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Abstract: Glioma is the most aggressive brain tumor with high invasiveness and poor prognosis. More reliable, sen-
sitive and practical biomarkers to reveal glioma high invasiveness remain to be explored for the guidance of therapy.
We herein evaluated the diagnostic and prognostic value of aldehyde dehydrogenase 1A1 (ALDH1A1) in the glioma
specimens from 237 patients, and found that ADLH1A1 was frequently overexpressed in the high-grade glioma
(WHO grade IlI-IV) as compared to the low-grade glioma (WHO grade I-1l) patients. The tumor cells with ALDH1A1
expression were more abundant in the region between tumor and the borderline of adjacent tissue as compared to
the central part of the tumor. ALDH1A1 overexpression was associated with poor differentiation and dismal progno-
sis. Notably, the overall and disease-free survivals of the patients who had ALDH1A1* tumor cells sparsely located
in the adjacent tissue were much worse. Furthermore, ALDH1A1 expression was correlated with the “classical-like”
(CL) subtype as we examined GBM specimens from 72 patients. Multivariate Cox regression analysis revealed
that ALDH1A1 was an independent marker for glioma patients’ outcome. Mechanistically, both in vitro and in vivo
studies revealed that ALDH1A1* cells isolated from either a glioblastoma cell line U251 or primary glioblastoma
cells displayed significant invasiveness, clonogenicity, and proliferation as compared to ALDH1A1 cells, due to
increased levels of MRNA and protein for matrix metalloproteinase 2, 7 and 9 (MMP2, MMP7 and MMP9). These
results indicate that ALDH1A1* cells contribute to the progression of glioma including invasion, proliferation and
poor prognosis, and suggest that targeting ALDH1A1 may have important implications for the treatment of highly
invasive glioma.
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Introduction Mercier, et al. revealed the existence of several
GBM subtypes by IHC analysis of TP53, plate-

Glioma is one of the most common solid malig- let-derived growth factor receptor alpha

nancies in brain with atrocious patient survival.
It is a heterogeneous disease with regard to its
morphological presentation. The patients with
glioma have poor outcomes, the median sur-
vival ranging from 12-15 months [1]. Many
genetic factors alterations have been correlat-
ed with poor or better prognosis in glioma [2].
The immunohistochemistry (IHC) test to aim
some specific antigens, such as methyl gua-
nine methyl transferase (MGMT), glycoprotein
(transmembrane) nmb (GPNMB), lysyl oxidase-
like 3 (LOXL3) and interleukin 13 receptor,
alpha 2 (IL13RA2), in tumour cells have signifi-
cantly improved the diagnosis of glioma and
the prediction of prognosis [3, 4]. Marie Le

(PDGFRA) and epidermal growth factor receptor
(EGFR) [5]. Although these and other molecules
are demonstrated for their correlation to the
malignancy and prognosis of glioma [6-8], more
sensitive, reliable and practical indicators to
reveal high invasiveness remain explored not
only for pathological diagnosis but also for prog-
nostic prediction and targeted therapy.

Aldehyde dehydrogenase 1A1 (ALDH1A1), a
member of ALDH1 family of enzymes, is a
detoxification enzyme in the metabolism of
aldehydes to their corresponding carboxylic
acids. In liver, cytosolic ALDH1A1 contributes
primarily to the biosynthesis of retinoic acid
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Table 1. Clinical Characteristics of Study Specimen

Mean age (years) Gender Resection range Radio-therapy Chemo-therapy
Grade (WHO) Case

<40.8 >40.8 Male Female Part All Yes No Yes No
| 18 15 3 9 9 1 17 15 3 0 18
I 99 64 35 55 44 25 74 63 36 22 77
111 48 16 32 35 13 15 33 40 8 26 22
IV 72 19 53 42 30 27 45 53 19 16 56
Total 237 114 123 141 96 68 169 171 66 64 173

Categorical data are presented as numbers.

(RA) from vitamin A [9, 10]. ALDH1A1 is also
found in human and murine hematopoietic pro-
genitor or stem cells and other cancer stem
cells, such as colorectal carcinoma, prostate
cancer, lung cancer and breast cancer [11-16].
However, the role of ALDH1A1 in glioma as
putative prognostic and significance marker
remains nebulous [17, 18].

The aim of our study was to investigate
ALDH1A1 expression in different grade glio-
mas, and to reveal its correlation with clinico-
pathological features and prognosis of glioma
as well as molecular classification of GBM. We
performed IHC staining of ALDH1A1 on the glio-
ma specimens obtained from 237 patients with
different WHO grades. Both in vitro and in vivo
studies by using one glioma cell line and pri-
mary cells from a glioma patient were executed
to explore the corresponding mechanism
underneath the role of ALDH1A1 on glioma pro-
gression. Our study indicates that ALDH1A1*
cells are highly invasive and ALDH1A1 can be
applied as a biomarker to predict patients’ out-
come. Thus, targeting ALDH1A1" cells will be
propitious for effective therapy against glioma.

