Neuro-Oncology 14(12):1452-1464, 2012.
doi:10.1093 /neuonc/nos270
Advance Access publication November 6, 2012

Aldehyde dehydrogenase 1A1—a new
mediator of resistance to temozolomide
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Implementation of chemotherapy with the drug temo-
zolomide increased the overall survival of patients
with glioblastoma multiforme (GBM; WHO grade 1V),
in particular when the O°®-methylguanine DNA methyl-
transferase (MGMT) promoter is epigenetically si-
lenced. Nevertheless, the prognosis remains poor, and
relapse in GBM occurs regularly. This clinical behavior
seems to be due to the existence of a therapy-resistant
subpopulation of cells that induce tumor regrowth.
The objective of this work was to analyze the role of al-
dehyde dehydrogenase (ALDH) 1A1 in mediating temo-
zolomide resistance and its value as a predictor of
clinical outcome in GBM patients. Nine GBM cell
lines were treated with temozolomide alone or in combi-
nation with 4-diethylaminobenzaldehyde (DEAB), an
inhibitor of ALDH1A1, or with ALDH1A1 short
hairpin (sh)RNA. ALDH1A1 expression and MGMT
status of 70 primary GBM patients were correlated
with median survival. ALDH1A1 overexpression pre-
dicted temozolomide resistance in vitro. Sensitivity of
ALDH1A1 positive/MGMT-positive cells to temozolo-
mide could be restored by inhibition of ALDH1A1 by
DEAB or by knockdown with shRNA, as indicated by
increased cytotoxicity, reduced clonogenicity, and
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accumulation in the G2/M cell-cycle phase. The prog-
nosis of patients with a high level of ALDH1A1 expres-
sion was poor compared with that of patients with low
levels (P <.0001). ALDH1A1 is a new mediator for re-
sistance of GBM to temozolomide and a reliable predic-
tor of clinical outcome and may serve as a potential
target to improve treatment of human GBM.
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espite aggressive therapy, including surgical
D gross resection, radiotherapy, and chemothera-
py, the prognosis of patients with glioblastoma
multiforme (GBM) remains poor. Regardless of
various efforts to improve postoperative therapeutic reg-
imens, median survival is 14.6 months after diagnosis,’
and tumor relapse occurs regularly. A therapy-resistant
subpopulation of cells, often described as cancer stem
cells, might harbor the ability to induce tumor
growth.” Recently, aldehyde dehydrogenase (ALDH)
1A1 was presented as a novel marker for GBM cells
with stem cell characteristics.® In various solid tumors,
including breast cancer, colon carcinoma, and prostate
cancer,’~® ALDH1A1 expression was found to correlate
with a poor clinical prognosis. ALDH1A1 is involved in
multiple biological processes, including oxidative stress
response,” cell differentiation,® and drug resistance.”!°
Application of temozolomide (TMZ), an oral alkylat-
ing agent used as standard treatment in newly diagnosed
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GBM, increases the median survival of patients.'"'* TMZ
transfers methyl groups to DNA, including the N” and O°
positions of guanine, and the O position of adenine. The
O°-methylguanine (O°-MG) adduct mispairs with
thymine during replication, resulting in futile cycles of mis-
match repair and double-strand breaks."*'* Possible
results of O®-MG lesions are prolonged G2/M arrest,
cellular senescence, mitotic catastrophe, and induction of
apoptosis.'*'* The DNA-repair protein O°>-MG DNA
methyltransferase (MGMT) removes O°-MG DNA
lesions and thus antagonizes the cytotoxic effect of
TMZ. In 2005, Hegi et al.'® demonstrated that patients
with an epigenetically silenced MGMT promoter
(MGMT-negative [7]) had an improved median overall
survival. However, to date there is no alternative treatment
option for patients with an unfavorable MGMT promoter
status (MGMT-positive [7]). Combination therapy with
TMZ would be an essential therapeutic regimen for
patients with MGMT' GBM.

In this study, we demonstrate that ALDH1A1 overex-
pression predicts resistance to TMZ in GBM cell
lines. Concomitant inhibition of ALDH1A1 by 4-
diethylaminobenzaldehyde (DEAB) or knockdown by
short hairpin (sh)RNA resensitized MGMT™ cell lines
to TMZ treatment, as indicated by increased cytotoxic-
ity, reduced clonogenicity, and accumulation in G2/M.
Moreover, retrospective immunohistochemical (IHC)
analysis of ALDH1A1 expression in formalin-fixed,
paraffin-embedded (FFPE) tissue sections of GBM
patients revealed a significant correlation between
expression of this enzyme and poor prognosis. All
these findings demonstrate ALDH1A1 as a promising
predictor of clinical outcome and a potential therapeutic
target in the future treatment of human malignant
gliomas.

