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Increasing evidence suggests an important function
of the ␤-amyloid precursor protein (APP) in malignant disease in humans; however, the biological basis
for this evidence is not well understood at present. To
understand the role of APP in transformed pluripotent stem cells, we studied its expression levels in
human testicular germ cell tumors using patient tissues, model cell lines, and an established xenograft
mouse model. In the present study, we demonstrate
the cooperative expression of APP with prominent
pluripotency-related genes such as Sox2, NANOG, and
POU5F1 (Oct3/4). The closest homologue family
member, APLP2, showed no correlation to these stem cell
factors. In addition, treatment with histone deacetylase
(HDAC) inhibitors suppressed the levels of APP and stem
cell markers. Loss of pluripotency, either spontaneously
or as a consequence of treatment with an HDAC inhibitor,
was accompanied by decreased APP protein levels both in
vitro and in vivo. These observations suggest that APP
represents a novel and specific biomarker in human
transformed pluripotent stem cells that can be selectively
modulated by HDAC inhibitors. (Am J Pathol 2012, 180:
1636 –1652; DOI: 10.1016/j.ajpath.2011.12.015)

The subsets of testicular germ cell tumors (TGCT) occur
predominantly in young men between the ages of 15 and
35 years.1 In contrast to other common malignant lesions,
the precursors of TGCT are primordial germ cells that
escape the physiologic process of maturation and, consequently, are at risk for malignant transformation.2 The
group of TGCT can be subdivided into the homogeneous
group of seminomas (SE) and the heterogeneous group

1636

of non-SE including the undifferentiated embryonal carcinomas (EC), which are composed primarily of pluripotent stem cells. A differentiated subset comprises yolk
sac tumors (YST) and choriocarcinomas (CC), consisting
primarily of extra-embryonal differentiated tissues and
teratomas (TE), which are composed primarily of mature
somatic elements derived from all three germ cell layers.2
The various histopathologic features of TGCT are reflected in part in the physiologic processes of embryonic
development and cell differentiation.3 Therefore, as a
pathobiological concept, EC cells are considered to be
the malignant counterpart of human embryonic stem
cells. The mechanisms and guidance factors that control
or contribute to cell differentiation, pluripotency, and selfrenewal have not been fully elucidated. However, it is
widely accepted that stem cell genes such as the transcription factors octamer (Oct)3/4 (approved symbol,
POU5F1), Sox2, and the master transcription regulator
NANOG are predominantly expressed in pluripotent cell
types, acting together to establish embryonic stem cell
identity. A recent report has revealed striking parallels
between overexpression of stemness genes and histologically poorly differentiated tumors. This study also indicated that the stem cell signature is associated with an
aggressive tumor behavior and may serve as a powerful
predictor of poor clinical outcome.4
A growing body of evidence supports the critical involvement of the ␤-amyloid precursor protein (APP) and
its derived ␤-amyloid peptides (A␤) in Alzheimer’s disease.5 APP is an evolutionary highly conserved glycoprotein consisting of a large N-terminal extracellular domain
(which shows similarities to cystein-rich growth factors), a
hydrophobic transmembrane, and a short intracellular
C-terminal domain.6 APP can be processed by two independent proteolytic pathways. The key event leading to
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senile plaques in the brain in patients with Alzheimer’s
disease is initiated by ␤-secretase cleavage, subsequently followed by ␥-secretase cleavage, generating A␤
peptides. However, the predominant processing route of
APP is mediated by ␣- and ␥-secretases, releasing
sAPP␣.7 In addition to APP, the small gene family includes two other type I transmembrane proteins: amyloid
␤ precursor-like protein 1 (APLP1) and amyloid ␤ precursor-like protein 2 (APLP2). In contrast to APLP1, which is
predominantly expressed in neuronal tissue, APLP2 is
expressed ubiquitously.8 Several studies have shown
that APP and its secreted form, sAPP␣, perform a wide
array of cellular activities including cell adhesion, migration, and neurite outgrowth.9 The groundbreaking work of
Saitoh et al10 established that APP and its secreted Nterminal counterpart sAPP␣ possess growth-promoting
activity and that down-regulation of APP in rat fibroblasts
directly affects cell growth. We and others have found
complementary evidence of the causal involvement of
APP as a potent tumor growth factor in the pathogenesis
of several somatic tissue cancers.11,12 The metabolism,
trafficking, and processing of APP are highly coordinated
processes. Like other secreted proteins, APP is folded
and glycosylated in the endoplasmic reticulum (ER),
translocated to the Golgi apparatus, and subsequently
transported to the plasma membrane, where secretase
cleavage occurs. Post-translational modifications, in particular O-linked oligosaccharides, have an important role
in sorting, processing, and secretion of APP.13 It has
been suggested that interruption of the maturation process or improperly glycosylated APP leads to its retrotranslocation to the cytosol for subsequent degradation
by the ubiquitin-proteasome system.14,15
In the present study, we characterized the expression
profile of APP in a panel of 173 human TGCT of different
histologic origin. Furthermore, we revealed that histone
deacetylase (HDAC) inhibitors effectively induced EC cell
differentiation, accompanied by down-regulated stem cell
signature and APP protein levels. On the basis of this observation, we tested these in vitro findings in a physiologically relevant in vivo setting and evaluated HDAC inhibitormediated alterations on endogenous APP protein levels and
tumor growth in an established xenograft mouse model. In
line with a recent study, stem cell genes were transcriptionally repressed during treatment with several HDAC inhibitors.16 In contrast, APP protein levels were suppressed
through a post-translational mechanism. The objective of
the study was to examine the role of APP in transformed
pluripotent stem cells and to obtain a better understanding
of the involvement of post-translational mechanisms that
regulate APP metabolism during spontaneous and pharmacologically induced differentiation.

Materials and Methods
Reagents
Valproic acid (VPA), trichostatin A (TSA), and apicidin
were purchased from Sigma-Aldrich (Munich, Germany).
VPA was prepared in sterile aqua ad injectionem and

added to the final concentrations as indicated. TSA (5
mmol/L stock solution) and apicidin (1 mmol/L stock solution) were dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich). Valpromide (VPM) was a kind gift from
Katwijk Chemie B.V. (Katwijk, Netherlands). A stock solution of VPM was prepared at a concentration of 2.5
mmol/L in DMSO. N-acetyl-leu-leu-norleucinal (ALLN;
Calbiochem, San Diego, CA) was dissolved in DMSO and
used at a final concentration of 50 mol/L. In no experiments did the final concentration of DMSO exceed 0.2%.
Recombinant human APP/protease nexin II peptide (rh
sAPP; R&D Systems, Inc., Minneapolis, MN) was dissolved in sterile deionized water.

Antibodies Used in Immunohistochemistry
For immunohistochemistry, the following antibodies were
used: APP antibody (22C11, 1:600; Millipore Corp., Billerica, MA), APLP2 (D2-II, 1:1000; Calbiochem), GRP78/
BiP (ab21685, 1:300; Abcam, Inc., Cambridge, MA), Oct3/4 (C-10, 1:50; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), NANOG (H-155, 1:200; Santa Cruz Biotechnology), Sox2 (AF2018, 1:200; R&D Systems), and Ki-67
(MIB-1, 1:50; Dako Corp., Carpinteria, CA).

Antibodies Used in Western Blot Analysis
Unless otherwise indicated, the monoclonal APP/A␤ antibody W-02 (1:5000; The Genetics Co., Inc., Zurich, Switzerland) was used to detect full-length APP in cell lysates
and sAPP␣ in culture media. The following antibodies
were used: APP antibody (22C11, 1:1000 –1:5000) and
anti-acetyl-histone H4 (catalog No. 06 – 866, 1:2000)
(both from Millipore); sAPP␤ (lot No. 0H-708, 2 g/mL;
IBL International GmbH, Hamburg, Germany); APLP2
(D2-II, 1:5000; Calbiochem); GRP78/BiP (C50B12,
1:1000), HSP70 (C45G5, 1:500), and caspase-3 (8G10,
1:1000) (all three from Cell Signaling Technology, Inc.,
Beverly, MA); NANOG (H-155, 1:200) and Oct-3/4 (C-20,
1:200) (both from Santa Cruz Biotechnology); Sox2
(ab59776, 1:1000; Abcam); pan-CK (AE1/AE3, 1:500;
Dako); ␤-actin (AC-74, 1:5000; Sigma-Aldrich); and AFP
(EP1016Y, 1:5000; Epitomics, Inc., Burlingame, CA).

