and the annexin V kit were
obtained from Life Technologies, Inc. (Grand Island, NY).

Cell culture

The US7MG glioblastoma cell line was cultured in
Eagle’s Minimum essential medium (MEM) containing

10% (v/v) fetal bovine serum (FBS). Details of isolation
and characterization of patient-derived GSC lines (22, 33,
and 44) were described previously [34, 35]. Briefly, GSC
lines are cultured in minimal stem cell media containing
70% DMEM-high glucose, 30% Ham’s F12, 1X~ B27,
5 pg/ml heparin, 1% antibiotics, and 20 ng/ml each
epidermal growth factor (EGF) and bovine fibroblast
growth factor (bFGF). All cell lines were maintained in a
humidified atmosphere of 5% CO, at 37°C.

Tissue collection

All samples were collected after informed written
consent was obtained from patients. Briefly, glioblastoma
tumor and non-tumor epilepsy tissues from consented
patients were collected at the time of therapeutic tissue
resection and snap frozen in liquid nitrogen within 30 minutes
of removal and stored at —=80°C in the Brain and Spinal Cord
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 morphologic features
that are considered histological hallmarks of glioblastoma
including high cellularity, nuclear hyperchromatism and
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Figure 3: US7MG cells and GSC lines 22, 33, and 44 are highly sensitive to ASAH1 inhibitors. MTT cell survival assays
of (A) USTMG cells, (B) GSC 22, (C) GSC 33 and (D) GSC 44; these cells were treated with ASAH1 inhibitors, ARN14988, carmofur,
and OE. (E) MTT assays and annexin-V fluorescent imaging of GSC line 22 a) control, b) treated with 100 uM of carmofur with ~100%
cell death, c) treated with 100 uM of carmofur and fluorescently-labeled annexin-V under bright-light imaging, d) treated with 100 uM of
carmofur and fluorescently-labeled annexin-V under fluorescent imaging. Carmofur kills most of the cells of GSC cell line 22. Live cells
are stained blue with reduced products of MTT, as most cells in the control are, and only a few cells are alive in cells treated with carmofur.
F) U87MGQG cells treated with three ASAH1 inhibitors from 0-3 days to demonstrate that ASAH1 inhibitors are highly cytotoxic to US7MG
cells while temozolomide has a minimal effect on cell death at 72 hours. Results are expressed as mean and £ s.e.m (N = 3).
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pleomorphism, abundant mitoses, endothelial proliferation,
and necrosis with or without pseudopalisades.

Tissue homogenization

Sample preparation was performed according
to the method our lab recently published [28]. Briefly,

glioblastoma primary tumor samples were homogenized
and powdered in liquid nitrogen using a mixer mill (Retsch
Inc., Haan, Germany). Samples were maintained at liquid
N, temperature throughout the process. Homogenized and
powdered tissue samples were then resuspended 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
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Figure 4: Flow cytometry studies of US7MG cells, labeling with annexin V and PI; (A) control, (B) cells treated with 60
UM carmofur, (C) cells treated with 100 LM carmofur, (D) cells treated with 100 LM temozolomide. While flow cytometric
experiments revealed US7MG cells treated with 60 and 100 uM of carmofur induced ~18% and 36% of cells, respectively, to undergo
apoptosis, temozolomide failed to induce cell death even at a higher concentration. (E) and (F) Flow cytometry studies of GSC line 22,
labeling with annexin V and PI: E) control, F) cells treated with carmofur. Approximately 96% of cells of GSC line 22 underwent apoptosis
with 100 uM of carmofur, demonstrating the high efficiency of carmofur at killing glioblastoma stem-like cancer cells.
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(v/v), 5% 2-mercaptoethanol (v/v), Complete protease
inhibitor (Roche Diagnostics Corporation, Indianapolis,
IN), HALT phosphatase inhibitor (Thermo Scientific,
Grand Island, NY). Samples were then heated to 70°C
with mixing at 1400 rpm for 10 minutes, sonicated
with a tip sonicator for 30 seconds at power level 3,
and then centrifuged at 16000 g for 10 minutes at room
temperature. The supernatant was then collected and
subjected to a Pierce 660 nm protein assay to determine
protein concentration.

Western blot analysis and quantification

Equal amounts (15 nug) of protein from each of the
fifteen glioblastoma tumor samples were loaded onto the
4-12% gel. SDS-PAGE and Western blot assays were
performed using standard methods [28]. 5% bovine serum
albumin was used to block the membrane. A 1:500 dilution
was used for primary antibody and 1:10,000 for secondary
antibody. ImagelJ software was used to quantify Western
blot images.

Immunohistochemical analysis

Tissue specimens from nine patients with
newly diagnosed glioblastoma were subjected to
immunohistochemical (IHC) staining of ASAH1. THC
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) was applied at a concentration of 1:100
for 30 minutes, secondary antibody for 20 minutes,
and DAB for 10 minutes. Hematoxylin was used as
counterstain.

The IHC images were quantified to measure the
ASAHI1 expression level using Allred scoring system
[30, 31]. Briefly, the method includes measuring the
proportion score (PS), which is an estimate of the
proportion of positively stained tumor cells ranging from
0-5, and the intensity score (IS), which is an estimate
of the average staining intensity of the positive staining
tumor cells ranging from 0-3. The sum of PS and IS
result in the final IHC score for the given marker, which
was then matched with the individual WHO pathology
diagnoses.

Data analysis using matlab

Matlab version R2012a was used for graphing
and data fitting of results from the mass spectrometry
study. The linear regression model was used to obtain the
coefficient of determination (R?) from the graph of mass
spectral count vs survival in days.

3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assays

Cells were plated at the density of 1 x 10° cells/
well onto a 96-well plate. Media was replaced by serum-
free media after overnight incubation. Cells were treated
with various drugs (OE, Carmofur, ARN14988) dissolved
in DMSO for 24 hours. MTT reagents were added after
24 hours of incubation, followed by acidic-isopropanol 4
hours later to dissolve the formazan precipitate. All wells
contained less than 0.2% of final concentration of DMSO.
The absorbance values were recorded at wavelengths 570
and 630 nm. IC_’s were calculated with the GraphPad
Prism software.

Flow cytometry

Cells were plated onto a 6-well plate at the density
of 1 x 10° cells/ml with serum-free media. Cells were
treated with carmofur and temozolomide for 12 hours
then labeled with annexin V and propidium iodine (PI).
A LSRII flow cytometry machine was used to record the
data.
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