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Undifferentiated cell populations may influence tu-
mor growth in malignant glioma. We investigated
potential disruptions in the retinoic acid (RA) dif-
ferentiation pathway that could lead to a loss of
differentiation capacity, influencing patient prog-
nosis. Expression of key molecules belonging to the
RA differentiation pathway was analyzed in 283
astrocytic gliomas and was correlated with tumor
proliferation, tumor differentiation, and patient
survival. In addition, iz situ concentrations of reti-
noids were measured in tumors, and RA signaling
events were studied in vitro. Unlike other tumors,
in gliomas expression of most RA signaling mole-
cules increased with malignancy and was associated
with augmented intratumoral retinoid levels in
high-grade gliomas. Aberrantly expressed RA sig-
naling molecules included i) the retinol-binding
protein CRBP1, which facilitates cellular retinoid
uptake; ii) ALDH1A1, capable of activating RA pre-
cursors; iii) the RA-degrading enzyme CYP26B1; and
iv) the RA-binding protein FABP5, which can inhibit
RA-induced differentiation. In contrast, expression

of the RA-binding protein CRABP2, which fosters
differentiation, was decreased in high-grade tu-
mors. Moreover, expression of CRBP1 correlated
with tumor proliferation, and FABP5 expression
correlated with an undifferentiated tumor pheno-
type. CRBP1 and ALDH1A1 were independent prog-
nostic markers for adverse patient survival. Our
data indicate a complex and clinically relevant de-
regulation of RA signaling, which seems to be a
central event in glioma pathogenesis. (4m J Pathol
2011, 178:1953-1964; DOI: 10.1016/j.ajpath.2011.01.051)

In astrocytic gliomas, several recent findings support the
existence of immature tumor cell populations that persist
in an undifferentiated state associated with high tumori-
genicity and therapy resistance.’™® The occurrence of
immature cells in these tumors might reflect resistance to
physiological differentiation stimuli and/or impairment of
central differentiation pathways. Retinoic acid (RA) sig-
naling represents one of the best examined differentiation
pathways. Among numerous vital functions, RA metabo-
lism is indispensable for maturation of the central nervous
system and for differentiation of distinct brain struc-
tures.?~® Various types of human cancers show abnor-
malities in the RA signaling pathway.” ™ In particular,
epithelial tumors, which originate from tissues that de-
pend on a closely orchestrated balance between cellular
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proliferation and subsequent differentiation, show loss of
RA signaling components involved in RA availability. This
frequently includes altered expression of cellular retinol-
binding protein 1 (CRBP1), an intracellular transport pro-
tein in charge of facilitating the uptake of RA precursor
molecules,”® and of aldehyde dehydrogenase 1A1
(ALDH1A1), which is capable of activating RA precursors
into the active RA metabolite,’®'" as well as of cellular
retinoic acid binding protein 2 (CRABP2) and cellular
retinoic acid binding protein 1 (CRABP1), two chaperone
proteins that shuttle between different cellular compart-
ments channeling RA to designated nuclear RA recep-
tors or to endosomal degradation by cytochrome P450,
family 26 members (CYP26), respectively.'>'*

In addition, recent studies on breast tumor cells re-
vealed a pathological involvement of the intracellular
transport protein fatty acid binding protein 5 (FABP5) in
neoplastic RA signaling.'®'® FABP5 was shown to inhibit
RA-induced differentiation and induce survival/prolifera-
tion of tumor cells after diverting RA to an alternative
pathway.'®'® Although several reports described altered
expression or loss of function of these and other RA
signaling molecules, knowledge about possible abnor-
malities concerning this crucial pathway in glial tumors
remains scarce. In the present study, we investigated
potential alterations in the RA pathway and analyzed their
clinical relevance. In contrast to findings in other tumor
entities,”'* we observed a marked up-regulation of key
molecules associated with increased RA availability and
alternative, prosurvival RA usage in gliomas. This was
accompanied by increased intratumoral levels of RA pre-
cursors and activated RA. Finally, we found that expres-
sion of CRBP1 and ALDH1A1, which is discussed as a
potential stem cell marker in addition to its involvement in
RA signaling, is significantly associated with poor clinical
outcome independently of established prognostic fac-
tors. Our findings suggest that aberrant up-regulation of
RA signaling molecules may be a central component in
glioma pathogenesis, affecting patient prognosis.

Materials and Methods

Tissue Microarray

Our TMA consisted of histologically representative paraf-
fin-embedded tumor tissue samples from 283 patients
with astrocytic gliomas of World Health Organization
(WHO) grades Il to IV (see Supplemental Table S1 at
http.//ajp.amjpathol.org). All samples were derived from
untreated primary tumors. In addition, the TMA included
four samples of non-neoplastic brain derived from pa-
tients with non-tumor related diseases (two patients with
cerebral hemorrhage, one patient with encephalocele, and
one patient with apoplexia). Informed consent was obtained
from each patient according to the research proposals ap-
proved by the Institutional Review Board at Heidelberg
Medical Faculty. Patient characteristics are listed in Sup-
plemental Table S1 (available at http://ajp.amjpathol.org).
Patients involved in the study did not receive any retinoid-
based treatment during the course of their disease.