Cell Culture
The following human EC cell lines were used: NTera-2/
c1.D1 (CRL-1973) and NCCIT (CRL-2073) (both from
American Type Culture Collection, Manassas, VA). The
human EC stem cell line NTera-2/c1.D1 cell line (referred
to as NTera-2) is a clonal EC subline of TERA-2.17 The
NCCIT cell line is a mediastinal mixed human TGCT cell
line.18 The human SE cell line TCam-219 was derived from
a patient with SE. All cell lines were cultured in RPMI 1640
medium (PAN-Biotech GmbH, Aidenbach, Germany)
supplemented with 10% fetal calf serum (Biochrom AG,
Berlin, Germany), 2 mmol/L L-glutamine, and 1% penicillin-streptomycin (both from PAN-Biotech. The medium
was changed every 2 to 3 days, and cells were passaged
using 0.025% trypsin-EDTA (PAN-Biotech) every 3 to 4
days. All cell lines were cultured at 37°C in a humidified
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atmosphere of 5% CO2. A stably transfected SH-SY5Y
neuroblastoma cell line overexpressing APP695wt and a
mock cell line expressing the empty pCEP4 vector were
cultured as previously described.12 Similarly, COS-7
cells were either stably transfected with pCEP-APP695
(Cos APP695wt) or with the pCEP4 vector alone (mock),
and were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum, 2 mmol/L
L-glutamine, and 1% penicillin-streptomycin. CHO (Chinese hamster ovary) cells stably transfected with cDNA
encoding the 751 isoform of APP (APP751wt) were used,
and parental CHO cells served as a control. Both cell
lines were cultured as previously described.20

biotinylated anti-goat immunoglobulins or biotinylated
secondary antibodies using a REAL Detection System
(LSAB⫹ kit; Dako). The signals were visualized using a
REAL Streptavidin Alkaline Phosphatase kit (Dako). All
samples were counterstained with Meyer’s hematoxylin,
mounted in super mount medium, and analyzed via light
microscopy. Controls were stained as above but with
omission of primary or secondary antibodies. A semiquantitative immunostaining score was obtained by association of the area fraction of labeled cells with a staining intensity based on visual qualitative observation. All
samples were stained and analyzed in triplicate.

Cellular Differentiation Assays
Patients and Tissue Samples
All tumor samples were obtained from patients who had
not received chemotherapeutic, radiotherapeutic, or immunomodulatory treatment before surgery. From 2005 to
2009, 173 patients underwent orchiectomy because of
testicular cancer at the Department of Urology of the
University Medicine Goettingen (Goettingen, Germany).
Mean (SD) patient age at surgery was 36 (8) years. Ethical approval for the study was obtained from the Ethics
Committee of the University of Goettingen for the use of
human material. Histologic classification (tumor type and
grade of malignancy) was performed according to the
current classification system of the World Health Organization. Primary TGCT included 117 pure TGCT (96 SE, 15
EC, 3 YST, and 3 TE) and 56 mixed TGCT including areas
of 24 SE, 38 EC, 5 YST, 6 CC, and 26 TE. In addition, we
examined randomly selected normal testicular tissue
specimens from eight different individuals. Tissue from
each TGCT was immediately fixed in 10% formalin for 24
hours, embedded in paraffin, and processed for histologic analysis and immunohistochemistry. All slides were
re-evaluated, and the diagnosis was approved independently by two experienced pathologists (C.L.B. and S.S.).

Tissue Microarray
Formalin-fixed, paraffin-embedded tissue blocks from orchiectomy specimens were used for tissue microarray
construction. For each TGCT, three to five representative
areas rich in tumor cells were identified via light microscopic examination and marked on H&E-stained sections. Three to 15 cores measuring 0.1 cm in diameter
were taken from the donor paraffin tissue blocks of each
case and were arranged in a recipient paraffin tissue
array block by using a manual tissue array (MTA-1; Alphelys SAS, Plaisir, France). All cases were arranged in
17 tissue microarray recipient paraffin blocks.

Immunohistochemistry of Paraffin Sections
Human and mouse tissue was processed as described
previously.12 Immunohistochemical reactions were performed on 4-m paraffin-embedded sections. The sections were deparaffinized, rehydrated, subjected to antigen retrieval, and incubated with the indicated primary
antibodies. Sections were subsequently incubated with

Indications for differentiation and inhibition of cell growth
were obtained by analyzing cellular proliferation rate, cell
architecture, and expression of lineage-specific differentiation markers. Reduction of proliferation was shown in
human EC cell lines NCCIT and NTera-2. Cell growth was
measured using a colorimetric cell proliferation assay
(CellTiter 96 Aqueous One Solution Assay (MTS assay;
Promega GmbH, Mannheim, Germany) according to the
manufacturer’s protocol, as described previously12. In
brief, 5 ⫻ 103 cells per well were plated in 100 L cell
medium in a 96-well plate and allowed to settle for 24
hours. The cells were than treated for 24 hours with medium containing VPA, VPM, TSA, or apicidin. Cell growth
was then determined using 20 L dye solution, and incubated for an additional 2 hours at 37°C, 5% CO2. For
detection, an enzyme-linked immunosorbent assay
reader (Quant Microplate Spectrophotometer; BioTek
Instruments GmbH, Bad Friedrichshall, Germany) was
used to measure the absorbance at 490 nm and a reference wavelength of 650 nm. All experiments were performed six times, and data are given as relative number
of viable cells in each well. For immunocytochemistry,
cells were grown on four-well chamber slides (Lab-Tek;
Thermo Fisher Scientific, Inc., Rockford, IL). After 24-hour
treatment with either VPA or apicidin at indicated concentrations, cells were fixed with ice-cold methanol and
permeabilized with 0.5% Triton X-100 in PBS, blocked
with 10% fetal calf serum in PBS containing 4% (w/v) dry
skim milk powder, and incubated overnight with primary
antibodies: ␤-actin (1:1000; Sigma-Aldrich) and 23850 (1:
250 to 1:500, N-terminal APP antibody against APP residues 18 – 491). Visualization was achieved by using Alexa
Fluor 488/568-labeled anti-mouse or anti-rabbit IgG secondary antibodies (Molecular Probes, Inc., Eugene, OR).

Cytotoxcicity Assay
Cell membrane integrity was analyzed by measuring the
release of lactate dehydrogenase (LDH) using the CytoTox 96 non-radioactive kit (Promega). Cells were plated
in a 96-well plate at a density of 5 ⫻ 103 in medium for 24
hours. Thereafter, cells were incubated for 24 hours in the
presence of the indicated compounds. At 45 minutes
before supernatants were harvested, untreated cells
were incubated in the presence of lysis solution containing Triton X-100 to determine maximum LDH release
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(positive control). The 96-well plates were centrifuged at
250 ⫻ g for 4 minutes. Then 50 L medium was removed
from each well and added to 50 L reconstituted substrate mix for 30 minutes in the dark at room temperature.
The enzymatic reaction was terminated by adding 50 L
Stop Solution. Absorbance was measured at 490 nm using
a Quant Microplate Spectrophotometer. All experiments
were performed six times. After the background value was
subtracted, results were expressed as a percentage of LDH
released compared with the maximum LDH release [Cytotoxcicity (%)].

Knockdown of APP Using Small Interfering RNA
NTera-2 cells were grown in six-well plates to approximately 30% to 50% confluence. Two hours before transfection, the complete medium was withdrawn and replaced with antibiotic-free medium. Two different small
interfering RNA (siRNA) duplexes targeting APP were
used (Silencer Select Validated siRNA; Ambion, Inc.,
Austin, TX): APP siRNA 1, s1500, sense sequence 5=CAAGGAUCAGUUACGGAAATT-3= and antisense sequence 5=-UUCCGUAACUGAUCCUUGGT-3=, and APP
siRNA 2, s1501, sense sequence 5=-GACUGAACAUGCACAUGATT-3= and antisense sequence 5=-UUCAUGUGCAUGUUCAGUCTG-3=). Equimolar random siRNA
(Silencer Select Negative Control; Ambion) served as
negative control targeted to a scrambled sequence. Cells
treated only with Lipofectamine 2000 (Invitrogen Corp.,
Carlsbad, CA) were used as an additional control. Lipofectamine 2000 and Opti-MEM I Reduced Serum Medium
(Invitrogen Corp.) were used to transfect cells according
to the manufacturer’s protocol at a final concentration of
50 nmol/L. Transfection was performed for 6 hours.
Thereafter, transfection medium was replaced with serum-free medium, and the transfected cells were incubated for another 96 hours.