Materials and Methods

Cell Culture and Neurosphere Formation

The human GBM cell lines LN18, G139, LN229,
LNZ308, and U87MG and the primary cell lines T16,
T30, T39, and T40 were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) under standard cell culture conditions at
37°C and 5% CO,. T98G cells were provided by
Dr. Inge Tinhofer of Charité University Hospital,
Berlin, Germany, and were maintained in minimum es-
sential medium supplemented with 15% FBS. R28
GBM cells were cultured in neurobasal medium as de-
scribed previously.'” In brief, R28 cells were maintained
in serum-free medium supplemented with epidermal
growth factor, basic fibroblast growth factor, B27 (Life
Technologies), and human leukemia inhibitory factor
(Millipore) for preservation of the tumors’ original
molecular characteristics and for minor differentiation.
Authentication of the established human cell lines
LN18, LN229, and T98G was performed prior to
the experiments by Cell ID Systems (Promega). For
primary cell culture, freshly resected GBM specimens
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were obtained with patients’ consent (according to the
guidelines for tissue preservation of the Technische
Universitit Miinchen [TUM] medical faculty). To inves-
tigate neurosphere formation, cells were grown in
serum-free neurobasal medium as recently described.?
Neurospheres were counted and sized using a Zeiss
Axiovert 25 microscope. Spheres derived from R28
cells were analyzed using a Nikon Eclipse TS100 micro-
scope. Regarding LN18 cells, spheres per 10 seeded cells
were counted (7 = 10). In the case of T98G and R28
cells, the number of spheres per microscopic field
(n = 15) was analyzed.

Chemicals and Treatment

GBM cell lines were treated with different concentra-
tions of TMZ (Sigma-Aldrich). Cytotoxicity was
estimated with assay by MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) according to
the manufacturer’s instructions (Roche Diagnostics).

To assess the amount of viable cells after treatment
with TMZ and DEAB, cells were seeded at a density of
1.5-2 x 10° cells per well on a 6-well dish in duplicates.
Over each of 10 days, 200 uM TMZ alone or in combi-
nation with 100 uM DEAB (Sigma-Aldrich) was added.
R28 cells were treated in neurobasal medium every 48 h
for 10 days. Trypan blue staining was applied to
determine the number of viable cells.

Colony Formation Assay

Colony formation assay was performed to evaluate clo-
nogenic capacity. Following treatment with 200 wM or
500 puM TMZ for the indicated time, LN18 wild-type
(WT)/mock/shALDH1A1 cells were plated in dupli-
cates, with a total of 150 or 300 viable cells per well.
Following 14 days of incubation, colonies were stained
and counted applying Diff-Quick set (Medion
Diagnostics). In all experiments, both untreated cells
and control cells treated by solvent (dimethyl sulfoxide)
were analyzed.

ALDH1A1 Knockdown by shRNA

Knockdown of ALDH1AT1 in LN18 and T98G cells was
obtained by transduction with MISSION shRNA
Lentiviral Transduction Particles (Sigma-Aldrich).
Transduction and selection with puromycin (Sigma-
Aldrich) were performed according to the manufactur-
er’s instructions. A nontarget puromycin vector (mock)
served as a control. Validation of the knockdown was
performed at the protein level by Western blotting and
at the mRNA level by relative quantitative real-time
PCR (LightCycler 480, Roche). Primers used were
5'-tgttgagcgggctaagaagt-3' and §'-gtttggececcttetttctte-3’
for ALDH1A1 and 5'-tactcagcgccageate-3’ and 5'-tgttec
aatatgattccaccca-3’  for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).

NEURO-ONCOLOGY * DECEMBER 2012 1453



Schéfer et al.: ALDH1A1 and temozolomide resistance in glioblastoma

Stable Transfection with ALDH1A1

LNZ308 cells were stably transfected with the mammalian
expression vector pCMV6-AC carrying the ALDH1A1
gene (NM_000689.3) (LNZ308 ALDH1A1; OriGene
Technologies). Cells were seeded 24 h prior to transfection
at a density of 1 x 10’ cells per well. Transfection was
carried out in Opti-MEM (Life Technologies) with 5-pg
plasmid DNA and the transfection reagent lipofectamine
(Life Technologies). After the indicated selection period
with G418, single-cell colonies were picked and analyzed
for ALDH1A1 expression at the mRNA and protein
levels. LNZ308 ALDH1A1 cells were maintained in
supplemented DMEM plus 0.5 mg/mL G418.

Western Blotting

Western blot analysis was performed as described.” The
primary antibodies used were anti-ALDH1A1 clone 44
(1:500) (BD Biosciences) and anti-MGMT (1:2000) (Cell
Signaling Technology). Specificity of the anti-ALDH1A1
antibody to the isoform ALDH1A1 was validated by
reverse transcriptase (RT)-PCR. Cell lines expressing
other isoforms at the mRNA level, such as ALDH1A3,
ALDH3A1, ALDH7A1, ALDHS8A1, and ALDH2,
showed no immunoreactivity with the applied anti-
ALDH1A1 antibody (Supplementary Fig. S1). Anti—
alpha-tubulin (1:10 000) and anti-GAPDH (1:50 000)
(Sigma-Aldrich) served as a loading control.

Cell-Cycle Analysis

Cells were harvested and counted after the indicated
treatment with TMZ, DEAB, or TMZ + DEAB: 1 x
10° cells were fixed with 70% methanol on ice for at
least 1h, followed by digestion with 100 pg/mL
RNAse A and staining with 50 pg/mL propidium
iodide in phosphate buffered saline. The cell cycle was

analyzed with a FACSCalibur flow cytometer with
10 000 events per determination. Doublet discrimina-
tion and analysis of cell-cycle distribution were
performed with Flow]Jo analysis software (Tree Star).