Evaluation of TMA Staining

Before TMA staining, individual antigen expression was
tested in a set of glioma tissues of WHO grade Il to grade IV
(n = 20 to 30, dependent upon the antigen) to establish
suitable antigen evaluation categories based on antigen
expression variability. Grading scores with uniform distribu-
tion of antigen expression levels among individual grading
categories were chosen for TMA evaluation. Staining of
different RA antigens was performed on subsequent TMA
slides. Each tumor biopsy sample was evaluated at X20
magnification by two independent investigators blinded to
all clinical data. (B.C. and K.D. evaluated CYP26B1; B.C.
and F.S.C. evaluated all other antigens.) Staining of TMA
biopsy samples was semiquantitatively graded in an anti-
gen-dependent manner according to the estimated per-
centage of positive cells covering the whole tissue spot (see
Supplemental Table S2 at http.//ajp.amjpathol.org). In case
of interobserver variability, staining frequency on individual
biopsy samples was counted manually. Average staining
patterns from all biopsy samples of an individual tumor were
taken as the final staining result.

Immunohistochemistry

Antibodies and antigen retrieval conditions are summarized
in Supplemental Table S3 (at http://ajp.amjpathol.org). Pri-
mary antibodies used were as follows: rabbit monoclonal
anti-ALDH1A1, mouse monoclonal anti-CRABP1 (both Ab-
cam, Cambridge, UK), rabbit polyclonal anti-CYP26B1 (Sig-
ma-Aldrich, Schnelldorf, Germany; St. Louis, MO), rabbit
polyclonal anti-CRBP1 (Santa Cruz Biotechnology, Heidel-
berg, Germany; Santa Cruz, CA), mouse monoclonal anti-
CRABP2 (Millipore, Schwalbach, Germany; Billerica, MA),
rat monoclonal anti-FABP5 (R&D Systems, Wiesbaden,
Germany), rabbit polyclonal anti-PPARD (Abcam, Cam-
bridge, UK), mouse monoclonal anti-RARa (Millipore),
mouse monoclonal anti-RARB (Acris, Hiddenhausen, Ger-
many), rabbit polyclonal anti-RAR+y (Santa Cruz Biotechnol-
ogy), mouse monoclonal anti-RXRa (R&D Systems), rabbit
polyclonal anti-RXRB (Millipore), and rabbit polyclonal anti-
RXRy (Millipore). Before TMA staining, specificity of primary
antibodies was verified using corresponding isotype con-
trols on glioma control tissues in equal concentrations as
primary antibodies. Normal testis tissue was used as con-
trol for retinoid receptor expression analyses, kindly pro-
vided by the tissue bank of the National Center for Tumor
Disease (NCT, Heidelberg, Germany; project 463) and
was used in accordance with the regulations of the NCT
tissue bank and the ethics commission of Heidelberg
University.

Incubation with primary and secondary antibodies as
well as detection with a Vectastain Elite ABC kit (Vector
Laboratories, Burlingame, CA) was performed as de-
scribed previously.'” Additional primary antibodies used
for double immunofluorescence were mouse monoclonal
anti-human nestin (1 pg/mL; R&D Systems) and mouse
monoclonal anti-human Ki-67 (10 wg/mL, BD Pharmin-
gen, Hamburg, Germany). Secondary antibodies were
anti-mouse Alexa488 (4 ug/mL), anti-rat Alexa555 (4 ug/
mL), and anti-rabbit Alexa555 (4 wg/mL; all Invitrogen,
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Karlsruhe, Germany; Carlsbad, CA). Confocal images
were generated with a FluoView FV10i confocal laser
scanning microscope (Olympus, Hamburg, Germany).

Flow Cytometry

For flow cytometry, cells were trypsinized and permeab-
ilized with an Inside stain kit (Miltenyi Biotec, Bergisch-
Gladbach, Germany; Auburn, CA), followed by incuba-
tion with rabbit polyclonal anti-human CYP26B1 (1.1 ug/
mL; Sigma-Aldrich), CRABP2 (5 wng/mL), or FABP5 (5
ng/mL). Appropriate isotype controls were used accord-
ing to the manufacturer’s instructions. For cell viability
assessment, 5 X 10° tumor cells per probe were incu-
bated with trypsin for 3 minutes at 37°C and were stained
with propidium iodide (20 ug/mL in Nicoletti buffer). Cells
were subjected to flow cytometric analysis using a BD
FACSCalibur cytometer and Cell Quest software ver-
sion 3.3 (BD Biosciences, Heidelberg, Germany; San
Jose, CA).

Cell Culture Conditions

Primary glioblastoma samples were obtained from pa-
tients undergoing surgical resection according to the re-
search proposals approved by the Institutional Review
Board at the Medical Faculty Heidelberg. Written consent
was obtained from each patient. Tissues were mechani-
cally dissociated and grown as adherent monolayer in
Dulbecco’s modified Eagle’s medium containing 10% fe-
tal calf serum or as cell suspensions under serum-free
culture conditions as previously described.'® The follow-
ing cell lines derived from primary glioblastomas were
used: NCH82, NCH89, NCH421k, NCH440, NCH441,
NCH525, and NCH644. For functional studies, cells were
grown for 7 to 14 days in the presence of RA, 13-cis-RA
(both Sigma-Aldrich), or BMP4 (Provitro, Berlin, Ger-
many). Medium changes were performed every 3 days.

Isolation of mMRNA from Tumor Tissues

A small set of tumor tissues (WHO grade Il, n = 5; WHO
grade Ill, n = 5; and WHO grade IV, n = 20) was
gathered according to the research proposals ap-
proved by the Institutional Review Board at the Medical
Faculty Heidelberg. Written consent was obtained from
each patient. Tissues were homogenized using an Ul-
tra-Turrax homogenizer (lka, Staufen, Germany; Wil-
mington, NC), and RNA was isolated using an RNeasy
mini kit (Qiagen, Hilden, Germany; Valencia, CA), ac-
cording to the manufacturer’s instructions.