Protein Isolation and Western Blot Analysis
NTera-2 and NCCIT cells were harvested using a rubber
policeman and lysed in buffer containing 50 mmol/L Tris,
150 mmol/L NaCl, 1% Nonidet P-40, 1% Triton X-100, and
2 mmol/L EDTA (pH 7.5) supplemented with 1⫻ complete
protease inhibitor mixture (Roche Applied Science,
Mannheim, Germany) for 30 minutes at 4°C. Cell lysates
were centrifuged at 5000 rpm for 10 minutes at 4°C. For
analysis of tumor xenografts, tumor pieces were homogenized using a Dounce homogenizer in extraction buffer
containing 120 mmol/L NaCl and 50 mmol/L Tris (pH 8.0)
supplemented with complete protease inhibitor, and subsequently were centrifuged at 17000 rpm for 20 minutes
at 4°C. The resulting pellets were resuspended in lysis
buffer as described above, sonified, and centrifuged for
15 minutes. Cell lysates were further treated with nuclease (benzonase, 50 U/mL) for 15 minutes at 4°C and
centrifuged at 10,000 rpm for 2 minutes. Ten micrograms
to 25 g protein was loaded per well, and proteins were
separated on precast 4% to 12% Vario-Gels (Anamed
Elektrophorese GmbH, Groß-Bieberau, Germany) and
transferred to nitrocellulose membranes (GE Healthcare,

Munich, Germany). Membranes were blocked for 1 hour
in TBS-T [0.1 mmol/L Tris (pH 8.0), 1.5 mmol/L NaCl, and
0.5% Tween-20] containing 10% (w/v) dry skim milk powder, and subsequently were incubated with the indicated
antibodies overnight at 4°C. For detection, membranes
were incubated with the appropriate secondary antibody
conjugated to horseradish peroxidase (Dako), and blots
were visualized using enhanced chemiluminescence. For
detection of sAPP, conditioned culture medium was collected and centrifuged at 14,000 ⫻ g for 2 minutes at 4°C
to remove detached cells. Subsequently, 2 mL supernatant was concentrated using centrifugal filter devices
(Amicon Ultra-4 50K; Millipore) at 4000 ⫻ g for 5 minutes.
For quantification of relative protein levels, x-ray films
(Hyperfilm EC; Amersham Biosciences, GE Healthcare,
Piscataway, NJ) were scanned, and densitometric analysis was performed using ImageJ software (version
1.41o; National Institutes of Health, Bethesda, MD).

RNA Isolation and Quantitative RT-PCR
Total cellular RNA was extracted from pelleted cells using
a Mini RNA Isolation II Kit (Zymo Research Europe
GmbH, Freiburg, Germany). RNA integrity number and
quantity of isolated RNA were measured using an Agilent
Bioanalyzer 2100 on an RNA 6000 Nano LabChip Kit
(Agilent Technologies Deutschland GmbH, Waldbronn,
Germany). Reverse transcription of total cellular RNA was
performed using an Omniscript RT Kit (Qiagen GmbH,
Hilden, Germany). Quantitative PCR and melting curve
analysis were performed in triplicate using a MyiQ-iCycler and corresponding software and SsoFast EvaGreen
Supermix (all from Bio-Rad Laboratories GmbH, Munich,
Germany). To amplify NANOG, Oct-3/4 (POU5F1), Sox2,
AFP and ARP, the following primer pairs were used:
NANOG, forward 5=-GCAGGTTGAAGTGAACAGCA-3=
and reverse 5=-ATCTGCTGGAGGCTGAGGTA-3=; Oct-3/4
(POU5F1), forward 5=-AGAAGGATGTGGTCCGAGTG-3=
and reverse 5=-GTGAAGTGAGGGCTCCAATA-3=; Sox2,
forward 5=-CAAGATGCACAACTCGGAGA-3= and reverse 5=-CTCCGGGAAGCGTGTACTTA-3=; AFP, forward
5=-AGCTTGGTGGTGGATGAAAC-3= and reverse 5=CCCTCTTCAGCAAAGCAGAC-3=; ARP, forward 5=CGACCTGGAAGTCCAACTAC-3= and reverse 5=-ATCTGCTGCATCTGCTTG-3=. Gene-specific oligonucleotide
primers for human APP and GRP78 were purchased as
validated primer sets (QuantiTect Primer Assays; Qiagen).12 Relative mRNA abundance was determined from
standard curves run with each experiment. Gene expression was normalized using human acidic ribosomal protein
(housekeeping gene) in each sample to standardize the
results.

Microarray Analysis and Statistical Evaluation
Sample pairs with comparable RNA integrity number
were selected for microarray analysis. Sample labeling
with Cy5 and Cy3 from 1 g total RNA was performed
using the Agilent 2-Color Low RNA Input Linear Amp Kit
PLUS (Agilent Technologies) according to the manufacturer’s protocols. Quantity and Cy-dye incorporation rates
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of the generated target material were assessed using a
NanoDrop ND-100. Cy3- and Cy5-labeled cRNA fragments, respectively, were hybridized to 44 K Human
Whole Genome Microarrays (Agilent Technologies) at 10
rpm at 65°C for 17 hours per the two-color microarraybased gene expression analysis version 5.5 protocol
(Agilent Technologies). Post-processing washes were
performed according to the SSPE protocol (version 2.1;
Agilent Technologies), followed by immediate scanning
using a microarray scanner (part No. G2505B; Agilent
Technologies). Intensity data were extracted using Feature Extraction software (version 9.5, Agilent Technologies). The microarray data analysis was performed as
described by Opitz et al21 with the following modification:
data were normalized using loess normalization. A custom PCR array (SuperArray; Quiagen) was used to simultaneously examine the mRNA levels of several genes
according to the manufacturer’s protocol.

Mouse Tumor Xenografts and in Vivo
Treatment Protocol
Six-week-old male athymic nude (BALB/c-nu) mice were
purchased from Charles River Germany (Sulzfeld, Germany). For acclimatization, mice were maintained for 2
weeks in standard cages with air filter hoods, with free
access to food and water. Subsequently, all animals received an s.c. inoculation of 1 ⫻ 106 exponentially growing NTera-2 cells resuspended in 100 L PBS mixed with
100 L Matrigel (Becton Dickinson GmbH, Heidelberg,
Germany) on the dorsal portion of the forelegs via a
26-gauge needle. Thereafter, animals were divided into
three groups: control group (n ⫽ 15), prophylaxis group
(n ⫽ 15), and therapy group (n ⫽ 15). The prophylaxis
group received 400 mg/kg/d VPA (Orfiril; Desitin Arzneimittel GmbH, Hamburg, Germany) in the drinking
water at 4 days after tumor inoculation; the therapy group
received 400 mg/kg/d VPA in drinking water started after
subcutaneous tumors were palpable; and the control
group received only drinking water. The weight of the
mice and their food intake were determined twice a week,
and with use of calipers, subcutaneous tumors were measured once a week. Tumor volume was calculated using the
formula (Large diameter) ⫻ (Smaller diameter)2 ⫻ 0.5, as
described previously.22 After 75 days, animals were sacrificed via a CO2 overdose. Tumors were excised and
halved. Half of the tumor was snap frozen on dry ice and
stored at ⫺80°C until required for Western blot analysis,
and the other half was fixed in 10% buffered formalin and
embedded in paraffin. All experiments were performed according to protocols approved by the local animal protection committee (reference No. 33.11.42502-04-058/07).

Statistical Analysis and Software
Statistical differences were evaluated using one-way or
two-way analysis of variance followed by Bonferroni post
hoc analysis or the unpaired Student’s t-test, as indicated. Data are given as mean (SEM). All statistics were
calculated using Prism software (version 5.00; GraphPad

Software, Inc., San Diego, CA). Statistical differences
were considered significant as stated in the text. Symyx
Draw (version 3.2.NET; Symyx Technologies, Inc., Santa
Clara, CA) was used for the structure formula.