Patient Characteristics and Tissue Samples

IHC analysis of ALDH1A1 expression on primary surgi-
cal specimens of 70 patients diagnosed with primary
GBM (WHO grade IV'®) was performed as described.?
IHC staining of isocitrate dehydrogenase 1 with
R132H point mutation (clone H09; Dianova) was per-
formed to support diagnosis of primary GBM."” Liver
tissue served as positive control for ALDH1A1 expres-
sion (Supplementary data S5 a—c). Four squares per
FFPE section were counted and averaged. ALDH1A1™"
cells were presented as percentage of total cell number.
The specimens were collected with patients’ consent
(according to the TUM medical faculty guidelines for
tissue preservation) at the Klinikum Rechts der Isar
(RDI; 7 = 55) and the Berufsgenossenschaftliche Klinik
Murnau (z=15). Only GBM patients surviving at
least 2 months after surgical resection and receiving
adjuvant therapy were included (median survival =
16.6 months). Fifty of these patients received radiotherapy
plus concomitant and adjuvant TMZ as described by
Stupp et al.’ Four patients received radiotherapy and con-
comitant TMZ, 14 patients received only radiotherapy,
and 2 patients were given only adjuvant TMZ
(Table 1). Subgroup analysis of the different treatment
groups was performed.

Quantification of MGMT Promoter Methylation

Quantification of MGMT promoter methylation was
assessed by a specific relative quantitative real-time
PCR technique called MethyQESD (methylation

Table 1. Characteristics of 70 primary surgical specimens of glioblastoma patients

Total MGMT ALDH1A1
Methylation No methylation <10 % >10 %
no. no. % no. % no. % no. %
Patients 70 17 24.3 53 75.7 42 60 28 40
Treatment
standard* 50 13 18.6 37 52.9 33 471 17 24.3
others** 20 4 5.7 16 22.9 9 12.9 11 15.7
Sex
men 50 13 18.6 37 52.9 31 443 19 271
women 20 4 5.7 16 22.9 11 15.7 9 12.9
Age***(years)
< 60 28 7 10 21 30 21 30 7 10
61-70 27 6 8.6 21 30 14 20 13 18.6
> 70 15 4 5.7 11 15.7 7 10 8 11.4

*Therapeutic regimen described by Stupp et al.

**Resection plus radiotherapy, radiotherapy and concomitant TMZ, or adjuvant TMZ.

***Age of the patients when diagnosed.
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quantification of endonuclease-resistant DNA), as de-
scribed by Bettstetter et al.” The applied endonucleases
were Hin6l (methylation-quantification  digestion
[MQD]) and Xbal/Dral (methylation independent cali-
brator digestion [CalD]). Following digestion, MGMT
promoter methylation status was determined by relative
quantitative real-time PCR using the LightCycler 480
(Roche). Digested DNA of U87MG cells served as a
control for positive methylation, as did digested DNA
of nonmethylated blood DNA for 0% methylation.
Primer sequences were 5’-cccggatatgetgggacag-3’ and
§’—cccagacactcaccaagteg-3'.

The proportion of methylated template was calculated
from the differences of the cycle threshold (C,) values from
CalD and MQD (= AC,) according to this formula: meth-
ylation (%) = E®€ x 100, where E is PCR efficiency. The
cutoff for MGMT" and MGMT ™ tumors was determined
by analysis of martingale residuals.?' Tumor tissues with
<20% MGMT promoter methylation were considered
MGMT™; specimens with >20% MGMT promoter
methylation were referred to as MGMT ™.

Statistical Analysis

If not otherwise indicated, all experiments were per-
formed at least 3 times. Differences between the results
of experimental treatment and average neurosphere
size, as well as number, were assessed by 1-way analysis
of variance followed by a Bonferroni posttest with
GraphPad Prism software. Differences were considered
significant at values of P < .05. Patient data were ana-
lyzed with SPSS software by the Institute of Medical
Statistics and Epidemiology of the RDI/TUM. Kaplan—
Meier models were applied to examine survival curves.
Differences between the groups were analyzed using
the log-rank (Mantel-Cox) test. Multivariate analysis
using a Cox regression was applied to demonstrate that
ALDH1A1 expression level was an independent predic-
tive factor. Single variables were age, sex, therapeutic
modality, and MGMT status.

Results

ALDHI1A1 Expression in GBM Cells Correlates
with In Vitro Resistance to TMZ

The ALDH1A1 and MGMT statuses of 9 primary and
established human GBM cell lines were assessed by
Western blot analysis. LN18, T98G, T30, T39, T40,
and R28 cells expressed high levels of ALDH1A1
(ALDH1A17"), whereas LN229, G139, and T16 cells
were negative for this enzyme (ALDH1A17) (Fig. 1A).
DNA methylation of the MGMT promoter was quanti-
fied by MethyQESD.?° Cells without MGMT protein
expression (with MGMT promoter methylation) were
referred to as MGMT™ and cells with MGMT protein
(no promoter methylation) as MGMT*. MGMT repair
protein expression and no relevant promoter methyla-
tion were observed in LN18, T98G, T39, T40, and
R28 cells (MGMT). G139 cells showed no protein
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Fig. 1. ALDH1A1 expression, MGMT status, and response to
treatment with TMZ. (A) Western blot analysis showed a high
level of ALDH1A1 in LN18, T30, T39, T40, T98G, and R28 cells.
The cell lines LN229, G139, and T16 were negative for
ALDH1A1. MGMT protein expression was detected in LN18,
T98G, T39, T40, and R28 cells. (B) No relevant MGMT promoter
methylation was found in LN18, T98G, G139, T39, T40, or R28
(MGMT"). The MGMT promoter of T16, T30, and LN229 was
methylated to 60%, 30%, and 100%, respectively (MGMT").The
MGMT promoter of G139 cells was completely unmethylated,
but no expression of MGMT protein was detected (MGMT ™).
(C) Response of GBM cell lines to treatment with TMZ for 7 days
was assessed by metabolic MTT assay.