Quantitative Real-Time PCR

For quantitative real-time PCR, 1 ng of total RNA was
subjected to reverse transcription with a Transcriptor
first-strand cDNA synthesis kit (Roche, Mannheim, Ger-
many). Each cDNA sample was analyzed in duplicate
using a LightCycler PCR system (Roche). Two endoge-
nous housekeeping genes [ZFANDS5 (previously ZNF216)
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and PITPNB] were used for internal normalization. Follow-
ing primers were used in the study: ZNF216 forward
5"-AACTACCCCGAAAACAGAGGT-3'; ZNF216 reverse
5'-GGGCTGAGAAACTGATGGAC-3'; PITPNB forward
5'-CGAGACTCAGAAAGAACTAGAAACAA-3'; PITPNB
reverse 5'-TGACCCTACAGGGGACTCAT-3'; CYP26A1
forward 5'-GCAGCCACATCTCTGATCACT-3'; CYP26A1
reverse 5 -TGTTGTCTTGATTGCTCTTGC-3'; CYP26B1
forward 5’-GGAGCACGGGAAGGAGAT-3’; CYP26B1 re-
verse 5'-ATAGGCCGCAAAGATCAGC-3’; CYP26C1 for-
ward 5'-GCCCTCGACCTAATCATTCA-3’; CYP26C1 re-
verse 5'-GAGCTCCACAGCCGACTC-3’; CRBP1 forward
5'-AGGCATAGATGACCGCAAGT-3’; CRBP1 reverse
5’-ACCCTTCTGCACACACTGG-3’; ALDH1A1 forward
5'-CCAAAGA CATTGATAAAGCCATAA-3'; ALDH1A1
reverse 5'-CACGCCATAGCAATTCACC-3’; CRABP2
forward 5'-TGCTGAGGAAGATTGCTGTG-3’; CRABP2
reverse 5'-CCCATTTCACCAGGCTCTTA-3'; CRABP1
forward 5'-AAGGCTTTGAGGAGGAGACC-3’; CRABP1
reverse 5'-TCCCCTTCAAGAAGAGTTTGC-3'; FABP5
forward 5-GAGTGGGATGGGAAGGAAAG-3’; FABP5
reverse 5'-GATCCGAGTACAGGTGACATTG-3'; RARB
forward 5’-TCGGCACACTGCTCAATC-3’; RARpB reverse
5'-GAAGCAGGGTTTGTACACTCG-3'.

Cell Proliferation

Proliferation assays were performed using a BrdU la-
beling and detection kit Il (Roche). Briefly, tumor cells
were seeded in eight replicas on 96-well plates at a cell
density of 5 X 10% cells. After 24 hours, cells were
treated with retinoids and allowed to grow for addi-
tional 48 hours, followed by 24 hours of BrdU exposure
and subsequent analysis according to the manufactur-
er's instructions.

RA Detection

Detection of endogenous RA and retinol levels was per-
formed in a set of tumor tissues with corresponding pa-
tient sera for 9/11 patients (5 tumors WHO grade Il and 6
tumors WHO grade V), which were all gathered accord-
ing to the research proposals approved by the Institu-
tional Review Board at the Medical Faculty Heidelberg.
Written consent was obtained from each patient.

All-trans-RA, 9-cis-RA, 13-cis-RA, and retinol were quan-
tified in serum and tumor tissues using liquid/liquid-extrac-
tion and high performance liquid chromatography with UV
detection on a Thermo Fisher Scientific system (P4000
pump, AS3000 sampler, and UV6000 diode array detector;
Thermo Fisher Scientific, Waltham, MA). In principle, the
methods were based on descriptions by Schmidt et al,'®
but were optimized in chromatography and sample extrac-
tion procedures.

In brief, high performance liquid chromatography on a
Synergi Hydro-RP column (150 mm X 2.1 mm; 4 um; 80 A;
Phenomenex, Aschaffenburg, Germany) was performed
using isocratic conditions of 23% ammonium acetate buffer
(5 mmol/L adjusted to pH 3.5 by acetic acid), 32% metha-
nol, and 45% acetonitrile as eluent from 0 minutes to 11
minutes. Thereafter (11 minutes to 12.5 minutes), the or-
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ganic content was increased to 50% methanol and 50%
acetonitrile and held isocratic until 16 minutes. The flow rate
was 0.35 mL/min, and the column was heated to 40°C. The
injection volume was 20 ul, and the analytes were detected
within 16 minutes at the UV wavelength of 350 nm. The
extraction of plasma (500 ulL) and tissue (500 mg) samples
was performed by adding internal standard solution (acit-
retin, 25 plL) and borate buffer (pH 10.0, 500 ulL). Tissue
samples were homogenized using an lka Ultra Turrax sys-
tem. After vortexing and addition of 5 mL ethyl acetate,
samples were shaken overhead (10 minutes) and subse-
quently centrifuged at 3000 X g for 10 minutes. The organic
layer (4 mL) was transferred into separate tubes and re-
duced to dryness in a stream of nitrogen at 40°C. Subse-
quently, the residue was reconstituted in 200 ulL high per-
formance liquid chromatography eluent.

The 9-cis-, 13-cis-, all-trans-RA, and retinol were pur-
chased from Sigma-Aldrich (Taufkirchen, Germany). Aci-
tretin was supplied by Toronto Research Chemicals
(TRC, Toronto, ON, Canada). Calibrations for all analytes
in plasma (tissue) were done in the range of 3.90 ng/mL
to 500 ng/mL (3.90 ng/g to 500 ng/g), except that retinol
was calibrated from 3.90 ng/mL to 1000 ng/mL (ng/g).
The lower limit of quantification in plasma (tissue) was
3.90 ng/mL (3.90 ng/g) for all analytes. The assay was
validated using quality control samples in the upper, mid-
dle, and lower calibration ranges according to the proce-
dures recommended by the U.S. Food and Drug Adminis-
tration (Guidance for Industry: Bioanalytical Method
Validation, May 2001; http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatorylnformation/Guidances/
UCMO070107.pdf, last accessed November 15, 2010). The
overall accuracy (including all analytes) varied from +0.7%
to +10.3% for plasma and from —3.8% to +4.8% for tissue;
the overall precision ranged from 2.3% to 6.3% in plasma
and from 2.1% to 8.3% for tissue (%CV batch-to-batch).