Results
Immunohistochemical Detection of APP
Correlates with the Stem Cell Signature in
Pluripotent Germ Cell Tumors
To elucidate the expression profiles of APP in testicular
cancer, we examined 117 cases of pure TGCT and 56
cases of mixed TGCT (composed of all of the abovementioned subtypes). APP was highly expressed in undifferentiated SE and EC, and strongly correlated with the
amount of the well-established pluripotency genes Sox2,
NANOG, and POU5F1 (Oct3/4). In agreement with previous studies, the transcription factor Sox2 was uniformly
expressed in EC, whereas SE demonstrated a lack of
immunostaining (see Supplemental Figure S1 at http://
ajp.amjpathol.org).23 Differentiated histologic cohorts,
comprising YST, CC, and TE, exhibited only focal expression or were completely negative for APP and the stem
cell signature. Despite these differences in APP expression, APLP2, the closest homologue to APP, was continuously expressed in all TGCT subgroups. Of note, APLP2
expression in mature TE was predominantly observed in
epithelial structures (Figure 1A). Semiquantification of
APP immunostaining using a score index revealed a significant difference of APP between the pluripotent cohort
(SE and EC) and the more differentiated subtypes (YST,
CC, and TE) (Figure 1B). No statistically significant differences were observed in APLP2 immunostaining score
over all TGCT subtypes (Figure 1C). We also examined
the expression of APP and APLP2 in testicular tissue in
healthy adult controls. APP was expressed at low levels,
and only a few cells near the basement membrane, likely
immature spermatogonia, contained low to moderate
APP expression. In contrast, nearly all cell layers were
intensely immunopositive for APLP2 (see Supplemental
Figure S2 at http://ajp.amjpathol.org). To evaluate the relationship between APP expression and stem cell signature in vitro, we analyzed the SE cell line TCam-2 and EC
cell lines NCCIT and NTera-2. These well-characterized
cell lines express typical features of human TGCT.17–19
All three cell lines expressed APP and the stem cell
marker NANOG and Oct-3/4. Consistent with the SE-like
nature of TCam-2, Sox2 protein could not be detected.19
Compared with the other cell lines, the highest levels of
APP were observed in human NTera-2 cells (Figure 1, D
and E).

Transcriptional Modulation by HDAC Inhibition
Is Associated with Cell Differentiation and
Growth Inhibition
HDAC inhibition causes increased histone acetylation,
leading to coordinated changes in gene transcription.24
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Figure 1. Correlation between APP and the stem cell signature in pluripotent germ cell tumors. A: Representative sections demonstrating expression
of APP, APLP2, and the stem cell markers Sox2, Oct-3/4, and NANOG in
various types of TGCT. B: Immunohistochemical analyses were performed
on tissue microarrays containing 117 pure and 65 mixed TGCT. Statistical
analysis revealed significantly higher APP levels in undifferentiated pluripotent cells (SE and EC) compared with those with well-differentiated subtypes
(YST, CC, and TE). C: Expression of APLP2 was not significantly different in
various TGCT subtypes. D: Comparison of APP and stem cell signature
expression markers in human SE (TCam-2) and EC (NCCIT and NTera-2) cell
lines. E: Relative levels of APP were estimated by densitometry and normalization to ␤-actin as a loading control. Quantification of APP protein levels
revealed a significant overexpression in NTera-2 cells. Results are from an
average of at least four experiments. Data are given as mean (SEM). Differences were calculated using one-way analysis of variance followed by Bonferroni post hoc analysis (B and C) or unpaired Student’s t-test (E) *P ⬍ 0.05;
***P ⬍ 0.001. Scale bar ⫽ 200 m.

These comprehensive alterations in transcription are accompanied by a specific type of differentiation characterized by growth arrest, phenotypic changes, and upregulation of tissue-specific differentiation markers.25 To

evaluate the functional consequences of HDAC inhibition
on cell differentiation, we performed an oligonucleotide
microarray analysis. We analyzed gene expression profiles of NTera-2 cells that have been differentiated by
VPA, and focused on regulated genes with well-documented functions in maintenance of the pluripotent state
and lineage-specific differentiation markers. Gene expression profiling revealed robust down-regulation of
stem cell genes or stem cell–associated markers. This set
of genes is expressed in the undifferentiated state of
embryonic stem cells, early embryogenesis, and malignant EC cells. Furthermore, we determined that expression levels of several differentiation-related transcripts
were significantly up-regulated in VPA-differentiated cells
including cytokeratin 19 (KRT19) and ␣-fetoprotein (AFP).
The most prominent regulated genes ranked by expression level are shown in Figure 2A. To validate that the
transcriptional alterations induced by VPA were largely
due to HDAC inhibition and to confirm these effects at the
level of protein expression, we additionally used two
structurally unrelated HDAC inhibitors, the hydroxamate
TSA and the cyclic tetrapeptide apicidin. The carboxamide derivative VPM26 possesses no HDAC inhibitory activity, and, therefore, served as a negative control (see
Supplemental Figures S3 and S4 at http://ajp.amjpathol.
org). In accordance with previous studies, treatment with
all three HDAC inhibitors significantly decreased cell
growth in a dose-dependent manner, whereas even
5 mmol/L VPM showed no marked reduction in cell viability (Figure 2B).27 In contrast to MTS assay results, the
LDH release assay demonstrated no significant acute
cytotoxicity with any compounds. LDH leakage measured as an index of cell toxcicity was always less than
10%, as compared with untreated controls (see Supplemental Figure S5 at http://ajp.amjpathol.org). With an order of potency to inhibit HDAC, Western blot analysis
revealed a strong reduction in all three core regulators of
pluripotency, namely, Sox2, NANOG, and Oct-3/4. Consistent with our hypothesis, VPM demonstrated no effects
(Figure 2C). These results were confirmed in the NCCIT
cell line (see Supplemental Figure S6 at http://ajp.
amjpathol.org). To assess the alterations in protein expression of lineage-specific differentiation markers, we
focused on the well-established epithelial (ectodermal)
marker pan-cytokeratin (pan-CK, clone AE1/AE3, detecting a broad range of keratins including KRT19) and
the endodermal marker AFP. As shown in Figure 2D, all
three HDAC inhibitors led to a significant increase in
both markers and coincided with the extent of hyperacetylated histone H4 (H4Ac). The total results of microarray and Western blot analyses, and, in particular,
the observation that TSA and apicidin exhibited effects
indistinguishable from those exerted by VPA clearly
indicated that the differentiation process is driven by
HDAC inhibition.

HDAC Inhibition Results in Selectively Reduced
APP Protein Levels
Because of the close association between APP and
essential stem cell–associated transcription factors in
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Figure 2. HDAC inhibition modulates gene expression
and induces cellular differentiation. A: Functional analysis of genes implicated in differentiation and stem cell
self-renewal. Waterfall plot shows differences in expression levels of NTera-2 cells treated with 5 mmol/L VPA
for 24 hours, compared with untreated controls. Color
saturation is proportional to magnitude of the difference
from the respective control. Three pluripotency markers
(blue) and two lineage-specific differentiation factors
(red) were further validated using quantitative PCR and
Western blot analysis. B: Three structurally unrelated
HDAC inhibitors (VPA, TSA, and apicidin) inhibited tumor proliferation in a dose-dependent fashion in
NTera-2 cells. The carboxamide derivate VPM served as
a negative control and demonstrated no growth alteration. Cell proliferation was determined at 48 hours after
plating using an MTS survival assay. Each bar represents
the mean (SEM) of six experiments (one-way analysis of
variance followed by the Bonferroni post hoc test. ***P ⬍
0.001. NTera-2 cells were incubated with 5 mmol/L VPM,
5 mmol/L VPA, 500 nmol/L TSA, or 1 mol/L apicidin for
24 hours. Cell lysates were fractionated via SDS-PAGE
and immunoblotted for the stem cell genes Sox2,
NANOG, and Oct3/4 (POU5F1) (C) or analyzed for ectodermal- (pan-CK) and endodermal-specific (AFP) differentiation markers (D). To assess the extent of histone
acetylation, all blots were probed with an antibody
against pan-acetylated H4 (H4Ac). ␤-Actin served as a
loading control.