Materials and methods

Tissue specimens, patient characteristics and
immunohistochemistry (IHC)

Glioma tissues were surgically obtained from
166 patients from Southwest Hospital, Third
Military Medical University between 2006 and
2009, and 71 patients from Tiantan Hospital,
Capital Medical University between 2006 and
2010. Patients were informed for the proce-
dures that were conducted according to the
guidelines of the Research Ethics Committees
of both institutions. Table 1 shows the main
clinicopathological information of the glioma
patients. Classification of the glioma was deter-
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mined according to the criteria of World Health
Organization (WHO) 2007. Follow-up data from
114 of 237 patients were collected by the inter-
vals of 4-6 months at periodic visits. Follow-up
time was defined as the time from the date of
surgical pathology diagnosis to the date of
death or the date of the last visit. The median
follow-up time was 28 months (ranging from
4-118). The disease-free survival was defined
as the time between the date of surgical pa-
thology diagnosis and the date of the last fol-
low-up examination when the patient was diag-
nosed as disease-free, or the date of the first
recurrence regardless of local or regional
occurrence.

IHC staining was performed on the paraffin sec-
tions of glioma tissues. Briefly, the sections
were immersed in a 10 mM citrate buffer (pH
6.0), and incubated in a microwave oven at
100°C for 5 mins and then 45°C for 10 mins.
Endogenous peroxidase activity was blocked
with 3% H,0, at 37°C for 30 mins. The protein
abundances of ALDH1A1, p53, PDGFRA, EGFR
and Ki67 were detected through incubation
with the primary antibodies of anti-human
ALDH1A1 (1:600) (clone 44/ALDH, mouse
monoclonal 1gG1; BD Pharmingen, San Diego,
CA), p53 (1:500) (ZSGB-BIO ORIGENE, Beijing,
China), PDGFRA (1:100) (Thermo Scientific,
China), EGFR (1:100) (ZSGB-BIO ORIGENE,
Beijing, China), and Ki67 (1:200) (ZSGB-BIO
ORIGENE, Beijing, China) overnight at 4°C.
Then, the corresponding poly-clonal goat anti-
mouse or anti-rabbit immunoglobulin G sec-
ondary antibodies (Dako Cytomation, Glostrup,
Denmark) were incubated at 37°C for 30 min.
The tissue sections were stained with diamino-
benzidine (DAB) (Dako Cytomation) as a sub-
strate for color development and counter-
stained with hematoxylin. Positive and negative
controls were included in each immunohisto-
chemical reaction.
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Scores were determined according to the per-
centages of positive tumor cells and intensities
of staining. We defined the observation that
was less than 5% as score O (negative), between
5% to 25% positive cells as score 1 (weak
expression), between 26% to 50% score 2
(moderate expression); and between 51% to
75% as score 3 (strong expression), and more
than 75% as scores 4 (strongest expression). A
“total staining score” of 0-12 was gained from
multiplying the scores of the percentages of
positive tumor cells by the scores of the intensi-
ties of positive tumor cells [19]. The “low score
group or negative one” was defined if the “total
staining score” of ALDH1A1, p53, PDGFRA,
EGFR, or Ki67 expression in tumor cells was
less than 6, while the “high score group or posi-
tive one” was defined if the “total staining
score” of ALDH1A1, p53, PDGFRA, EGFR, or
Ki67 expression in tumor cells was equal or
larger than 6.

For the analysis of the relationship between
glioma invasion and distribution of ALDH1A1
positive tumor cells, we defined the invasion
frontier as the areas within 200 ym of bound-
ary between tumor and adjacent normal brain
tissue. At least ten fields in each area of the
section were randomly selected for calculating
average percentage of positive cells over total
cancer cells. Secondly, for the analysis of the
relationship between ALDH1A1 expression in
the normal brain tissue adjacent to invasion
frontier and outcome of the patients and if the
number of ALDH1A1" cells in these area was >
10 under five high power fields, we defined the
observation as positive.