Statistical Analysis

Possible associations between overall survival (OS) and
average staining results were investigated by log-rank tests
and reported as Kaplan-Meier plots. To account for the
influence of established prognostic factors on OS, WHO
grade, patient's age at diagnosis, and extent of tumor
resection were included in subsequent multivariate Cox re-
gression analyses. Recurrent tumors, patients with incom-
plete clinical follow-up, and patients enrolled in experimen-
tal therapies were excluded from survival analysis. The OS
was calculated from date of first diagnosis to the time point
of death and was censored for patients still alive at the end
of study (November 30, 2009). Mean follow-up time was
10.7 years (4.3 years). Patients were followed from date of
first diagnosis to the end of study or were censored at
death. If a patient could not be contacted (n = 11), the date
of last visit was taken as the censored endpoint. The rela-
tionship between antigen expression and WHO grade was
quantified by Spearman’s rank correlation p. To explore
expression similarities among the investigated antigens, a
distance matrix was built based on estimated p correlations
and antigens were clustered based on this matrix using the
flexible B distance. Calculations were performed using the

statistical software environment R, version 2.4.1 (htto.//www.
r-project.org). In vitro data on the induction of CYP26 mole-
cules after RA treatment were analyzed using two-sided
t-tests. Data on the expression of transcripts of RA key
players in WHO grade II, Ill, and IV, as well as data on
retinoid concentrations in tissues, were analyzed using a
two-sided Mann-Whitney test. Probability values of P < 0.05
were considered statistically significant.

Results

Expression of Molecules in Charge of Fostering
RA Availability Increases with Tumor Malignancy

To study key molecules regulating the availability of intra-
cellular RA, we analyzed protein expression of CRBP1,
which is involved in retinol uptake from the extracellular
microenvironment,?® and of ALDH1A1, which is in charge of
activating retinol to the biologically effective RAZ' on our
TMA. Surprisingly and unlike previous studies reporting
down-regulation of CRBP1 and ALDH1A1 in epithelial can-
cers,” " both proteins showed increased expression levels
in glioma, compared with non-neoplastic brain tissue (Fig-
ure 1, A and B). Strong cytoplasmic immunoreactivity of
CRBP1 was detected in the vast majority of glioma samples
(Figure 1A). At the same time, frequency and staining in-
tensity of CRBP1-positive cells increased with tumor malig-
nancy (p = 0.54, P < 0.001; Figure 1C). We were able to
substantiate these data on the mRNA level in a set of glioma
tissues (n = 30). In fact, the average CRBP1 mRNA expres-
sion was more than 30-fold higher in WHO grade IV tumors,
compared with WHO grade Il and Il gliomas (see Supple-
mental Figure S1A at http://ajp.amjpathol.org). As in the
case of CRBP1, most tumor samples showed cytoplasmic
ALDH1A1 immunoreactivity (Figure 1B), and staining fre-
quency increased with tumor malignancy (p = 0.17, P =
0.012;), being highest in WHO grade IV, on both mRNA and
protein levels (Figure 1D; see also Supplemental Figure
S1B at http.//ajp.amjpathol.org).

In light of our results suggesting a multifaceted overex-
pression of RA signaling molecules in high-grade tumors,
we investigated the clinical relevance of our findings in
terms of potential associations between expression of
CRBP1 or ALDH1A1 and patient OS. Indeed, increased
expression of CRBP1 and ALDH1A1 was significantly as-
sociated with shorter patient survival (Figure 1, E and F; see
also Supplemental Figure S1, A and B, at http.//ajp.
amjpathol.org; for P values and hazard ratios, see Sup-
plemental Table S4 at http://ajp.amjpathol.org). Given that
our data suggested aberrant expression of molecules
fostering RA precursor uptake and activation, we mea-
sured retinoid concentrations in native tumor tissues and
corresponding patient sera to calculate the ratio of extra-
and intracellular retinoids. Of note, in a study sample
comprising low-grade gliomas (WHO grade Il; n = 5) and
high-grade gliomas (WHO grade IV; n = 6), most of the
tumor samples contained high intracellular retinol levels,
which in some cases even exceeded the extracellular
concentrations and indicated efficient retinol uptake from
the extracellular space (Figure 1, G and H). Furthermore,
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biologically active retinoids such as all-trans-RA, 13-cis-
RA, and 9-cis-RA were detectable in most of the tumors,
indicating biological activation of retinol in these tissues.
Most importantly, concentrations of these activated reti-
noids were higher in WHO grade IV tumors, compared
with low-grade tumors. Altogether, these results are con-
sistent with our hypothesis of an aberrant expression of
RA signaling molecules in charge of fostering cellular
retinoid uptake and activation.