expression, despite an unmethylated MGMT promoter
(MGMT™"). The MGMT promoter of the cell lines
T16, T30, and LN229 was methylated to 60%, 30%,
and 100%, respectively, and no MGMT protein was
detected (MGMT ™) (Fig. 1A and B).

Response of GBM cell lines to TMZ was analyzed by
metabolic MTT assay. ALDH1A1~/MGMT™ T16 and
LN229 cells were most sensitive to TMZ (half-maximal
inhibitory concentration [ICso] < 100 wM). The cell line
G139 (ALDH1A1~/MGMT™) responded in a compara-
ble way to TMZ as did T30 (ALDH1A1Y/MGMT")
when doses of >200 puM were applied. Notably, at
TMZ concentrations of <100 uM, ALDH1A1~ G139
cells were more sensitive to TMZ than were
ALDH1A1" T30 cells. ALDH1A1Y/MGMT™' LN18,
T98G, T39, T40, and R28 cells were resistant to TMZ
with an ICsy of >200 uM (Fig. 1C).

Combination of TMZ and ALDH1A1 Inhibition
Reduces the Clonogenic Capacity of ALDHI1A1"/
MGMT? Cells

In order to analyze the anticlonogenic effect of
TMZ in combination with ALDH1A1 inhibition, the
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Fig. 2. Concomitant treatment with TMZ and DEAB reduced the clonogenic capacity of GBM cell lines. (A) Colony formation assay
demonstrates that the clonogenic capacity of LN18 exposed to 200 M TMZ in combination with 100 uM DEAB for 10 days was
significantly attenuated. (B) TMZ in combination with ALDH1A1 inhibition impaired sphere formation. Neurospheres of LN18, T98G,
and R28 cells decreased in size and number after TMZ and DEAB administration; **P < .01, ***P < .001; mean values are shown

above the box plots. Scale bar = 100 pM.

TMZ-resistant cell lines LN18, T98G, and R28
(ALDH1A1"/MGMT") were treated with either TMZ
or DEAB or a combination of both for 10 days. As indi-
cated by colony formation assay, the clonogenic capacity
of LN18 cells exposed to TMZ in combination with
DEAB was significantly attenuated (Fig. 2A).

In addition, neurosphere formation of LN18, T98G,
and R28 was analyzed to determine clonogenicity of
sphere-forming cell lines following treatment with con-
comitant TMZ and DEAB. Neurosphere formation was
affected in ALDH1A1"/MGMT™" LN18 and T98G cell
lines when the cells were pre-incubated with TMZ and
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DEAB; spheres were significantly decreased in size and
number by combination therapy. Concomitant applica-
tion of DEAB and TMZ lowered the neurosphere forma-
tion frequency from about 50% (TMZ alone) to 8%
(TMZ + DEAB) and the average size to <50 uM.
Similar results were obtained with T98G. The cell line
R28 was permanently maintained in neurospheres. As
previously described, neurosphere formation was im-
paired by ALDH1AT1 inhibition® and by TMZ alone."”
In line with these results, concomitant treatment with
DEAB and TMZ in neurobasal medium further decreased
the size and number of neurospheres (Fig. 2B).