ALDEFLUOR assay and flow cytometry

The ALDEFLUOR kit (Stem Cell Technologies,
Canada) was used to detect tumor cells with
high or low ALDH enzymatic activity. Briefly,
glioblastoma cells were suspended in ALD-
EFLUOR assay buffer containing ALDH sub-
strate, and BODIPY-aminoacetaldeh-tyde (BA-
AA) was added and then incubated at 37°C for
45 mins. Diethylaminobenzal-dehyde (DEAB),
an inhibitor of ALDH, served as negative con-
trols. Application of 7-Amino-actinomycin D
(7-AAD) staining solution (BD Pharmingen, USA)
was used to exclude dead cells. Cells were
assayed for experiments after the sort was
completed.
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RNA extraction and real-time PCR

Total RNA was extracted with RNAiso reagent
(TakaRa, Japan). Reverse-transcription and qu-
antitative real-time PCR were performed by
using an One Step SYBR Prime Script RT-PCR
kit (TakaRa). The primers designed for the
genes were shown in Table S1. The 224°T meth-
od was applied to determine the expression of
each gene by ALDH1A1" relative to ALDH1AZL
glioblastoma cells. GAPDH expression was
used for normalization. All experiments were
performed at least in quadruplicate, and results
were plotted as the mean + SD.

Western blotting

The tumor cells of ALDH1A1* and ALDH1A1l
from both U251 cell line and the primary glio-
blastoma sample were analyzed by western
blotting by using NE-PER Cytosol Extraction Kit
(Thermo Scientific, PA). Primary antibodies
included mouse monoclonal anti-human ALD-
H1A1 (1:1000) (BD Pharmingen, San Die-
go, CA), rabbit polyclonal anti-human MMP2
(1:500) (ZSGB-BIO ORIGENE, Beijing, China),
mouse monoclonal anti-human MMP7 (1:500)
(ZSGB-BIO ORIGENE, Beijing, China), and rabbit
polyclonal anti-human MMP9 (1:500) (ZSGB-
BIO ORIGENE, Beijing, China). After the applica-
tion of horseradish peroxidase-labeled corre-
sponding secondary antibodies, chemilumines-
cence was detected by SuperSignal West Pico
(Pierce, PA) and Image Quant 5.0 was applied
for quantification.

Cell culture

The human glioma cell line U251 was pur-
chased from Cell Bank of Shanghai Institute of
Cell Biology, Chinese Academy of Sciences. The
primary glioma cell line was made from the glio-
blastoma sample surgical removed from a
female patient, 48 years old. Both cell lines
were cultured in Dulbecco’s modified Eagle’s
medium (Gibco, USA) containing 10% fetal
bovine serum at 37°C in humidified air with 5%
CO,,.
Colony formation assay

Four-hundred viable glioblastoma cells from
U251 cell line or primary tumor cells per well
were seeded in each well of 6-well plates and
cultured in Dulbecco’s modified Eagle’'s medi-
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Figure 1. Correlations between clinicopathology characteristics and ALDH1A1 expression on the specimens from
237 glioma patients by immunohistochemical and Kaplan-Meier estimation. A. No or less ALDH1A1* and Ki67*
cells are seen in low-grade gliomas (LGGs) (WHO I-Il), but more ALDH1A1* and Ki67* cells are found in high-grade
gliomas (HGGs) (WHO llI-IV). B. Quantitative analysis of ALDH1A1* cells in LGGs and HGGs shows more ALDH1A1*
cells in HGGs than those in LGGs. C. ALDH1A1 levels are correlated with Ki67 expression in human glioma speci-
mens. D. Kaplan-Meier estimation performed on all of the glioma patients indicates that the patients with AL-
DH1A1* expression have shorter overall survival time than the patients with ALDH1A1 expression (ALDH1A1*, n =
19 and ALDH1A1, n = 95). (P < 0.001, log-rank test). E. Kaplan-Meier estimation performed on all of the glioma
patients indicates that the patients with ALDH1A1* expression have shorter disease-free survival time than those
with ALDH1A1 expression (ALDH1A1*, n = 15 and ALDH1A1, n = 76) (P < 0.001, log-rank test). *indicates signifi-
cant difference (P < 0.05), ***P < 0.001.

um (DMEM) containing 10% fetal bovine serum. CCK8 assay

After incubation for ten days, colonies that con-

tained more than 50 cells were counted and FACS-sorted ALDH1A1* and ALDH1AZ1 tumor
stained by crystal violet. cells from U251 or primary glioblastoma cells
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Table 2. Univariate and multivariate analysis of different prognostic parameters

Univariate analysis®

Multivariate analysis®

Variable All cases -
Mean survival (months) p Value HR (95% ClI) p Value
Sex 0.344 0.072
Male 66 27 1.0
Female 48 30 0.661 (0.421 to 1.038)
Age at surgery 0.000 0.194
<426y 52 50 1.0
>426y 62 19 1.396 (0.844 to 2.309)
Histological grade (WHO) 0.000 0.000
-1 39 48 1.0
I-1v 75 18 5.394 (2.790 to 10.431)
ALDH1A1 Expression 0.000 0.017
Low Score (0-5) 95 31 1.0
High Score (6-12) 19 14 1.917 (1.131 to 3.436)

al og-rank test; °Cox regression model; ‘Mean age. HR, hazard ratio; Cl, confidence interval.

were plated in 96-well plates with 100 yl DMEM
containing 10% FBS at 1,000 cells per well. Cell
Counting Kit-8 (CCK8) assays was employed for
quantitation of cell viability. Briefly, one day
after culture, 10 pl of CCK8 solution was added
to each well and incubated at 37°C for 2 h. OD
value at 450 nm for each well was then record-
ed by spectrophotometer for continuous eight
days.