Expression of the Natural RA Chaperone Protein
Decreases with Tumor Malignancy

The unexpected up-regulation of RA availability prompted
us to analyze expression of CRABP2, designated to route
RA into the nucleus to its cognate receptors to facilitate
differentiation.?° CRABP2 was detectable in the cytoplasm
and in the nucleus of tumor cells (Figure 2A). Although we
did not detect any changes on the mRNA level, CRABP2

protein expression clearly decreased with tumor malig-
nancy and was lowest in WHO grade IV tumors (p = —0.29,
P < 0.001; Figure 2B; see also Supplemental Figure S1C at
http.//ajp.amjpathol.org). Moreover, decreased protein ex-
pression of CRABP2 was significantly associated with
shorter patient survival (Figure 2C; see also Supplemen-
tal Table S4 at http.//ajp.amjpathol.org). Because previ-
ous studies have shown that CRABP2 can translocate
into the cell nucleus on RA binding,'®?? we further as-
sessed frequencies of nuclear CRABP2 staining (Figure
2D) as a surrogate for an activated RA pathway and
calculated potential associations between expression
levels and clinical data. In agreement with our previous
results, nuclear CRABP2 immunoreactivity decreased
with tumor malignancy (p = —0.14, P = 0.04; Figure 2E),
and low protein expression levels were significantly as-
sociated with shorter OS (Figure 2F; see also Supplemen-
tal Figure S1C and Supplemental Table S4 at http://ajp.
amjpathol.org).
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staining showing a WHO grade-dependent de-

WHO grade IV crease in nuclear CRABP2 staining (arrows). E:
B . e = Distribution of nuclear CRABP2 staining frequen-
0 -')-";*'r"_."' L {,‘_‘,."’_ cies. F: Kaplan-Meier plot indicating associations

between staining frequencies of nuclear CRABP2
and patient survival. There was a significant in-
verse correlation of staining frequencies with
WHO grade for overall CRABP2 (P < 0.001) and
nuclear CRABP2 (P = 0.04), indicating associa-
tions between staining frequencies and overall
survival. Decreased expression of both overall
CRABP2 and nuclear CRABP2 was significantly
associated with poor patient survival (2 = 0.001

for both).
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Physiological Retinoic Acid Receptors Show a
Tumor Grade-Dependent Expression

In the nucleus, CRABP2-bound RA interacts with het-
erodimeric RA receptors, composed of a retinoid X
receptor (RXR) and a retinoid acid receptor (RAR),
each of which can occur as «, B, or vy variants.?®
Because retinoid receptor expression is a prerequisite
for physiological RA activity,?® we further analyzed the
expression of all six retinoid receptor variants on our
TMA. Nuclear retinoid receptor expression was clearly
discernible for all three RXR receptors (see Supple-
mental Figure S2 at http://ajp.amjpathol.org). In con-
trast to RXRs, RAR receptors were immunoreactive
both in the nucleus and in the cytoplasm of tumor cells
(see Supplemental Figures S2 and S3A at http://ajp.
amjpathol.org). Intriguingly, staining frequencies of
RARB, RXRa, and RXRB positively correlated with
WHO grade (p = 0.26, P < 0.001; p = 0.22, P < 0.001;
and p = 0.20, P = 0.002, respectively).

Because genes encoding for retinoid receptors are
RA target genes themselves,?® we wondered whether

time [months]

augmented expression of these receptors might reflect
increased intracellular RA levels. Using therapeutic
doses of RA (1 umol/L), we were able to trigger strong
induction of transcripts for RARB in primary glioblas-
toma cell lines. Application of concentrations close to
physiological RA levels (5 nmol/L RA), however, re-
sulted in a weak induction (on average, approximately
34 times lower induction) of RARB, a level that, in the
absence of RA RARB expression, was almost undistin-
guishable from background (see Supplemental Figure
S3B at http://ajp.amjpathol.org). These results likely in-
dicate that increased expression of retinoid receptors
reflects increased intracellular availability of RA in glio-
mas, and that physiological RA levels might be less
efficient at inducing a RA-triggered response in glioma
cells. Of note, univariate analysis revealed that in-
creased expression of RXRa was associated with short
patient survival. For RXRB, a trend toward a poorer
survival was observed (see Supplemental Table S4 at
http://ajp.amjpathol.org). Thus, together with our results
on CRABP2, these findings add support to the notion of
a complex disturbance in the differentiation-promoting
arm of the RA pathway.
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Figure 3. Distribution of CRABP1 and CYP26B1
staining frequencies and association between ex-
pression levels and patient survival. A: Immuno-
histochemical staining showing an increased ex-
pression of the intracellular retinoic acid-binding
protein CRABP1 in tumors, compared with non-
tumorous brain. B: Immunohistochemical stain-
ing showing a WHO grade-dependent increase
in the expression of the RA-degrading enzyme
CYP26B1. Imsets: Immunoreactive cells at
higher magnification. Scale bar = 100 pm (main
images); 25 pum (insets). C, D: Distribution of
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The RA-Degrading Enzyme CYP26B1 Can Be
Induced in Vitro and in Vivo and Increases with
Tumor Malignancy

Given the increased availability of RA, we further focused
our analyses on the expression of molecules that control
RA degradation. Notably, CRABP1, which channels RA to
endosomal compartments, passing it on to degradation
by CYP26 enzymes,'? showed increased expression lev-
els in tumor biopsy samples, compared with nontumor-
ous brain (Figure 3A), although expression of CRABP1
was similarly distributed among different WHO grades
(p = 0.02, P = 0.81; Figure 3C; see also Supplemental
Figure S4A at http.//ajp.amjpathol.org) and was not asso-
ciated with patient survival (Figure 3E). Whether CRABP1
in astrocytic gliomas can participate in the degradation of
RA depends on the availability of catabolic CYP26 en-
zymes. CYP26 proteins constitute a group of P450 cyto-
chrome-dependent enzymes that are induced in the
presence of RA and are capable of degrading RA.2* Until
now, only three different CYP26 enzymes with tissue-
specific expression and distribution have been de-
scribed, namely, CYP26A1, -B1, and -C1.24