Knockdown or Inhibition of ALDH1A1 Resensitizes
ALDHI1A1Y*/MGMT?" Cells to TMZ

In order to prove the pivotal role of ALDH1A1 in mediat-
ing TMZ resistance and to exclude potential off-target
effects of DEAB, specific shRNA was applied. Analysis
by quantitative real-time PCR showed a knockdown
of at least 90% at the mRNA level. Specificity of shRNA
to the isoenzyme ALDH1A1 was proven by RT-PCR
(Supplementary data S1A). Densitometric normalization
to alpha-tubulin revealed a >90% knockdown of
ALDHT1AT1 following shRNA transduction at the protein
level compared with control cells (WT or mock) (Fig. 3A).
Notably, ALDH1A1 knockdown (shALDH1A1) had no
impact on MGMT repair protein expression (Fig. 3A).
Strikingly, treatment of LN18 and T98G
shALDH1A1 cells with TMZ alone induced a response
comparable to combination therapy with DEAB in
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ALDH1A1" WT and control cells (Fig. 3B). A prolifer-
ation assay confirmed the synergistic effect of TMZ
and ALDH1A1 inhibition or knockdown. While high
doses of TMZ (500 pM) only slightly reduced the prolif-
eration times of LN18 WT and mock cells, numbers of
LN18 cells with depleted or inhibited ALDH1A1 were
significantly decreased following exposure to TMZ
(Supplementary data S3). As indicated by flow cytome-
try, prolonged treatment with 200 uM TMZ led to
G2/M arrest in LN18 shALDH1A1 cells, while the
cell cycle of WT and mock cells was not affected
(Fig. 3C). Western blot analysis confirmed that
MGMT protein expression was not affected by
treatment with TMZ, DEAB, or TMZ + DEAB
(Fig. 3D). Notably, the clonogenic capacity of LN18
shALDH1A1 cells or LN18 cells treated with DEAB
was significantly decreased following exposure to
TMZ alone (Fig. 3E).
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Fig. 3. Knockdown or inhibition of ALDH1A1 restored sensitivity to TMZ. (A) Downregulation of ALDH1A1 at the protein level was verified
by Western blot analysis. MGMT protein expression was stable upon shRNA transduction. (B) Metabolic MTT assay revealed an increased
cytotoxicity of TMZ when combined with ALDH1A1 inhibition or knockdown. LN18 and T98G shALDH1A1 cells were sensitive to TMZ
compared with WT and mock transfected control cells, especially when medium doses of TMZ were applied. (C) Treatment of LN18
shALDH1A1 cells with 200 wM TMZ for 7 days led to accumulation in G2/M. (D) MGMT protein expression was not affected by
treatment with TMZ, DEAB, or TMZ + DEAB for 7 days. (E) Colony formation assay showed a significant reduction of the clonogenic
capacity of LN18 WT cells treated twice with TMZ + DEAB (striped bar) or LN18 shALDH1A1 cells treated twice with TMZ alone (black bar).
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TMZ Induces Prolonged G2 /M Cell-Cycle Arrest in
ALDHI1A1% GBM Cells after Inbibition or Knockdown
of ALDH1A1

To further substantiate the hypothesis that TMZ induces
a prolonged cell cycle only in ALDH1A1~ or ALDH1A1
knockdown cells, LN18, T98G, T40, R28, and LN229
cells were treated with TMZ, DEAB, or a combination
of both and analyzed after 48 h or 72 h by flow cytometry
(Fig. 4A and B). Doses of TMZ and DEAB, showing
no effect on cell-cycle distribution of MGMT™ control
cells, were applied. When treated in neurobasal
medium, single doses of 100 pM DEAB were used
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as described previously.” Notably ALDH1A1" cells
(LN18 WT/mock, T98G WT/mock, T40, and R28)
showed a cell-cycle distribution comparable to untreated
control cells 48 h after TMZ application. In contrast,
ALDH1A1™ cells (LN229, LN18 shALDH1A1, and
T98G shALDH1A1) or cells with inhibited ALDH1A1
(LN18 WT + DEAB, T98G WT + DEAB, T40 +
DEAB, and R28 + DEAB) accumulated in G2 /M follow-
ing treatment with TMZ. ALDH1A1~/MGMT~" G139
cells responded comparably to ALDH1A1~/MGMT™
LN229 cells to treatment with 200 uM TMZ (data not
shown). An increase of the sub-G1 population after addi-
tion of TMZ demonstrated apoptosis of ALDH1A1~

™Z
——— control

60 3 control J 48h TMZ

o

TMZ [uM]

Fig. 4. ALDH1A1™ GBM cell lines showed prolonged G2/M arrest following treatment with TMZ. (A) Representative flow cytometry
histograms of LN18 cells after treatment with 500 wM TMZ, 300 .M DEAB, or a combination of both for 48 h; y—axes: DNA content,
x-axes: FL3-H. (B) Column graph shows the percentage of cells in G2/M after treatment with 500 .M (LN18, T98G) or 200 .M TMZ
(LN229, T40, R28) and 300 pM DEAB for 48 h or 72 h in DMEM + FBS. R28 cells were also analyzed after treatment with 200 wM
TMZ and 100 wM DEAB in neurobasal medium (R28, B27); mean values of 3 independent experiments are shown; *P < .05, **P < .01,
***p < .001. (C) Western blot analysis of LNZ308 WT and ALDH1A1 transfected (ALDH1A1) cells. No MGMT protein expression was
detected. (D) Cell-cycle analysis of ALDH1A1~/MGMT™~ (LNZ308 WT, LN229) and ALDH1A1"/MGMT"™ cells (LNZ308 ALDH1A1)

following exposure to 50-500 wM TMZ for 48 h.
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cells (Supplementary data S4). ALDH1A1~ LN229 cells
showed no sub-G1 peak following TMZ administration
but strong cell-cycle arrest and senescence, as indicated
by B-galactosidase staining (Supplementary data S2).

In line with the results shown in Fig. 2B, spheres grown
in neurobasal medium were strongly affected by treat-
ment with DEAB, while cells under normal cell culture
conditions did not respond to ALDH1A1 inhibition
alone. When grown in DMEM + FBS, R28 cells
showed only G2/M arrest after combination of TMZ
and ALDH1A1 inhibition. Under a serum-free stem
cell-maintaining condition, substantial accumulation
in G2/M and an increased sub-G1 peak were detected
after addition of DEAB alone (Fig. 4B, Supplementary
data S4). Cell-cycle arrest and elevated sub-G1 popula-
tion were also observed when ALDH1A1 knockdown
cells were cultivated in neurobasal medium (data not
shown).