TGCT, we further examined the effects of HDAC inhibition on the protein expression of APP and the homologous family member APLP2. As described previously,
each of the two EC cell lines (NTera-2 and NCCIT) were
incubated with the aforementioned inhibitors and the
negative control VPM, underscoring the involvement of
HDAC inhibition. It was observed that treatment with
several HDAC inhibitors led to depletion of APP protein
levels to an extent similar to that of down-regulation of
stem cell transcription factors. However, APLP2 protein
expression was entirely unaffected by treatment of
HDAC inhibitors, indicating that the underlying mechanism selectively interferes with APP. Exposure with
the amidated VPA analogue VPM did not affect H4Ac
levels and failed to suppress APP protein expression
(Figure 3A). These results suggested that the modulation of APP protein is likely mediated by inhibition of
HDAC. To produce immediate effects, VPA was used in
high concentrations (up to 5 mmol/L). To further attribute therapeutic relevance and determine the effects
of long-term administration, EC cell lines were incubated with and without 1 mmol/L VPA (serum concen-

tration in patients treated with VPA) for 2 to 7 days.28
Clinically relevant doses of VPA greatly suppressed
APP protein levels, and steady state was reached after
48 hours. Again, APLP2 protein levels were not altered.
In accordance, H4Ac levels were stably increased at
the indicated time points. To exclude the possibility
that prolonged VPA treatment also activated apoptosis,
we further evaluated the activation of caspase-3. No
alterations were observed in full-length caspase-3
(caspase-3 precursor protein) levels, indicating that
the substrate was not cleaved, and hence caspase-3
activity was not altered (Figure 3B). To verify the results
obtained using Western blot analysis, we further performed immunofluorescence analysis using the polyclonal APP antibody 23850. NTera-2 cells were treated
with either 5 mmol/L VPA or 500 nmol/L apicidin or
were left untreated (control). Morphologic alterations
such as cytoplasmic extensions and irregularly shaped nucleoli induced by VPA were consistent with a
marked decrease in APP staining and were nearly indistinguishable from those evoked by apicidin (Figure 3C).

APP in Testicular Germ Cell Tumors
1643
AJP April 2012, Vol. 180, No. 4

Figure 3. APP protein levels are specifically reduced after HDAC inhibitor treatment. A: Cell extracts from NCCIT and NTera-2 cells were obtained after treatment
with 5 mmol/L VPM, 5 mmol/L VPA, 500 nmol/L TSA, 1 mol/L apicidin, or untreated controls (Ctr) for 24 hours. Cell lysates were analyzed for APP (im, immature;
m, mature), APLP2, and H4Ac. ␤-Actin was used as a loading control. In addition to VPA, both structurally unrelated HDAC inhibitors TSA and apicidin selectively
reduced levels of APP without affecting APLP2 levels. In contrast, equimolar concentration of VPM produced no effects. B: To determine whether physiologic
levels of VPA affected full-length APP, both cell lines were incubated with 1 mmol/L VPA or medium for 2 to 7 days. Medium was replaced every 24 hours, and
contained fresh VPA after the initial treatment. APP, APLP2, caspase-3, H4Ac, and ␤-actin protein levels were estimated using Western blot analysis. Although APP
protein levels were decreased, no changes were observed in APLP2 or full-length caspase-3 levels in both cell lines treated with VPA for up to 7 days. C: NTera-2
cells treated for 24 hours with either 5 mmol/L VPA, 500 mol/L apicidin, or medium (control) were evaluated via standard immunofluorescence using specific
antibodies against APP (23850, red signals) and ␤-actin (green signals). DAPI was used to stain nuclei (insets). Treatment with HDAC inhibitors led to a reduction
in cell number differentiated cell architecture, with multiple branched processes extending from the cell body, and was accompanied with loss of APP signals.

HDAC Inhibitor-Mediated Suppression of APP
Occurs Through a Post-Translational
Mechanism
Next we sought to delineate the molecular mechanism by
which HDAC inhibitors down-regulate APP protein levels.
Despite the large number of genes differentially regulated by VPA, microarray analysis revealed that APP
gene expression was not significantly altered. The absence of decreased APP transcription indicated that
post-transcriptional regulatory mechanisms have a predominant role in suppression of APP protein levels.
Based on the results of our previous study, we further
examined the involvement of the molecular chaperone
GRP78.12 GRP78, an ER-resident heat shock protein,
had previously been identified as a specific APP interaction partner, modulating intracellular maturation and secretion of APP.29 –32 However, microarray analysis failed
to detect an appreciable up-regulation of GRP78 gene
expression. Therefore, both EC cell lines were treated
with 5 mmol/L VPA and isolated total RNA at different
times (6 to 24 hours), and quantitative PCR was performed. The analysis showed transient up-regulation of
GRP78 mRNA. As soon as 6 hours after onset of VPA
exposure, we began to observe a significant induction of
GRP78 gene expression, which peaked at 12 hours after
treatment, followed by a sharp decrease at 24 hours.
Moreover, we simultaneously quantified APP mRNA levels and excluded the possibility of differential transcriptional regulation (Figure 4A). To confirm these findings
at the protein level, Western blot analysis was performed, which demonstrated that in both cell lines APP
inversely correlated with levels of GRP78 during VPA
treatment. Whereas APP protein levels decreased,
GRP78 protein levels increased in a concentration-

dependent manner. The discrepancy between GRP78
mRNA and protein levels can be explained in part by the
long protein half-life.33 We also analyzed protein expression of heat shock protein 70 (HSP70), a close family
member of GRP78. Under the same conditions, HSP70
levels were unchanged, which suggested that VPA is
able to specifically up-regulate GRP78 (Figure 4B). In
addition, we determined via pharmacologic manipulation
of HDAC activity using either TSA and apicidin or VPM
that the HDAC inhibitory properties of VPA are responsible for inducing GRP78 expression (Figure 4C). It was
suggested that lower protein levels of APP result due to
prolonged binding by GRP78 in the ER and thereby enhance its proteasomal degradation. To test this hypothesis, we first determined the time course of APP down-regulation using 5 mmol/L VPA, and analyzed NTera-2 cells at
various times. Western blot analysis revealed that APP protein levels were already diminished after 6 hours, with a
further decline through 8 to 10 hours of VPA treatment
(Figure 5A). Further experiments were performed with an
incubation time of 8 hours using 5 mmol/L VPA. The wellcharacterized proteasome inhibitor ALLN was used to
underline the possibility of proteasome involvement in
HDAC inhibitor–mediated APP degradation. APP protein
levels were not altered by 50 mol/L ALLN. However,
pretreatment with ALLN for 2 hours completely inhibited
degradation of APP in the presence of VPA (Figure 5B).

Differential Expression of GRP78 in TGCT
Global gene expression analysis of each histologic TGCT
subtype revealed that expression of several stem cell–
specific genes such as NANOG and POU5F1 (Oct3/4)
are strictly limited to undifferentiated EC components.
Consistently, these factors were transcriptionally re-
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that the induction of GRP78 either by HDAC inhibition or
during the gradual transition from an undifferentiated to a
differentiated phenotype results in a specific depletion of
APP protein levels.

Reduced APP Protein Expression and
Decreased Tumor Growth after VPA
Treatment in Vivo

Figure 4. Down-regulation of APP protein levels occurs post-translationally
via GRP78. A: Quantitative PCR was used to assess the mRNA levels of APP
and GRP78 after treatment with 5 mmol/L VPA in NCCIT and NTera-2 cell
lines. Total RNA was harvested at various times for analysis. Compared with
untreated control, only GRP78 mRNA showed a significant increase after
6-hour exposure, whereas APP mRNA levels remained unchanged. Results
represent a mean of at least three independent experiments. Data are given
as mean (SEM). Differences were calculated using two-way analysis of variance followed by Bonferroni post hoc analyses. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍
0.001. B: Both EC cell lines were exposed for 24 hours to VPA at different
concentrations up to 5 mmol/L. Equivalent amounts of protein from each
extract were subjected to immunoblotting using antibodies to APP, GRP78,
HSP70, and ␤-actin. Whereas APP protein levels were down-regulated, VPA
increased GRP78 protein levels in a similar concentration-dependent fashion.
No changes of the homologous family member HSP70 could be detected
with VPA treatment. C: To validate that VPA-induced GRP78 induction is
mediated by HDAC inhibition, in addition to 5 mmol/L VPA, both cell lines
were exposed for 24 hours to 500 nmol/L TSA and 1 mol/L apicidin.
Incubation with 5 mmol/L VPM and medium alone (Ctr) served as negative
controls. Western blot analysis for GRP78 demonstrated increased levels in
response to HDAC inhibitors, corresponding to their HDAC inhibitory property. ␤-Actin expression levels served as an internal control.