In the absence of reports on expression of CYP26
enzymes in gliomas, we first analyzed their expression in
primary glioblastoma cell lines (n = 6) in the presence
and absence of RA. Although expression of CYP26A1,
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-B1, and -C1 was marginal in untreated cells, CYP26B1
was markedly induced after RA exposure (Figure 4A).
This effect was dose-dependent and retinoid-specific [ie,
not inducible by other differentiation agents, such as
bone morphogenetic proteins (BMPs)], and was con-
firmed on the mMRNA level as well as on the protein level
(Figure 4, B-D). Because serum is known to contain
substantial amounts of RA,?®> we further validated our
results on cell lines cultivated in the absence of serum
(n = 4). In accord with our previous data, CYP26B1
mMRNA levels were insensitive to BMP treatment, but in-
creased significantly on exposure to retinoids, without
significant changes in cell viability (see Supplemental
Figure S5, A and B, at http://ajp.amjpathol.org). Further-
more, CYP26B1 induction could be recapitulated in fresh
glioma tissue explants after RA exposure (n = 3/5), thus
excluding possible in vitro culture artifacts (Figure 4E).
Given these results, and assuming that CYP26B1 is the
most relevant RA-metabolizing enzyme in gliomas, we
further analyzed CYP26B1 expression immunohisto-
chemically on our TMA. CYP26B1 immunoreactivity was
found in virtually all glioma samples and at higher levels,
compared with non-neoplastic brain tissue (Figure 3, B and
D). Altogether, frequencies of positive cells increased with
tumor malignancy (p = 0.25, P < 0.001; Figure 3D), on both
protein and mRNA levels, although increments in
CYP26B1 transcripts did not reach statistical signifi-
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cance (Figure 4E; see also Supplemental Figure S4B at
http://ajp.amjpathol.org). In addition, CYP26B1 protein
expression was significantly associated with shorter pa-
tient survival (Figure 3F; see also Supplemental Table S4
at http://ajp.amjpathol.org).

FABP5, a Potential Candidate for Alternative RA
Usage, Is Strongly Expressed in Gliomas, and
Its Expression Increases with Tumor Malignancy

Based on our results suggesting a clinically relevant up-
regulation of RA molecules in high-grade gliomas, which
likely affects intracellular RA availability, it is tempting to
speculate that increased expression of CRBP1 and
ALDH1A1, confers growth advantage to glioma cells and is
specifically selected during tumor growth/tumor progres-
sion. Of note, previous studies on breast cancer cell lines
reported an involvement of the intracellular transport protein
FABP5 in RA signaling.''® FABP5 was able to bind RA and
to divert it into an alternative metabolic pathway that used
PPARD as an alternative receptor and could trigger prolif-
eration and survival of tumor cells. This effect was further
enhanced when the natural RA-binding protein CRABP2
was lost.

In light of these reports and our present findings indicat-
ing low CRABP2 expression in high-grade gliomas, we fur-
ther analyzed expression of FABP5 and the alternative re-
ceptor PPARD. Cytoplasmic FABP5 was weakly expressed
in non-neoplastic brain tissues, but was found in the major-
ity of tumor samples. Its expression markedly increased
with WHO grade (p = 0.37, P < 0.001) and was highest in
WHO grade IV tumors, on both mRNA and protein levels. In
addition, increased FABP5 expression was significantly as-
sociated with shorter patient survival (Figure 5, E and G; see
also Supplemental Figure S4C and Supplemental Table S4
at http.//ajp.amjpathol.org). Previous studies have reported
that FABP5 and CRABP2 can compete for cytoplasmic RA
and translocate into the cell nucleus on RA binding.'®22:2¢
Although cytoplasmic FABP5 serves as a chaperone pro-
tein for diverse metabolic compounds, nuclear translocation
exclusively succeeds RA binding.'® Indeed, nuclear FABP5
immunoreactivity was confirmed by confocal microscopy
scanning in primary glioma tissues, suggesting an involve-
ment of FABP5 in RA signaling (Figure 5, B-D). Based on
this observation, we assessed frequencies of nuclear
FABP5 as a surrogate for a potential alternative RA pathway
(see Supplemental Figure S6A at http.//ajo.amjpathol.org)
and calculated associations between expression levels and
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Figure 5. WHO grade-dependent distribution of
FABP5 immunoreactivity and association of ex-
pression levels with patient survival. A: Immu-
nohistochemical staining showing a WHO grade-
dependent increase in the expression of the
alternative RA-binding protein FABP5. Insets:
Immunoreactive cells at higher magnification.
Scale bar = 100 um (main images); 25 wm (in-
sets). B-D: Rendered confocal microscope scan
showing an immunofluorescent staining of nu-

| DAPI clear FABP5 expression (red) combined with nu-
clear DAPI staining (blue) as both opaque and
transparent overlay in a representative primary
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clinical data. Of note, nuclear FABP5 expression increased
with tumor malignancy (p = 0.24, P < 0.001; Figure 5F) and
was significantly associated with shorter OS (Figure 5H; see
also Supplemental Table S4 at http://ajp.amjpathol.org). In
contrast to FABP5, PPARD expression was unrelated to
WHO grade (p = 0.05, P = 0.41) or patient survival (see
Supplemental Figure S6B and Supplemental Table S4 at
http.//ajp.amjpathol.org).