High Level of ALDH1A1 Expression Is Associated
with an Unfavorable Prognosis in GBM Patients

A major role of ALDH1A1 in mediating TMZ resistance
was found in vitro. To explore the impact of ALDH1A1
in vivo, IHC analysis of ALDH1AT1 expression was con-
ducted in 70 surgical specimens from primary GBM pa-
tients (Table 1), with liver tissue serving as a positive
control for ALDH1AT1 expression (Supplementary data
S5a). IHC staining of IDH1 with R132H point mutation
in this cohort underlined the diagnosis as primary GBM,
with only 1 positive tumor sample out of 70 cases'’
(Supplementary data S5b, ¢). Univariate analysis accord-
ing to the Cox regression model showed that clinical var-
iables such as age and sex were not significantly
associated with longer survival and that ALDH1A1 ex-
pression was an independent predictive factor. In the
present investigation, clinical outcome was dependent
on the therapeutic regimen and ALDH1A1 expression
status (P < .0001). Patients receiving radiotherapy plus
concomitant and adjuvant TMZ as described by Stupp
et al' had a better prognosis than patients who did not
receive standard therapy, with median survivals of
20.5 and 8 months, respectively (P < .0001).

Multivariate analysis revealed that ALDH1A1
expression was independent of age and sex. The cutoff
for ALDH1A1 high and ALDH1A1 low tumors was de-
termined by analysis of martingale residuals.”' Tumor
tissues with <10% positive cells were considered to be
ALDH1A1 low; specimens with >10% ALDH1A1™"
cells were referred to as ALDH1A1 high.

The median survival of patients with low ALDH1A1
expression (7 =42) was 21.0 months, compared
with 9.8 months for patients with a high level of
ALDHI1A1" cells (2=28; P<.0001) (Fig. S5B).
Comparable differences in median survival were ob-
served when only patients receiving standard therapeutic
regimen as described by Stupp et al." were analyzed
(n = 50), with 24.3 and 13.3 months median survival,
respectively (Fig. 5C). In the cases receiving no standard
treatment (7 = 20), the prognosis of patients with low
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levels of ALDH1A1 was not significantly better than
that of patients with high levels, with median survivals
of 8.6 and 6.7 months, respectively (P=.217).
Patients receiving a standard therapeutic regimen were
further classified regarding MGMT promoter status.
The median survival of patients with MGMT™ tumors
was 24.3 months, and that of patients with MGMT*
tumors was 19.2 months (P =.21). In the cohort of
MGMT?" patients, median survivals were 21.4 months
and 12.6 months for ALDH1A1 low and high GBM
patients, respectively (P = .005) (Fig. 5D). In the group
of patients with MGMT™ tumors, median survivals
were 32.9 months and 14.6 months, respectively
(P = .0004) (Fig. SE).

In addition, the percentages of ALDH1A1" cells of
primary and relapsed tumors from 14 primary GBM pa-
tients were compared by IHC staining. Remarkably,
specimens of recurrent GBM demonstrated significantly
higher ALDH1A1 expression levels than the respective
primary tumors. The mean ALDH1A1 level increased
from 8.5% positive cells in specimens prior to combined
radio/chemotherapy to 28.6% after re-resection of
relapsed tumors (Fig. SA ¢, F).

Discussion

In the present investigation, we introduced the enzyme
ALDH1A1 as a new mediator of resistance to TMZ.
High levels of ALDH1A1 were associated with resis-
tance to TMZ in vitro, in particular in MGMT*+ GBM
cells. Sensitivity of ALDH1A1 and MGMT' GBM
cells to TMZ could be restored by inhibition of
ALDH1A1 by DEAB or by knockdown with shRNA.
Therefore, targeting ALDH1A1 is a promising therapeu-
tic tool for an improved treatment of TMZ-resistant
GBM. In addition, ALDH1A1 seems to be a feasible
predictor of clinical outcome, as the prognosis of
patients with high levels of ALDH1A1 expression was
poor compared with that of patients with low levels.
Reduced clonogenicity and increased cytotoxicity of
TMZ-resistant cells after inhibition or knockdown of
ALDH1A1 indicated the important role of this enzyme
in mediating TMZ resistance. ALDH1A1™/MGMT"
cells were most sensitive to TMZ, whereas cell lines ex-
pressing ALDH1A1 and MGMT (ALDH1A1"/
MGMTT) were highly resistant to treatment with TMZ
(Fig. 1). Colony and neurosphere formation assay re-
vealed a significantly attenuated clonogenicity of
ALDH1A1"/MGMT™ cells after exposure to TMZ in
combination with ALDH1A1 inhibition or depletion
(Figs. 2 and 3E). Concomitant inhibition of ALDH1A1
in ALDHIA1Y/MGMT™" cells (LN18, T98G) signifi-
cantly decreased neurospheres in size and number, dem-
onstrating both inhibition of proliferation (size) and
reduction of clonogenicity (number) (Fig. 2B). Clinically
relevant doses of TMZ are able to block neurosphere for-
mation of MGMT~ human GBM cells.** The present
data indicate that neurosphere formation of MGMT™"
cells is not attenuated by pretreatment with TMZ
alone, but clonogenic capacity was substantially
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Fig. 5. ALDH1A1 expression was found to correlate with an adverse prognosis in human GBM. (A) The percentage of ALDH1A1™ cells in
human GBM tissue was analyzed by IHC staining. FFPE sections from primary tumors with a low percentage of ALDH1A1" cells (<10%) (A)
and with a high level of ALDH1A1 expression (>10%) (B) are shown; tissue section from relapsed GBM demonstrated a very high
percentage of ALDH1A1" cells (> 40%) (C). (B—E) Kaplan—Meier plot of patient median survival; patients with tumors with a high
level of ALDH1A1 expression (blue curve) had significantly shorter median survival than did patients with low-level tumors (green curve)
(P < .0001). Poor clinical outcome of patients with ALDH1A1-high tumors was found in the group of patients with and without MGMT
promoter methylation (P=.005 and P =.0004). (F) The median percentage of ALDH1A1" cells in relapsed GBM was significantly
higher than in the respective primary tumors (P = .002).
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decreased by combined ALDH1A1 inhibition.
ALDH1A1"/MGMT™" R28 cells showed impaired neu-
rosphere formation when treated in neurobasal medium
with TMZ alone or DEAB. These observations are in
line with previous studies demonstrating attenuated
neurosphere development following exposure to DEAB
or TMZ under serum-free conditions.'” Strikingly,
combination of TMZ and DEAB led to a substantial
decrease of clonogenic capacity under both normal
and stem cell-maintaining conditions compared with
TMZ alone and DEAB alone (Fig. 2A and B).