Invasion assay

Invasion transwell with aperture 8 um (Corning
Millipore BD) was coated with 10 pl of
Matrige™/DMEM (1:1, v/v) at 37°Cfor 30 min.
ALDH1A1" and ALDH1AZ1 glioma cells were
both seeded in the upper chambers of tran-
swell at the density of 1.5x10% in 200 ul of
serum-free DMEM. The lower chambers were
filled with 500 pyl of DMEM with 10% fetal
bovine serum. After 48 h incubation, the filter
membranes were fixed with 4% formaldehyde
for 15 min. Next, the cells on the upper cham-
ber were scraped by cotton swab, and the high
invasiveness cells on the lower chambers were
stained with crystal violet for 15 min. Finally,
the high invasiveness cells were counted in ten
different microscopic visual areas at 400
magnification.

Animal survival time assay

The tumor cells of ALDH1A1" and ALDH1A1
from U251 cell line were orthotopically trans-
planted into the brains of 6-week-old female
NOD-SCID mice with 5x10* cells per mouse (n
= 6). The survival time was recorded.
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Statistical analyses

Unpaired t test was applied to compare the
expression of ALDH1A1 with clinicopathologi-
cal characteristics of glioma by using GraphPad
Prism 5 (San Diego, CA, USA). The SPSS statis-
tical software package (standard version 17.0,
Chicago, IL, USA) was used to analyze the rela-
tionship between the expression of ALDH1A1
and overall survival (OS) and disease-free sur-
vival (DFS) of the patients. Cox proportional
hazards regression model was employed for
multivariate survival analysis. A significance of
5% was adopted. P-value < 0.05 was consid-
ered statistically significant.

Results

ALDH1A1 expression is correlated with glioma
histological grade and predicts worse progno-
sis

We applied IHC staining to evaluate the expres-
sion of ALDH1A1 in the primary glioma speci-
mens from 237 patients. As shown in Figure
1A, ALDH1A1 staining of tumor cells showed a
punctuated intracellular morphology. A signifi-
cantly heterogeneity in staining patterns was
observed in the tumor cells. The staining inten-
sity and positive area were fairly variable in dif-
ferent grade glioma. We quantitatively evaluat-
ed the surgical specimens of 117 low grade
glioma patients (LGG) (WHO I-Il) and 120 high
grade glioma (HGG) patients (WHO IlI-IV).
ALDH1A1 overexpression with IHC staining
score over 5 was found respectively in 10

Am J Cancer Res 2015;5(4):1471-1483
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Figure 2. Correlation between molecular classification of GBM and ALDH1A1 expression in the specimens from
72 GBM patients. A. IHC detection of ALDH1A1 expression in each molecular type of GBM reveals that ALDH1A1
is higher in “classical-like” GBM as compare to the other types of “pronural-like” and “other” ones. B. Quantitative
analysis of correlation of molecular classification of GBM with ALDH1A1 expression. ***indicates significant differ-
ence (P < 0.001).

(8.5%) of 117 LGG patients and 41 (34.2%) of that median survival time of ALDH1A1 low

120 (HGG) patients (WHO llI-IV) (Figure 1A).
The overall expression scores were 3.92 + 3.80
in 120 HGG patients as compared with 2.00 +
2.57 in 117 LGG ones (WHO I-ll) (Figure 1B),
which is statistically significant. Furthermore,
the specimens with high expression of ALD-
H1A1 also exhibited high level of proliferation
protein Ki67. ALDH1A1 level was statistically
correlated with Ki67 (Figure 1C).

The correlation of ALDH1A1l expression with
patient survival was then analyzed in the glio-
ma patients who had follow-up data. We found

1476

expression patients was 31 months (ranging
from 4 to more than 118 months), whereas the
median survival of ALDH1A1 high expression
patients was 14 months (ranging from 4 to
more than 40 months). The estimated overall
survival rate of low score group of glioma
patients (n = 95) was significantly better than
that of high score group of glioma patients (n =
19) (P = 0.000) (Figure 1D). Disease-free sur-
vival rate was remarkably different between the
patients with low and ones with high expres-
sion of ALDH1A1 (P = 0.001) (Figure 1E). By
using Cox proportional hazards model, we per-