To determine whether primary glioblastorma cell cultures
retain expression of the downstream chaperone proteins
capable of influencing the intracellular distribution of RA, we
measured protein levels of FABP5 and CRABP2 in a set of
cell lines isolated from primary glioblastomas (n = 3). We
found that all cell lines expressed high levels of FABP5
and low levels of CRABP2, thus mirroring in situ expres-
sion levels in WHO grade IV tumors (see Supplemental
Figure S7A at http://ajp.amjpathol.org). Based on this
screening, we concluded that our cell lines might serve
as models to screen for alternative RA signaling. Of
note, on RA exposure one of three cell lines responded
with an increase in proliferation as assessed by BrdU
incorporation, suggesting that RA may act as a propro-
liferative agent in some cell lines (see Supplemental Fig-
ure S7B at http.//ajp.amjpathol.org).

time [months]

Increased Expression of CRBP1 Correlates with
Increased Tumor Cell Proliferation, and Increased
FABP5 Levels Are Associated with Expression of
a Stem Cell-Related Intermediate Filament

Because aberrant expression of RA signaling key players
appears to be a distinct event in WHO grade IV gliomas,
we sought to explore whether increased expression of
individual RA antigens in glioblastoma was correlated
with either tumor cell proliferation or an immature tumor
phenotype. To this end, we resorted to a previously com-
piled data set generated with the same TMA,?” which
included expression analyses of the proliferation marker
Ki-67, as well as the intermediate filament nestin and the
transcription factor SOX2, two classical markers for im-
mature cells of neoplastic and non-neoplastic origin.28—3°
Correlation of staining frequencies with expression of RA
signaling molecules in glioblastoma revealed a positive
correlation of CRBP1 with Ki-67 (p = 0.27, P < 0.001) and
a positive correlation of nestin with FABP5 (p = 0.23, P =
0.003), both of which could be confirmed by double
immunofluorescent staining (Figure 6, A and B). In addi-
tion, CRBP1 frequencies correlated with Sox2 expression


http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org

1962 Campos et al
AJP May 2011, Vol. 178, No. 5

1 Ki-67 /

Ve

@stin / 1 Mestin |

CRABP2 nuclei

CRABP2

mo|

‘II ||||ﬂ R
I In i

FAEPS nuclei

e 1..;Uhi],,"|"u; !

ALDH1A1

ybly

Figure 6. Colocalization of RA antigens with the proliferation marker Ki-67, the
intermediate filament nestin, and the transcription factor Sox2. A-D: Immuno-
fluorescent staining showing a colocalization of CRBP1 (red) and the prolifera-
tion marker Ki-67 (green) in a subset of glioma cells (A), as well as a colocal-
ization of FABP5 (red) and the stem cell-related filament nestin (green) (B).
Colocalization of the stem cell-associated transcription factor Sox2 (green) with
CRBP1 (red) (C) and FABP5 (red) (D). DAPI (blue) was used for counterstaining
throughout. Staining is shown in representative primary glioblastoma tissues.
Arrowheads indicate double-positive cells. Scale bars = 30 wm. E: Cluster
analysis summarizing staging correlations among RA antigens, Ki-67, nestin, and
Sox2 expression in glioblastomas (WHO grade IV).

(p = 0.20, P = 0.007), and FABP5 showed an association
with Sox2 staining (p = 0.12; P = 0.13, Figure 6C).
Taking into account that RA pathway molecules are in-
terrelated in a complex signaling network, we further calcu-
lated potential correlations between up-regulated RA sig-
naling components in glioblastomas. Of note, correlation
analyses revealed that molecules fostering RA precursor
uptake were correlated with proteins facilitating retinoid ac-
tivation or RA degradation (see Supplemental Figure S8B at
http://ajp.amjpathol.org): CRBP1 showed a strong positive
correlation with ALDH1A1 (p = 0.26, P < 0.001) and with
CYP26B1 (p = 0.24, P = 0.002). In addition, CYP26B1
expression was positively correlated with CRABP1 (p =
0.25, P = 0.001) and ALDH1A1 (p = 0.18, P = 0.026).
Notably, CYP26B1 expression was also positively corre-
lated with FABP5 immunoreactivity (p = 0.23, P = 0.004),
but we found no significant correlation of FABP5 with other
RA signaling components. Corroborating these results,
cluster analyses of all RA antigens correctly identified two
main groups: FABP5, CYP26B1, CRABP1, and ALDH1A1 in

one group and Ki-67, CRBP1, Sox2, nestin, and CRABP2 in
the other group (Figure 6D).

Elevated Expression of Signaling Molecules
Responsible for RA Availability as Well as Loss of
Retinoid Receptors Is Associated with Poor Patient
Survival Independently of Prognostic Confounders

Because our results suggested a clinically relevant alter-
ation in the expression of RA signaling molecules, we
went on to study whether associations with patient sur-
vival would prevail even after adjustment for known prog-
nostic factors such as WHO grade, patient age at diag-
nosis, and extent of tumor resection. Using multivariate
Cox regression analyses, we were able to identify a sig-
nificant, independent association between OS and
ALDH1A1 [P = 0.02; hazard ratio (HR) = 1.20 (95%
confidence interval (Cl) = 1.04-1.40)], as well as be-
tween OS and high CRBP1 expression levels [P = 0.03;
HR = 1.42 (95% CI = 1.04-1.92)]. In addition, in WHO
grade IV tumors, increased expression of ALDH1A1 was
associated with poor OS, again independently of the
abovementioned prognostic factors [P = 0.03 HR 1.20
(95% CI = 1.02 to 1.40); for P values and hazard ratios;
see Supplemental Table S5 at http://ajp.amjpathol.org].
Notably, multivariate Cox regression analyses could not
confirm the association between increased expression of
RXRa and shorter patient survival, suggesting that this
association was largely due to the WHO grade-depen-
dency of the antigens. In WHO grade IV tumors, however,
increased RXRB expression turned out to be associated
with better patient survival, independently of the above-
mentioned confounders. Altogether, our results strongly
suggest that aberrantly expressed molecules involved in
RA availability, as well as loss of certain differentiation
receptors, are independent prognostic markers for an
adverse patient survival. Based on the observed expres-
sion pattern of CRABP2 and FABP5, these data hint at the
intriguing possibility of an alternative RA signaling path-
way in astrocytic gliomas.