Further, a synergistic cytotoxic and antiproliferative
effect of chemical ALDH1A1 inhibition or depletion
by shRNA and TMZ was found in ALDH1A1%/
MGMT? cells (Fig. 3B, Supplementary data S3).
Coexpression of ALDH1A1 and MGMT in most of
the applied cell lines indicated a potential correlation
between both proteins (Fig. 1A and B). However,
MGMT protein expression was not affected by trans-
duction with shRNA to ALDH1A1 or by treatment
with TMZ, DEAB, or TMZ + DEAB (Fig. 3A and D).
Therefore, ALDH1A1 and MGMT expression must rep-
resent different mechanisms of mediating chemoresist-
ance in human GBM cell lines.

TMZ is known to induce DNA lesions leading to cell-
cycle arrest at the G2/M boundary and to induce senes-
cence rather than direct apoptosis in GBM.'»!*%?
Analysis of cell-cycle distribution following TMZ treat-
ment indicated that prolonged G2/M arrest was depen-
dent on ALDH1A1 expression and MGMT status.
ALDH1A1" LN18, T98G, T40, and R28 cells exhibited
no or only slight G2/M accumulation in response to
TMZ, while the respective shALDH1A1 or ALDH1A1 in-
hibited cells showed prolonged G2/M arrest (Figs. 3C, 4A
and B). In addition to cell-cycle arrest, induction of apo-
ptosis was detected in DEAB-treated or knockdown cells
following TMZ exposure (Supplementary data S4).
ALDH1A1™/MGMT™ LN229 cells showed prolonged
G2/M arrest and became senescent following treatment
with TMZ, as indicated by B-galactosidase staining
(Supplementary data S2).

Prolonged G2/M arrest of ALDH1A1™/knockdown
GBM cells was observed after application of both long-
term medium and long-term single high doses of TMZ
(Figs. 3C, 4A and B). Since no increase in cytotoxicity
or G2/M fraction of ALDH1A1"/MGMT? cells was
found after irradiation with 2—5 Gy in combination
with ALDH1A1 inhibition, this isoenzyme seems to
play a specific role in mediating resistance to the alkylat-
ing agent TMZ (data not shown).

Recent studies showed that clinically relevant doses
of 50 puM TMZ were able to eliminate MGMT~ GBM
cells, while ICs5y of MGMT™ cells is often more than
10-fold higher.”*** Therefore, we also analyzed the
effect of TMZ on ALDHI1A1"/MGMT ™ cells.
Strikingly, LNZ308 cells stably transfected with
ALDH1A1 (ALDH1A1"/MGMT"™) were not affected
by TMZ doses up to 200 pM, whereas ALDH1A1™/
MGMT™ control cells (LNZ308 WT and LN229)
were arrested in G2/M cell-cycle phase after treatment
with 50 uM TMZ (Fig. 4D). Thus, depletion of
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MGMT" and MGMT "™ cells by TMZ can be strongly
enhanced by inhibition of ALDH1A1.

Standardization of adjuvant therapy for newly diag-
nosed GBM after resection increased the median survival
of patients to over 14 months."*° In particular, patients
with an epigenetically silenced MGMT promoter
(MGMT ") benefited from adjuvant and concomitant
TMZ administration.'® Notably, not all patients with
MGMT~ GBM respond to this alkylating agent, and
some are resistant to treatment with TMZ despite
MGMT promoter methylation.”*” However, to date
there is no alternative treatment option for patients
with an unfavorable MGMT promoter status
(MGMT™). Our present in vitro data demonstrate an im-
portant role of ALDH1A1 in mediating TMZ resistance
additionally to MGMT. To compare these experimental
findings with clinical practice, we investigated
ALDH1A1 expression retrospectively in 70 tumor speci-
mens from patients with primary GBM. A significant link
between ALDH1A1 expression and median survival
probability was found in vivo. Patients with a high per-
centage of ALDH1A1" cells (>10% ALDH1A1) had a
poor clinical prognosis, compared with patients with
low levels (<10%), in MGMT™" and MGMT "~ cohorts.
Our data contradict a recent study”® showing that
ALDH1A1 expression correlates with better survival in
GBM patients. However, the clinical data provided
by Adam et al.”® demonstrate that in their setting,
ALDH1A1 was not an independent factor but dependent
on the type of sampling. Significantly higher levels of
ALDH1A1 were found in samples analyzed after
stereotactic biopsy compared with specimens from total
resection. Apparently the sampling type was prognosti-
cally relevant, since patients with stereotactic biopsy
had significantly lower median overall survival times
compared with the cohort receiving total resection.*”
Our present investigation is in line with the work by
Campos et al.’%; these authors showed that ALDH1A1
expression levels increase with malignancy in astrocytic
gliomas. In GBM, a high level of ALDH1A1 expression
was significantly associated with poor patient survival.
Therefore, we suggest ALDH1A1 as a feasible predictor
of clinical outcome complementary to MGMT status. A
prospective study with a larger cohort of patients receiv-
ing a standard therapeutic regimen' should be performed
to verify the correlation of ALDH1A1 expression in
MGMT" and MGMT "™ patients with clinical prognosis
and to validate the applicability of a 10% cutoff.