pressed in differentiated phenotypes (YST, CC, and
TE).34,35 Furthermore, these studies showed that levels of
gene expression of APP were constantly expressed in all
histologically distinct subsets. This suggests that posttranslational regulatory mechanisms are responsible for
suppressed APP protein levels in differentiated TGCT cell
types. To evaluate the involvement of GRP78 during
spontaneous differentiation, we analyzed its expression
in our panel of patients with TGCT. Poorly differentiated
SE and EC subtypes demonstrated weak diffuse cytoplasmic staining, whereas the amount of GRP78 protein
was significantly elevated in extra-embryonic differentiated (YST and CC) and somatic differentiated (TE) lineages (Figure 6 A). Expression of GRP78 was predominantly localized in epithelium, with much lower expression in
the surrounding stromal cells. Semiquantitative scoring in
immunostained sections showed significant dissimilarities
between undifferentiated and differentiated samples (Figure 6B). Because our results are correlative, it is assumed

Next we studied the in vivo relevance of HDAC inhibition
in TGCT using an established NTera-2 tumor xenograft
model. Because of the relatively low incidence of adverse
effects and the broad therapeutic spectrum, VPA was
used in our in vivo study.36 Based on the objective of
assessing the efficacy of VPA, the treatment group was
divided into a prophylactic and a therapeutic treatment
arm. In addition, serum VPA concentrations were measured in treated mice, and reached 30 to 300 mol/L.
Prophylactic treatment was begun on day 4 after inoculation, and the therapeutic regimen after subcutanous
tumors were palpable, approximately 28 days after inoculation. After 75 days, all mice were sacrificed, and tumors were removed, measured, and weighed (Figure
7A). Compared with vehicle-treated controls, mice that
received the therapeutic regimen exhibited a mean
(SEM) 61% (28.3%) reduced tumor volume. Striking antitumor effects could be observed in the prophylactic setting, that is, 87% (22.8%) reduced tumor volume (Figure
7, B and C). To evaluate the effect of VPA treatment on
APP protein levels and to verify effective HDAC inhibition,
tumors were lysed from all three cohorts, and Western
blot analysis was performed. Compared with no treatment (control), both treatment regimens led to strong
reduction in APP protein levels. According to our in vitro

Figure 5. The proteasome inhibitor ALLN blocks APP degradation. A:
NTera-2 cells were treated with 5 mmol/L VPA, and proteins were isolated at
various times ranging from 1 to 10 hours. APP was increasingly downregulated in a time-dependent manner starting at 6 hours after treatment. B:
Effect of ALLN on VPA-induced APP degradation. Equal numbers of NTera-2
cells were either incubated in the presence of either medium alone (lane 1),
preincubated for 2 hours in the presence of 50 mol/L ALLN followed by
incubation in medium for 8 hours (lane 2), preincubated for 2 hours with
medium and treated with 5 mmol/L VPA for 8 hours (lane 3), or preincubated
for 2 hours in the presence of 50 mol/L ALLN followed by incubation in the
presence of 5 mmol/L VPA for 8 hours (lane 4). The effect of VPA on APP
protein levels was largely reversed by pretreatment of cells with the proteasome inhibitor ALLN.
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Figure 6. Immunohistochemical expression pattern of GRP78 in pluripotent germ cell tumors. A: Representative
images demonstrating GRP78 protein expression in undifferentiated and differentiated TGCT subgroups. GRP78 was
expressed weakly within the cytoplasms of SE and EC. In contrast, strong staining is visible in differentiated cohorts
such as YST, CC, and terminal differentiated TE. B: GRP78-positive cells were quantified by assessing the immunoreactive score. All values are given as mean (SEM). Data were calculated and statistically analyzed using one-way
analysis of variance and Bonferroni post hoc tests. ***P ⬍ 0.001. Scale bar ⫽ 100 m).

results, no significant changes in APP protein levels were
observed between therapeutic and prophylactic VPA, indicating that prolonged treatment stabilizes basal and
low APP protein levels. Consistently, accumulated H4Ac
was determined in all treated cohorts (Figure 7D).

Histopathologic Features and Differential APP
Expression in Xenografts Reflect the Human
Phenotype
To survey the tissue composition of TE, dissected fresh
tumor tissues were subsequently paraffin embedded and
sectioned. Xenografted NTera-2 demonstrated a unique
pleomorphic histologic appearance and exhibited nearly
all features of human teratocarcinomas. These tumors contained solid islets of undifferentiated EC cells surrounded by
stroma. In addition to numerous highly differentiated epithelial formations in the form of glandular structures and primitive epithelium, mesenchymal formations in the form of cartilage (Figure 8, A and B), and smooth and striated muscles
(data not shown) were observed. In contrast to the findings
of Andrews et al,17 neuronal structures such as neural rosettes or neural tube–like structures could not be detected
in our analyzed sections. Immunohistochemical staining using the monoclonal APP antibody 22C11 revealed a clear
distinguishable pattern. Undifferentiated pluripotent EC
cells demonstrated abundant expression of APP. Consistently, serial sections as well as double-immunolabeling experiments using APP and the proliferation marker Ki-67
revealed a strong correlation in undifferentiated highly proliferating parts of the TE. Terminally differentiated ectodermal, endodermal, and mesodermal lineages corresponding
to epithelial, glandular, surrounding stroma, and cartilage
structures showed low or no APP and Ki-67 expression
(Figure 8, C–J).

Secreted sAPP Partially Reverses HDAC
Inhibitor-Induced Differentiation
APP overexpression potently drives cellular proliferation
in isoform and cell types in an independent manner (see

Supplemental Figure S7 at http://ajp.amjpathol.org). Furthermore, we have recently reported that sAPP completely
rescued VPA-mediated growth arrest.12 In this regard, previous studies have demonstrated that several disease-relevant growth factors were capable of reverting growth arrest
in EC cells but were unable to block differentiation induced
by various differentiating agents.37,38 Therefore, we wondered whether the differentiation induction exerted by
HDAC inhibition could be modulated by exogenous addition of sAPP␣. Thus, we used human recombinant sAPP
and conditioned media from APP-overexpressing cells
(SH-SY5Y APP695wt) or mock-transfected negative controls and co-treated NTera-2 cells with increasing concentrations of apicidin. Human recombinant peptides
and sAPP purified from conditioned media of APP-overexpressing cells migrated on SDS-PAGE as a single
band at approximately 110 kDa. Two APP antibodies
were used to detect sAPP processing products. The
monoclonal antibody 22C11 recognizes an N-terminal
epitope (residues 66 to 81 of human APP) and detects all
sAPP species (sAPP␣ and sAPP␤), and the monoclonal
APP/A␤-antibody W-02 recognizes a region between
amino acids 5 and 8 of the A␤ sequence and selectively
detects sAPP␣ but not sAPP␤. Both antibodies resulted in
a similar immunoblot staining pattern (Figure 9A),
whereas a specific sAPP␤ antibody that selectively recognizes the C-terminus of human sAPP␤ failed to detect
any antigen band (data not shown). Application of both
sAPP␣ and apicidin completely abolished pan-CK induction and partially abolished induction of AFP. This rescue
effect could not be obtained by using media alone or
conditioned media from mock-treated cells. To rule out
that sAPP␣ directly reduces the potency to inhibit HDAC,
we could show no substantial changes in APP and H4Ac
levels between both conditions (Figure 9, B and C).
These findings indicated that APP␣ either activates protective cascades that interfere with differentiation pathways or may counteract directly with HDAC inhibitor–
induced signal pathways. Based on these results, we
sought to determine whether APP down-regulation by
APP-specific siRNA modulates the expression of lineagespecific differentiation markers. Both siRNA duplexes
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Figure 7. VPA treatment inhibits tumor growth and reduces APP protein levels in vivo. A: Six-week-old mice with established NTera-2 xenografts were treated
with 400 mg/kg/d VPA at either 4 days after inoculation (prophylactic group) or at an advanced stage after 28 days (therapeutic group). Mice in the vehicle group
(controls) received only regular drinking water. Recipient nude mice were sacrificed at 75 days after injection. B: Images of representative NTera-2 mice with
xenograft tumors. C: Histogram representing the average tumor volume estimated in control, therapeutic, and prophylactic groups after sacrifice (n ⫽ 15 in each
group). One-way analysis of variance revealed a significant difference in tumor volume among the groups (P ⬍ 0.005). Unpaired t-test analysis showed a
significant difference in tumor volume between the control and prophylactic groups (P ⫽ 0.01). VPA treatment of tumors of advanced stage also significantly
reduced tumor growth (P ⬍ 0.05). D: Effect on APP protein and H4Ac levels was determined using Western blot analysis. ␤-Actin served as a loading control for total
protein extracts. Data are given as mean (SEM). Differences were calculated using one-way analysis of variance followed by unpaired t-test analyses. *P ⬍ 0.05.