Discussion

The present study provides strong evidence for a unique
aberrant expression of RA signaling molecules in glial
tumors, which is associated with increased intratumoral
retinoid availability and an unfavorable outcome in glioma
patients (for a schematic summary, see Supplemental
Figure S8A at http://ajp.amjpathol.org). In contrast to other
tumor entities,”'* glial tumors featured a malignancy-
dependent increase in the expression of molecules be-
longing to the RA synthesis machinery. This seemed to
be further aggravated by augmented expression of a
molecule involved in an alternative RA signaling, capable
of promoting tumor growth.®'6 At the same time, how-
ever, the physiological differentiation-inducing pathway
appeared to be attenuated with increasing tumor malig-
nancy. In agreement with this hypothesis and accounting
for the clinical relevance of aberrant RA signaling in glio-
mas, loss of the physiological retinoid receptor RXRB and
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overexpression of two proteins regulating RA availability
(CRBP1 and ALDH1A1) proved to be independent prog-
nostic events associated with an adverse survival.

In recent years, there have been numerous indepen-
dent reports of the occurrence of undifferentiated tumor
cells in human cancers throughout the body."231734 |n
glial tumors, increased numbers of tumor cells express-
ing stem cell-associated markers such as AC133 and the
intermediate filament nestin are associated with poor pa-
tient survival and earlier tumor recurrence.?®3° Bearing in
mind the aberrant expression levels of molecules in-
volved in RA availability, as well as the increased intra-
tumoral retinoid levels described in the present study
(CRBP1, ALDH1A1), these seemingly contrary observa-
tions raise the intriguing question of whether undifferen-
tiated glioma cells can escape physiological antitumor
influences of RA.'® In support of this notion, we observed
a strong correlation between expression of CRBP1 and
tumor cell proliferation, between CRBP1 and the stem
cell-related transcription factor SOX2, and between
FABP5 and the stem cell-associated protein nestin.
These observations may point to an alternative utilization
of retinol and RA, other than inducing physiological dif-
ferentiation. Concordantly, RA seemed to act as a
proproliferative agent in vitro in one of our cell lines, and
these results thus constitute an unexpected finding that is
in good agreement with the hypothesis of an alternative
RA usage.

In a series of pioneering experiments, Schug et al'®'®
demonstrated that FABP5 and CRABP2 compete for RA
binding in tumor cells derived from the transgenic mam-
mary cancer mouse model MMTVneu. Low levels of
CRABP2 along with elevated expression of FABP5 facil-
itated RA binding of FABP5. FABP5 subsequently trans-
located into the nucleus, inducing proliferation and sur-
vival of tumor cells through activation of the survival factor
Akt. In light of these results, it is tempting to speculate
that glioma cells resort to increased FABP5S levels to
convert RA from a differentiation-inducing to an antiapo-
ptotic, prosurvival agent.’®'® In line with this concept,
elevated ALDH1A1 expression in our study sample was
associated with poor clinical outcome independently of
known prognostic confounders. Notably, ALDH1A1 ac-
tivity has been used to enrich undifferentiated progenitor
cells in various healthy and cancerous tissues.3¢-42
Moreover, several studies have described a clinical influ-
ence of ALDH1A1-expressing tumor cells in cancers of
breast, colon, prostate, and head and neck, as well as in
leukemia.®6:39:40:43.44 Thage findings raise the intriguing
question of how ALDH1A1, in charge of activating the
prodifferentiation factor RA, is associated with worsened
clinical outcome and an undifferentiated phenotype in
both healthy and neoplastic tissues. Taking into account
possible mechanisms of alternative RA signaling, it could
be of great interest to investigate whether stem and pro-
genitor cells are capable of steering self-generated intra-
cellular RA levels. By modulating the expression of
ALDH1A1 and of chaperone proteins such as CRBP1,
CRABP1, CRABP2, and FABP5, these cells might switch
between proliferation and differentiation in response to
microenvironmental or ontogenetic cues.
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Finally, we reported abundant, WHO grade-dependent
expression of CYP26B1 in glioma tissues and dose-de-
pendent, retinoid-specific induction of CYP26B1 in gli-
oma cell lines, as well as in fresh tumor explants sub-
jected to brief exposure to RA. Because of their ability to
metabolize RA, CYP26 enzymes are believed to exert
local control of RA synthesis and seem to play a critical
role during ontogenesis.*®> Bearing in mind the strong
correlation of proteins facilitating retinol uptake (CRBP1)
and activation (ALDH1A1), as well as RA degradation
(CYP26B1) (see Supplemental Figure S8B at http.//ajp.
amjpathol.org), it can be assumed that elevated CYP26B1
expression in glial tumors indirectly mirrors elevated RA
synthesis, resulting as physiological response to control
elevated intracellular RA concentrations.?** It is further
conceivable that, in the absence of CRABP2, high levels
of CRABP1, CYP26B1, and FABP5 greatly reduce the
likelihood of RA reaching its designated nuclear receptor
and inducing differentiation without being degraded or
diverted into an alternative signaling pathway first. None-
theless, despite these alluring speculations, further stud-
ies would be needed to corroborate these hypotheses.

Taken together, our results identify CRBP1 and
ALDH1A1 as independent and unfavorable prognostic
markers in glioma and suggest aberrant RA signaling as
a central and clinically relevant component in glioma
pathogenesis.
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