Despite aggressive treatment, tumor relapse occurs
regularly in GBM patients. This clinical behavior
might be associated with a therapy-resistant subpopula-
tion of cells.>**?! Therefore, we analyzed ALDH1A1
expression in specimens of GBM patients prior to com-
bined radio/chemotherapy and after re-resection of
recurrent malignancies (Fig. SA and F). Significantly
increased ALDH1AT1 levels in relapsed GBM compared
with the respective primary resections underlined the hy-
pothesis that TMZ-resistant ALDH1A1" cells are able
to escape therapy and contribute to tumor regrowth.

Lately, several approaches have attempted to target
the resistant subpopulations in GBM therapy and to

NEURO-ONCOLOGY * DECEMBER 2012 1461


http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nos270/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nos270/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nos270/-/DC1

Schéfer et al.: ALDH1A1 and temozolomide resistance in glioblastoma

find appropriate biomarkers for clinical practice.’**?

Markers for stemlike brain tumor cells such as CD133,
nestin, and CD15 have been suggested to negatively
affect clinical outcome in glioma patients.>®*°
Recently, we presented ALDH1A1 as a novel marker
for a stem cell-like phenotype in GBM because the
ability to form neurospheres and to differentiate into
all neural lineages was found to be related to cells
expressing high levels of ALDH1A1.> Based on the
present results, we hypothesize that the enzyme itself
plays a major role in mediating resistance to TMZ.
Expression of ALDH1A1 describes a cellular subpopula-
tion that is resistant to therapy with the alkylating agent
TMZ rather than exclusively cells with stem cell-like
characteristics.

In prior studies, expression of ALDH1A1 was associ-
ated with drug resistance and cellular detoxification. It
was first found in the early 1980s that ALDH1A1" leu-
kemic and hematopoietic stem cells are able to detoxify
the alkylating agent cyclophosphamide.”® To date, the
mechanism of ALDH1A1-mediated therapy resistance
in various solid tumors is not completely understood.
This enzyme is known to also bind and detoxify non-
aldehydes such as flavopiridol.>” Regarding the chemical
structure of TMZ and its reactive methylating agent
MTIC (3-methyl-(triazen-1-yl) imidazole-4-carboxamide),
direct binding of these compounds by ALDH1A1 seems
rather unlikely. In general, ALDHs are able to catalyze
the oxidation of a wide range of aldehydes, and a
variety of data demonstrate the role of ALDHs in han-
dling oxidative stress and in protection against DNA—
damaging agents such as cyclophosphamide, mitomycin
C, and Vp-16.7*%3? Notably, recent studies have de-
scribed increased production of reactive oxygen species
after treatment with TMZ. Here, the ability of cells to
reduce oxidative stress correlated with chemoresist-
ance.*™*! Superoxide radicals built after TMZ applica-
tion lead to peroxidation of membrane lipids. The
resulting aldehydes such as malondialdehyde and 4-
hydroxynonenal are highly reactive and bind to cellular
proteins and DNA, giving rise to etheno-DNA
adducts.*> ALDH1A1 is able to bind and detoxify
these reactive aldehydes, preventing TMZ-induced
DNA damage that is not repaired by MGMT.*?

In conclusion, ALDH1A1 seems to play a pivotal role
in mediating resistance to TMZ. Besides its value as a
predictive factor, it may serve as a target for an improved
therapy in human GBM. The ALDH1A1-specific inhib-
itor DEAB was used in various animal experiments, and

its potential to resensitize GBM cells to TMZ must be
further investigated in vivo.>** Disulfiram (DSF), a
drug formerly used in the treatment of chronic alcohol-
ism, is another inhibitor of ALDHs. Lately, the potential
of DSF to reduce chemotherapy resistance in vitro and in
vivo has been shown in various solid tumors.****® As a
well-tolerated orally active compound, DSF might be a
promising ALDH1A1 inhibitor in human glioma
therapy. Nevertheless, all presently available ALDH
inhibitors are not exclusively specific to ALDH1A1*/;
in order to prevent side effects and to further clarify
the role of ALDH1A1 in mediating chemoresistance, a
specific inhibitor is required.

Supplementary Material

Supplementary material is available at Neuro-Oncology
Journal online (http://neuro-oncology.oxfordjournals.

org/).
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