(APP siRNA#1, s1500; and APP siRNA#2, s1501) efficiently suppressed APP protein expression, whereas vehicle treatment or transfection with random siRNA demonstrated no alterations. Evaluation of lineage-specific
genes revealed a significant increase in AFP and pan-CK
in APP siRNA-transfected cells (Figure 10).

Discussion
There is no doubt that APP and its proteolytically derived
A␤ species contribute significantly to the pathogenesis of
Alzheimer’s disease.5 Despite progress made in the last
two decades, the normal physiologic role or roles of this
ubiquitously expressed protein have remained largely
unknown. The perhaps best-studied functions of APP and
its ␣ cleavage product sAPP␣ are the growth-promoting,
trophic, and migratory activity in vitro and in vivo9. Previous studies have revealed that genetic overexpression,

pharmacologic augmentation, and addition of recombinant proteins of APP essentially promoted cancer
growth.10,12,39 – 41 Consistently, siRNA-mediated depletion of APP expression effectively diminished growth of
several aggressive cancer types in vitro.11,42,43 Complementary in vivo evidence of the causal involvement of APP
in tumor growth was examined by Takayama et al,44 who
showed that siRNA-mediated knockdown of APP significantly reduced tumor growth rate, even in tumors of advanced stage. In this context, we and other groups have
presented evidence that APP is up-regulated and essentially contributes to tumorigenesis in various hematologic
and solid malignant lesions including oral squamous cell
carcinoma,42 melanoma,43 acute myeloid leukemia,45
Epstein-Barr virus–negative Burkitt’s lymphoma,46 and
cancers of the pancreas,11,12 colon,12 thyroid gland,47
parathyroid glands,48 and nasopharynx.49 Furthermore,
evidence from clinical and epidemiologic studies has
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Figure 8. APP staining and composition of NTera-2 xenograft tissue reflects differentiation pattern of human TGCT. A: Undifferentiated tumor tissue (star)
showed abundant APP protein expression. Note the low or undetectable APP staining in differentiated cartilage (asterisk), epithelial tissue, and surrounding
stroma. B: In detail, low-differentiated epithelial cells (arrows) demonstrated pronounced staining for APP when compared with terminal differentiated epithelial
tissue (arrowheads) and enclosed stromal elements. C and D: Double-staining of APP and the proliferation marker Ki-67 revealed a co-localization only in the
undifferentiated and proliferating compartments. Terminal differentiated tissues were negative for both markers. Immunohistochemical analysis of serial sections
with APP (E–G) and Ki-67 (H–J) antibodies in NTera-2 xenografts. Undifferentiated tumor tissue (stars) demonstrated strong APP (red) and Ki-67 (brown) signals.
F and I are magnified images of the boxed portions of E and H. G and J are further magnified images of portions of F and I marked with arrowheads (lower).
In contrast, terminal differentiated epithelium (arrowheads) and surrounding stroma (mesenchymal cells) demonstrated only low levels of both antigens. Scale
bars: 500 m (E and H); 200 m (A, F, and I); 100 m (C); 50 m (B, D, G, J).

shown a strong association between APP expression and
poor prognosis in several cancer types.42,44
The objective of the present study was to examine the
effect of APP in human TGCT by analyzing human TGCTderived cell lines, tissue samples, and an established
tumor xenograft mouse model. Furthermore, the pharma-

comodulation of APP via HDAC inhibitors in vitro and in
vivo was investigated, and the biological plausibility and
relevance of potential molecular mechanisms was evaluated. Herein we report for the first time that APP is
exclusively expressed in pluripotent and poorly differentiated germ cell cancer. These cells, in particular human
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Figure 9. Exogenous addition of secreted APP partially rescues HDAC inhibitor–induced differentiation. A: Western blot analysis of 25 and 50 nmol/L purified
recombinant human sAPP and supernatant of transfected SH-SY5Y cells stably overexpressing APP695wt. The APP/A␤-specific antibody W-02 selectively detects
sAPP␣, whereas the N-terminal APP antibody 22C11 detects all secreted APP species (sAPP␣ and sAPP␤). B: NTera-2 cells were incubated with increasing
concentrations of apicidin (250 and 500 nmol/L) and either co-treated with conditioned media (CM) from SH-SY5Y APP695wt– overexpressing cells (sAPP␣) or
mock-transfected negative controls for 24 hours. As additional control, cells were incubated with medium alone. C: NTera-2 cells were exposed to 250 nmol/L
apicidin alone or together with 50 nmol/L human recombinant sAPP for 24 hours. Cells cultured in medium alone served as a negative control. Western blot
analysis using pan-CK–specific (ectodermal marker) and AFP-specific (endodermal marker) antibodies demonstrated that parallel addition of sAPP␣ prevented
apicidin-mediated induction of differentiation genes. The possibility that the HDAC inhibiting activity was altered by conditioned media was excluded by analyzing
levels of APP and H4Ac. The levels of ␤-actin served as loading control.

EC cells, have a transcription profile similar to human
embryonic stem cells. The potential of both to differentiate into a wide range of tissues is well attested; however,
little is known of the complex regulatory factors and
mechanisms that control this process.3,50 In our series of
primary TGCT, APP expression disappeared together
with well-established key pluripotency genes such as
Sox1, NANOG, and POU5F1 (Oct3/4) through differentiation to YST, CC, and TE cells. In contrast, the closest
homologue family member, APLP2, was continuously expressed in all histologic TGCT subtypes.
Several studies have provided evidence that induction
of EC differentiation is accompanied by loss of tumorige-

Figure 10. siRNA-mediated knockdown of APP up-regulates lineage-specific differentiation markers. NTera-2 cells were transiently transfected with
the indicated siRNA pools (APPsiRNA #1, s1500; and APPsiRNA #2, s1501)
that selectively targets APP. Cells treated with the vehicle (Lipofectamine
2000; control) or transfected with 50 nmol/L non-targeting control siRNA
(random siRNA) were used as controls. Cells were maintained for 96 hours
under serum-free conditions, lysed, and analyzed using indicated antibodies.
Western blot analysis confirmed that both siRNA duplexes effectively downregulated APP protein expression. Vehicle-treated cells or equimolar
amounts of random siRNA demonstrated no effect. In contrast to controls,
APP knockdown resulted in up-regulation of AFP and pan-CK.