Am J Cancer Res 2015;5(4):1471-1483
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Figure 3. IHC analysis of ALDH1A1" cells’ distribution in glioma specimens. A. Representative IHC images show the
difference in the distribution of ALDH1A1* cells between the invasive frontier area and the non-invasive frontier
area. Two extending lines from the glioma are drawn to distinguish the invasive frontier area and non-invasive fron-
tier area (left); Quantitative analysis reveals that ALDH1A1" cells are increased in the invasive frontier area as com-
pared to the non-invasive frontier area (right). B. Representative IHC images show ALDH1A1* cells in the “normal”
brain tissue adjacent to the invasive frontier. C. Kaplan-Meier estimation performed on some of the glioma patients
indicates that the patients (n = 11) with ALDH1A1* cells in the “normal” brain tissue adjacent to the invasive frontier
have shorter disease-free survival time than those (n = 9) with less or no ALDH1A1* cells. (P < 0.001, log-rank test).
Data in A presented as the mean + SEM. The Student’s t-test was used for between ALDH1A1"&" and ALDH1A1""
analysis. ***indicates significant difference (P < 0.001).

pression for OS as shown in Table 2. We found
that ALDH1A1 expression was the independent

formed multivariate analysis to evaluate the
independent predictive value of ALDH1Al ex-
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Figure 4. ALDH1A1 glioma cells are capable of colony formation and proliferation. A. Colony formation of FACS-
sorted ALDH1A1* and ALDH1A1 cells yielded from U251 and primary glioblastoma cells (/eft). Quantitative analysis
shows significant difference between colony formation by ALDH1A1* and that by ALDH1A1 cells (right). B. Quanti-
tative analysis by cell counting kit-8 (CCK8) assay shows significant difference between proliferation capability by
ALDH1"e" and that by ALDH1"" cells isolated from U251 and primary glioma cells. C. Kaplan Meier survival curve of
overall survival (OS) indicates the association between FACS-sorted ALDH1A1* and ALDH1A1 cells of U251 cells in
SCID. Animals xenografted with ALDH1A1* cells had a mean OS of 64 days as compared to 89 days for those with
ALDH1AZ1 ones. (P =0.001, log-rank test). Each value is the mean + SEM. The Student’s t-test was used for between
ALDH1A1"e" and ALDH1A1"" analysis. *indicates significant difference (P < 0.05), **P < 0.01, ***P < 0.001.

negative prognostic factor for both overall sur- 0.017) and histological grade (HR = 5.394;
vival (HR = 1.917; 95% Cl = 1.131-3.436; P = 95% Cl = 2.790-10.431; P = 0.000). Therefore,
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Pathological comparison of the xenografted tumor derived from ALDH1A1* cells with that from ALDH1A1 cells. B.
ALDH1A1* cells possess higher invasive capability as compared to ALDH1A1 ones. Representative in vitro invasion
images of transwell assays (up). Quantitative analysis shows significant difference between invasion by ALDH1A1*
and that by ALDH1A1 cells (low). C. Analysis by qRT-PCR showed high levels of MMP2, MMP7 and MMP9 expres-
sion in ALDH1A1" cells as compared to those in ALDH1A1 cells. D. Western blot analysis indicates more abundance
of MMP2, MMP7 and MMP9 expression in ALDH1A1*" as compared to ALDH1A1 cells. Results are expressed as
the mean + SEM. Values shown were normalized to GAPDH. Data were evaluated by Student’s t-test between AL
DH1A1"e" and ALDH1A1"" (*p < 0.05, **p < 0.01, ***p < 0.001).

ALDH1A1 can be used as a biomarker for the patients [5, 20]. To address whether AL-

patients’ outcome, and its detection in the glio-
ma specimens can predict patients prognosis.

High expression of ALDH1A1 is correlated with
molecular classification of GBM

Molecular classification of glioblastoma has

been suggested in the pathological examina-
tion of GBM and the individualized treatment of
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DH1A1 expression is correlated with molecular
classification of GBM, we performed IHC stain-
ing to analyze the individual expression of
TP53, PDGFRA and EGFR in our series of speci-
mens from 72 GBM patients (Figure 2A).
Overall, 36 from 72 samples (50%) were de-
fined as “Pronural-Like” (PNL) subtype as char-
acterized by TP53- and/or PDGFRA-positive
staining, which included 4 (12.5%) samp-

Am J Cancer Res 2015;5(4):1471-1483
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les with ALDH1A1 overexpression. Other 13
(18.1%) samples belonged to “Classical-Like”
(CL) subtype with EGFR-positive but TP53- and
PDGFRA-negative staining, and most of them
(11 samples) (84.6%) were ALDH1A1 overex-
pression. The remaining 23 (31.9%) samples
that did not fit any of these criteria were classi-
fied as “Other”, and only 5 from them (21.7%)
exhibited ALDH1A1 overexpression. Statistical
analysis revealed that the expression of
ALDH1A1 was significantly different among the-
ses subtypes (Figure 2B, P = 0.0001). These
results indicate that ALDH1A1l expression is
correlated with the malignance and molecular
classification of GBM.

Detection of ALDH1A1* invasive cells is infor-
mative for prediction of glioma patients’ prog-
nosis

Invasion is one of important features of glioma
[24]. A correlation of ALDH1A1 expression with
invasiveness of glioma cells was indicated by
our immunohistochemical analysis of glioma
patients’ specimens with clear boundary where
the number of ALDH1A1" cells was increased in
the invasive frontier area as compared with the
non-invasive frontier area (Figure 3A). Qu-
antitatively, the percentage of ALDH1A1" glio-
ma cells in the invasive frontier area was signifi-
cantly higher than that in the non-invasive fron-
tier area (49% + 6% vs. 14% + 3%, p < 0.0001).
Importantly, by further examination of the spec-
imens with clear boundary from 20 glioma
patients, we noticed that there were some
ALDHZ1A1" cells located in the “normal” brain
tissue adjacent to the invasive frontier (Figure
3B). Furthermore, Kaplan-Meier analysis indi-
cated that the patients with more numbers of
these located ALDH1A1" cells had worse prog-
nosis than those with less or negative ones
(Figure 3C). Thus, our data indicate that detec-
tion of ALDH1AZ1" cells located in the “normal”
brain tissue adjacent to the invasive frontier is
not only informative for prognosis prediction
but also instructive for designing more effec-
tive regimens to treat glioma patients.

ALDH1A1* glioma cells possess higher capa-
bilities of colony formation and proliferation

To reveal the mechanism(s) underneath the
correlation of high expression of ALDH1A1 with
poorer prognosis of glioma patients, we per-
formed both in vitro and in vivo studies by using
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U251 glioma cell line and one primary glioma
cell line established from a female patient. We
first examined the proportion of ALDH1"e" cells
in the glioma cell line U251, and found that
ALDH1"e" cells accounted for 6.9% + 2.1% of
the whole-cell population (n = 14) (Figure S1A).
Similar results were also obtained that AL-
DH1"e" cells accounted for 4.2% + 1.9% of the
whole-cell population (n = 14) from primary gli-
oma cells (Figure S1A). We then measured
expressions of various subtypes of ALDH1 fam-
ily on the cells sorted through ALDEFLUOR™
kit. Analysis by qRT-PCR revealed that ALDH1"e"
cells highly expressed ALDH1A1 gene as com-
pared with ALDH1"°" ones, whereas the differ-
ences of other subtypes of ALDH family
between them were not obvious (Figure S1B).
Thus, ALDH1A1 was the main molecular sub-
type of ALDH family in the sorted ALDH1"¢" glio-
ma cells, and we named this group of cells as
ALDH1A1" glioma cells and the sorted ALDHZ1'*"
glioma cells as ALDH1A1 glioma cells.

We then examined the bio-behaviors of the
sorted ALDH1A1* cells and found that these
cells possessed higher capabilities of colony
formation as compared with ALDH1A1 ones
(Figure 4A). The percentage of colonies formed
by ALDH1AZ1* cells were higher than those
formed by ALDH1AZ1 cells in U251 (16.3% +
3.2% vs. 7.1% + 1.5%, P < 0.05) and primary
glioblastoma cells (8.4% + 0.9% vs. 4.1% %
0.6%, P < 0.05). Proliferation assay revealed
that ALDH1AZ1* cells sorted from either U251 or
primary glioma cells were highly proliferated
(Figure 4B, P < 0.05). Furthermore, orthotopic
xenotransplantation murine model studies de-
monstrated that SCID mice transplanted with
ALDH1A1" cells were alive for a period from 48
to 78 days, whereas ALDH1A1 cells-injected
SCID mice lived for a statistically significant lon-
ger period ranging from 90 to 121 days (Figure
4C; P = 0.001). These data suggest that
ALDH1A1" cells play a major role for glioma
progression.

ALDH1A1* glioma cells possess high invasion
capability

Pathological studies of orthotopically trans-
planted tumors demonstrated that ALDH1A1*
tumor cells exhibited stronger invasiveness
and the boundary of transplanted tumor formed
from ALDH1A1" tumor cells was less clear than
that formed from ALDH1AZ1 ones (Figure 5A).
To explore the corresponding mechanism, we

Am J Cancer Res 2015;5(4):1471-1483



ALDH1A1 predicts prognosis in glioma

next examined the invasive capabilities of
FCAS-sorted ALDH1A1" cells. As compared to
ALDH1AZ1 ones, ALDH1A1" cells respectively
sorted from U251 and primary glioma cells had
a greater invasiveness (Figure 5B). Gene
expression analysis further revealed that
ALDHZ1A1* tumor cells sorted from either U251
or primary glioma expressed higher levels of
MMP2, MMP7 and MMP9 (Figure 5C). Me-
anwhile, ALDH1AZ1" cells had more abundance
of MMP2, MMP7 and MMP9 as compared to
ALDH1AZ cells (Figure 5D). These results dem-
onstrate that the highly invasive capabilities of
ALDH1A1" cells are associated with the inc-
reased levels of MMPs expression.