nicity, pluripotency, and transcriptional repression of various growth-promoting factors (eg, transforming growth
factor-␣, teratocarcinoma-derived growth factor 1, and
fibroblast growth factor 4). Exogenous additions of all of
these factors were able to rescue growth inhibition but
could not prevent terminal differentiation exerted by various differentiation-inducing agents (eg, retinoic acid or
hexamethylene bisacetamide).37,38 In a previous study,
we demonstrated that parallel addition of sAPP, primarily
containing sAPP␣, completely rescued HDAC inhibitor–
induced growth arrest.12 In this study, using the more
potent HDAC inhibitor apicidin, we provided evidence
that sAPP␣ partially reversed induction of lineage-specific differentiation markers such as the ectodermal
marker pan-CK and the endodermal marker AFP. It is
suggested that multiple signal transduction cascades,
initiated by sAPP␣, counteract with differentiation-induced pathways. Although a possible role in modulating
apoptosis signaling cascades has been frequently reported, more studies to elucidate the molecular pathways
downstream are required to fully understand the biological properties and potency of sAPP␣.51,52 The critical
role of APP in TGCT was further underlined by the observation that selective reduction of APP expression via
siRNA silencing induced the expression of lineage-specific differentiation markers. The results coincided with
the findings from a recent study that revealed that siRNAmediated knockdown of APP in metastatic melanoma
cells increased protein levels of differentiation-specific
markers and caused irreversible commitment to terminal
differentiation.43 Furthermore, there is compelling evidence that APP is also highly expressed and processed
in the human embryonic stem cell line H9/WA09, compared with lineage-committed neuroblastoma cells.53 Together with our results, these corroborative findings underline that APP has a crucial role in maintaining a
pluripotent undifferentiated state of transformed pluripo-
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tent germ cells and that it is conceivable that it also
participates to preserve developmental potential during
the stem cell stage.
Profiling studies using the oligonucleotide microarray
approach have attempted to elucidate histologic subtype–specific gene expression patterns in various patient
samples of TGCT and cell lines, and have frequently
identified long lists of differentially expressed genes. In
contrast to the predominant expression of the stem cell
signature in undifferentiated ES and SE, mRNA levels of
APP were widely expressed in a variety of TGCT subtypes including CC, YST, and TE.34,35 To bring these
results in line with our study, we proposed the involvement of a post-translational regulatory mechanism leading to suppressed APP protein levels in differentiated
TGCT subgroups. In this context, a similar discrepancy
between APP mRNA and protein levels could be observed by treating EC cell lines with HDAC inhibitors.
Extensive evidence in vitro and in vivo demonstrates
that HDAC inhibitors potently induce cell differentiation,
growth inhibition, cell cycle arrest, and programmed cell
death.25,54 The exerted pleiotropic effects of these epigenetic compounds predominantly occur through transcriptional modulation of specific preprogrammed
genes.55 However, analysis of transcriptomic changes
does not necessarily reflect the potency of induced biological effects, in particular because of neglecting the
influence of post-translational mechanisms by which
HDAC inhibitors alter the expression and function of cancer-associated proteins. In the present study, we used
three structural unrelated HDAC inhibitors (VPA, TSA,
and apicidin) and clearly demonstrated that HDAC inhibition selectively decreased APP protein levels that were
accompanied by marked down-regulation of the stem
cell signature (Sox2, NANOG, and Oct-3/4). Despite the
robust depletion of APP, we could not detect significant
changes in APLP2 levels after HDAC inhibitor treatment.
In addition, we confirmed the association with HDAC
inhibition by using the carboxamide VPM as a negative
control. In this analogue compound, the free carboxylic
group of VPA is amidated, which apparently leads to loss
of HDAC inhibitory activity.26 The concerted actions
of several HDAC inhibitors on APP, in conjugation with
suppression of the stem cell signature, was in accordance with the induction of differentiation of transformed
EC cells. However, in addition to these apparent similarities, stem cell genes were transcriptionally regulated,
whereas suppressed APP protein levels by HDAC inhibitors are not due to changes in the level of APP transcript,
as shown using the oligonucleotide microarray approach
and RT-PCR. To further delineate the predominant involvement of a post-translational mechanism leading to
decreased APP protein levels, we analyzed the ER heatshock protein GRP78. Under normal conditions, this constitutively expressed molecular chaperone is involved in
many cellular processes including correct folding and
assembly of newly synthesized proteins that are transported through the secretory pathway.56 In contrast, induction or overexpression of GRP78 causes prolonged
binding, hinders correct maturation, and facilitates proteasomal degradation of target proteins. This sophisti-

cated process is termed “ER-associated protein degradation,” and relative to GRP78, has been previously
described for a selective subset of proteins.57,58 GRP78
was observed to associate intracellularly with the immature unfolded form of APP. This interaction causes retention in the early secretory compartments and consecutively impairs maturation and secretion of APP.29 –31
Moreover, GRP78 binds with a high and specific affinity
to APP without affecting the other APP family members
APLP1 and APLP2.32 Supporting our hypotheses, HDAC
inhibitor treatment resulted in increased GRP78 mRNA
and protein levels. In addition, expression of the homologous family member HSP70 was not affected, which
suggests that HDAC inhibition specifically regulates
GRP78 induction. Consistent with these results, a recent
study revealed an HDAC-specific binding site in the
Grp78 promoter (ER stress response element), which
probably could explain the selective induction of
GRP78.59 We hypothesize that HDAC inhibitor–mediated
up-regulation of GRP78 causes prolonged binding of
APP in the ER and subsequently leads to its proteasomedependent degradation on the cytosolic side of the ER
membrane. The involvement of the ubiquitin-proteasome
pathway in APP degradation was further supported by
the finding that the proteasome inhibitor ALLN nearly
abolished VPA-induced degradation of APP. Although
MG-132, another peptide aldehyde and proteasome inhibitor, was found to be more potent and specific than
ALLN, previous studies have demonstrated the limited
use of MG-132 because of multiple effects on maturation
and processing of APP.60 Although other GRP78 ligands
have been identified as ER-associated protein degradation substrates,57,58 and APP seems to be degraded by
the ubiquitin-proteasome system, it is still possible that
cytosolic calpains and lysosomal proteases, which are
also blocked by ALLN, are involved in this process.
We next attempted to translate our in vitro observations
into in vivo relevance. Therefore, we evaluated the histopathologic expression profile of GRP78 in TGCT tissue
samples. Consistent with our in vitro results, strongly increased levels of GRP78 protein were found in well-differentiated TGCT subtypes, in particular in mature TE,
whereas in undifferentiated SE and EC, only barely detectable expression was observed. This result extends
previous reports that consistently demonstrated the fundamental role of GRP78 in physiologic cell differentiation.61– 65 We presume that GRP78 induction could be a
key event for triggering down-regulation of APP in differentiated TGCT tissues. Furthermore, the inverse correlation between APP and GRP78 that occurs during spontaneous TGCT differentiation in vivo is exactly reflected in
the molecular mechanism by which HDAC inhibitors induce EC cell differentiation, leading to decreased APP
protein levels in a post-translational manner.
Another main objective of the present study was to
demonstrate the in vivo efficacy of a HDAC inhibitor in a
established NTera-2 xenograft mouse model. The compounds used in this study belong to several structural
classes. Potent HDAC inhibitors such as the pan-HDAC
inhibitor TSA (hydroxamic acid) or the partially irreversible HDAC inhibitor apicidin (cyclic tetrapeptide) are of
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limited therapeutic use and can be studied only in preclinical settings.27,66 Therefore, we used the short fatty
acid VPA because it is a well-tolerated orally bioavailable
anti-epileptic agent and causes only mild adverse effects
in animal experiments and in clinical trials.36,54 We
treated NTera-2 xenografts in two treatment modes: prophylactic and therapeutic treatment arms. Both treatment
regimens resulted in significantly decreased tumor
growth at therapeutic doses of VPA. These data are in
accordance with recent studies that showed that longterm administration of VPA severely affects tumor volume
in prostate gland67 and renal68 cancer xenografts, prevents tumor formation, and significantly improves survival
in Ptch-deficient mice, respectively.69 A novel finding in
our approach is that both treatment methods remarkably
decreased APP protein levels, which were accompanied
by up-regulated H4Ac levels. These effects were supported by our in vitro work, which showed that prolonged
treatment with physiologic VPA concentrations resulted in
down-regulation of APP to steady state. It is likely that the
above-mentioned effects are not specific to VPA but are
an effect that can be mimicked by other HDAC inhibitors
currently undergoing clinical trials. Despite the difficulty
in comparing the plethora of mechanisms of growth arrest triggered by HDAC inhibitors, we conclude that effectively suppressed levels of the tumor mitogen APP
contribute in part to the observed growth inhibitory effects in vivo.
In addition to these important tumor biological aspects,
NTera-2 xenografts are an exceptional tool for examination of cellular differentiation in vivo. Similar to human
embryonic stem cells, implanted NTera-2 cells form complex TE composed of all three germ cell layers.17,50 A
major difference between these two is that human embryonic stem cells form benign TE, completely lacking
undifferentiated cells, whereas grafted EC are characterized by persistence of undifferentiated cell populations,
histopathologically resembling human teratocarcinomas.18 APP expression was limited to solid areas of
undifferentiated cells, whereas mature and terminally
differentiated tissues (eg, glands, epithelial cells, and
cartilage) demonstrated dramatically reduced levels.
This specific phenotype mirrored exactly our results in
patient samples of TGCT.
In conclusion, the presence of APP protein together
with the similar expression patterns of stem cell markers
in undifferentiated human TGCT subtypes and its downregulation during spontaneous differentiation indicate
that APP is as a reliable biomarker for transformed human
pluripotent stem cells. It is noteworthy that the percentages of EC stem cells in primary stage I nonseminomatous TGCT are pathologic predictors of occult metastasis, correlate with a higher risk of relapse, and dictate
treatment.70,71 In this regard, APP immunohistochemistry
could be applied as a useful tool for detection of EC cells.
We also investigated connections and similarities between HDAC inhibitor–mediated and spontaneous EC
differentiation, and identified GRP78 as a key factor that
triggers down-regulation of APP. We have provided evidence that oral administration of the HDAC inhibitor VPA
suppressed tumor growth and depleted endogenous

APP protein levels in vivo. These promising results shed
light on the significance of APP as a novel molecular
target and broaden the therapeutic potential of HDAC
inhibitors in the clinical treatment of TGCT.
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