Discussion

Here, we evaluated the clinicopathological
characteristics and the prognostic implications
of ALDH1A1 expression on the specimens from
237 glioma cases. Our study demonstrate that
(1) ALDH1A1 is differently expressed in the
specimens of LGG and HGG, (2) ALDH1A1
expression is correlated with the patients’ clini-
copathological characteristics including histo-
pathology grade of glioma, (3) ALDH1A1 expres-
sion is associate with the molecular classifica-
tion of GBM, (4) ALDH1A1 is an independent
prognostic indicator for the outcome and dis-
ease-free survival of glioma patients, (5) the
patients with more numbers of ALDH1A1* cells
located in the “normal” brain tissue adjacent to
the invasive frontier have worse prognosis than
those with less or negative ones, and (6)
ALDHZ1A1" glioma cells are highly invasive with
strong capabilities of proliferation and colony
formation. Thus, ALDH1A1* cells may play an
important role in the progression of glioma.

Glioma is the commonest neuroepithelial brain
tumor and the prognoses of patients are poor
with only 4 to 6 months of population-based
survival [22]. ALDH is a family of enzymes
assisted by either NAD or NADP as a coenzyme
for the metabolism of aldehydes to their corre-
sponding carboxylic acids. The ALDH genes can
be subdivided into several families. ALDH1A1,
a member of ALDH family, contributes primarily
to the biosynthesis of retinoic acid in liver. It
has been reported that ALDH1A1 overexpres-
sion in some malignant epithelial carcinomas is
associated with poor outcomes [23]. S. Al-
exandra Adam et al. reported that ALDH1A1
expressed and functioned in the early stages of
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brain development and strong expression of
ALDH1A1 was correlated with better survival of
glioblastoma patients in a study of 93 GBM
cases [17]. Contradictorily, Andrea Schafer et
al. found that among 70 GBM patients, the
prognosis of patients with high expression of
ALDH1A1 was poor as compared to that of
patients with low expression [18]. We speculate
that the reasons for the inconsistency may be
due to the difference in the number of cases
and the race of patients among the studies.
Nevertheless, our current study and others
indicate that ALDH1A1 expression is inversely
correlated with glioma patients’ survival.

Notably, our study demonstrates that the high-
er the expression of ALDH1A1 on the tumor
cells in the boundary region of glioma tumor tis-
sue, the worse the outcome of patients. Fur-
thermore, if more numbers of ALDH1A1" cells
are found located in the “normal” brain tissue
adjacent to the invasive frontier on the speci-
men of a glioma patient, the prognosis of this
patient will be much worse so that the dose and
the frequency of concurrent chemo-radiation
should be increased to strengthen the treat-
ment. Mechanistically, our study reveal that
ALDH1A1" glioma cells are highly invasive due
to high levels of MMP2, MMP7 and MMPO.
MMPs are well known to be capable of degrad-
ing extracellular matrix proteins to promote
tumor cell invasion [24]. Thus, ALDH1A1* glio-
ma cells, by expressing high levels of MMPs,
contribute to the invasion of glioma.

The molecular classification of GBM has been
suggested for its application in the molecular
diagnosis and guidance for treatment of
patients as well as prediction of their progno-
ses. Based on the functional annotation of sig-
nature genes generated from high-scale ge-
nome-wide profiling studies by gene expression
microarrays, three subclasses, i.e., proneural,
mesenchymal and proliferative, or four sub-
classes termed as proneural, mesenchymal,
neural, and classical, have been identified for
GBM subgroups [20]. An alternative simplified
IHC-based approach to quantitatively examine
p53, PDGFRA, and EGFR on the surgical speci-
mens reveals two GBM subtypes: the “Classical-
like” (CL) subtype which is characterized by
EGFR-positive but p53- and PDGFRA-negative
staining, and the “Proneural-like” (PNL) subtype
which is characterized by p53- and/or PDGFRA-
positive staining. The prognosis of “CL” GBM
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patients is much worse than that of “PNL" and
“other” GBM patients. By this alternative IHC
method and detection of ALDH1A1, we found
that “CL” GBM group had more cases of high
expression of ALDH1A1, suggesting that IHC
detection of ALDH1A1 may be useful as an
additional simple, convenient and reliable way
to predict the prognosis of GBM patients.

Currently, several clinical trials targeting some
special tumor markers by using various ap-
proaches, ranging from immunotherapy to an-
tagonists and molecular manipulation of tumor
marker expression, are under way in the treat-
ment of some malignancies and might also be
broadly applicable to glioma treatment. We
speculate that ALDH1A1 will be a potential tar-
get for glioma therapy. Meanwhile, our study
suggests that ALDH1A1 may be useful as a
molecular marker for prognosis prediction of
glioma patients.
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Table S1. The sequence of primers, product size and annealing temperature of gRT-PCR

No. Methods Gene Primer Sequence (5'—3’) Product Length T™M°C
1 Real-time RT-PCR GAPDH F: TGTTCGTCATGGGTGTGAACC 149 57
R: ATGGACTGTGGTCATGAGTCC
2 Real-time RT-PCR MMP2 F: CCACTGCCTTCGATACAC 157 58
R: GAGCCACTCTCTGGAATCTTAAA
3 Real-time RT-PCR MMP7 F: GAGTGAGCTACAGTGGGAACA 176 61
R: CTATGACGCGGGAGTTTAACAT
4 Real-time RT-PCR MMP9 F: GTTCCCGGAGTGAGTTGA 168 59
R: TTTACATGGCACTGCCAAAGC
5 Real-time RT-PCR ALDH1A1 F: CCGTGGCGTACTATGGATGC 167 62
R: CGCAATGTTTTGATGCAGCCT
6 Real-time RT-PCR ALDH1A2 F: TTGCCAGGATATGGGCCAAC 70 60
R: TGAATGCAATCTTGTCTATGCCA
7 Real-time RT-PCR ALDH1A3 F: GCCCTGGAGACGATGGATAC 113 60
R: CCCTGGATTTTGTCTGCCC
8 Real-time RT-PCR ALDH1B1 F: TACCACCGGGGAGGTCATT 169 62
R: ATCCCGCTCCACTAGGTCTG
9 Real-time RT-PCR ALDH1L1 F: GTTTGCAGAGCTGACATTAAAGG 115 60
R: GATTTTCCTCACATCAGGATGGT
10 Real-time RT-PCR ALDH1L2 F: TAGTCCAAAGCACGGCTCTAT 147 61
R: GGTCCTGTATCCAAGCCATCA
11 Real-time RT-PCR ALDH2 F: AAATGTCTCCGGTATTATGCCG 144 61
R: CATCAGGAGCGGGAAATTCCA
12 Real-time RT-PCR ALDH3A1 F: TGTTCTCCAGCAACGACAAGG 108 62
R: AGGGCAGAGAGTGCAAGGT
13 Real-time RT-PCR ALDH3A2 F: CTCCCTCAGTATTTAGACCAGGA 180 60
R: CCCTCCCAGTTCAAGAGTCAC
14 Real-time RT-PCR ALDH3B1 F: AAGCCATCGGAGATTAGCAAGA 72 61
R: GCTCTGGTCCACGTATTGGG
15 Real-time RT-PCR ALDH3B2 F: TCATCGCACCCTGGAACTAC 104 61
R: CTGGCTGATTTCTGACGGCT
16 Real-time RT-PCR ALDH4A1 F: TCTGTTATGCAGACAAGAGCCT 188 61
R: GATCACGGTCTTACCCTGTCC
17 Real-time RT-PCR ALDH5A1 F: GACCTTGCCAGAATAATCACAGC 136 61
R: GGGTGTGGATAATGTCTCCGT
18 Real-time RT-PCR ALDHG6A1 F: TTCAGTGCCAACTGTAAAGCTC 114 61
R: TGAGGGACCCGACCAATGA
19 Real-time RT-PCR ALDH7A1 F: TATTGCCCTGCTAACAACGAG 155 60
R: GCATCGCCAATCTGTCTTACT
20 Real-time RT-PCR ALDH8A1 F: ATGGCTGGAACAAACGCACT 99 62
R: CCCTGTTGATGGGTCGTAAGAA
21 Real-time RT-PCR ALDHO9A1 F: GTCGCAGCCGCTCAATTAC 155 61
R: CCTTTGCATTTTGAACAGCCAA
22 Real-time RT-PCR ALDH16A1 F: CAGACGGGCTGTATGAGTATCT 233 61
R: ATGGAGGTTGCCAGACGAATC
23 Real-time RT-PCR ALDH18A1 F: GCCCTTCAACCAACATCTTCT 126 60

R: AGGGGTACAGTGATAAACGGG
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Figure S1. Subtype identification of ALDH family in ALDH"e" and ALDH"" cells by flow cytometry. A. Detection of
the frequency of ALDH"e" cells in U251 cell line and a primary GBM by flow cytometry. B. gRT-PCR examination of
expression of each member of ALDH family in ALDH"&" and ALDH™" cells indicates that ALDH1A1 is a main subtype
in ALDH"e" cells.



