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Summary

Germ cell tumors (GCTs) are cancers of the testis, ovary or extragonadal sites that occur in

infants, children and adults. Testicular GCT is the most common cancer in young men aged 15–

40. Abnormalities in developmental signaling pathways such as wnt/β-catenin, TGF-β/BMP and

Hedgehog have been described in many childhood tumors. To date, however, the status of BMP

signaling in germ cell tumors has not been described. Here, we examine BMP-SMAD signaling in

a set of clinically-annotated pediatric germ cell tumors. We find that BMP signaling activity is

absent in undifferentiated tumors such as seminomas and dysgerminomas, but robustly present in

most yolk sac tumors, a differentiated tumor type. Gene expression profiling of TGF-β/BMP

pathway genes in germinomas and yolk sac tumors reveals a set of genes that distinguish the two

tumor types. There is significant intertumoral heterogeneity between tumors of the same histologic

subclass, implying that the BMP pathway can be differentially regulated in individual tumors.

Finally, through miRNA expression profiling, we identify differential regulation of a set of

miRNAs predicted to target the TGF-β/BMP pathway at multiple sites. Taken together, these

results suggest that the BMP signaling pathway may represent a new therapeutic target for

childhood germ cell tumors.
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Introduction

Germ cell tumors (GCTs) are cancers occurring in the testis, ovary or extragonadal sites in

infants, children and adults. Although overall rare, germ cell tumors account for 15% of

malignancies diagnosed during childhood and adolescence, and testicular GCT is the most

common cancer in young men aged 15–40 (Oosterhuis & Looijenga, 2005). The incidence

of GCT in adolescents and young adults is rapidly increasing for unclear reasons (Frazier &

Amatruda, 2009). While cisplatin-based combination chemotherapy has been very

successful in the treatment of GCTs (Einhorn & Donohue, 1977; Williams, et al., 1987),

survival is still suboptimal for patients in high-risk groups and those whose tumors are not

susceptible to cisplatin (Frazier & Amatruda, 2009). Furthermore, significant therapy-related

toxicity occurs in many patients treated with cisplatin, etoposide and bleomycin, including

pulmonary fibrosis (Osanto, et al., 1992), renal insufficiency (Bokemeyer, et al., 1996; Bosl,

et al., 1986; Hansen, et al., 1988) and ototoxicity (Bokemeyer, et al., 1996; Strumberg, et

al., 2002). Children are particularly vulnerable to late effects of therapy, especially

ototoxicity and pulmonary abnormalities (Hale, et al., 1999). Better understanding of the

biology of childhood GCTs potentially offers a route to improved or alternative therapy

(Coffey, et al., 2005; Frazier & Amatruda, 2009; Kuczyk, et al., 2004; Oosterhuis &

Looijenga, 2005).

The cell of origin of GCTs appears to be the early germline progenitor known as Primordial

Germ Cells (PGCs). While both childhood and adolescent/adult GCTs originate from PGCs,

important differences exist (Oosterhuis & Looijenga, 2005). Type I GCTs occur in infants

and children and consist of benign teratomas and malignant yolk sac tumors (YSTs). In

contrast, Type II tumors in adolescents and adults have more diverse histology, and include

germinomas (seminomas in males, dysgerminomas in females; hereafter all referred to as

germinomas or GER), embryonal carcinoma, teratoma, yolk sac tumor and choriocarcinoma.

Little is known about the genetic changes in PGCs that underlie germ cell tumorigenesis.

Two recent Genome-Wide Association Studies implicated KITLG (the kit ligand), DMRT1

and SPRY4 in familial testicular cancer (Kanetsky, et al., 2009; Rapley, et al., 2009;

Turnbull, et al., 2010). Mutations in the kit tyrosine kinase have been described in GCTs

(Coffey, et al., 2008; Goddard, et al., 2007; Kemmer, et al., 2004). However, a Phase II trial

of imatinib in chemoresistant testicular GCTs that expressed kit did not produce any

remissions (Einhorn, et al., 2006).

Germ cell tumors can be classed with embryonal tumors such as Wilms Tumor,

hepatoblastoma and medulloblastoma, in which misregulation of embryonic signaling

pathways appears to play an important role in tumorigenesis (Abbott, et al., 2007;

Baryawno, et al., 2010). Previous results have established a role for the Notch and

Hedgehog pathways in germ cell development and spermatogenesis (Morichika, et al., 2010;

Szczepny, et al., 2006; Szczepny, et al., 2009). Fritsch and co-workers demonstrated that the

wnt/β-catenin pathway is differentially activated in subsets of childhood germ cell tumors

(Fritsch, et al., 2006), and recent results indicate that the APC tumor suppressor, a key

regulator of wnt signaling, may be inactivated by methylation or loss-of heterozygosity in

yolk sac tumors (Okpanyi, et al., 2010). The importance of the TGF-β/BMP (Transforming

Growth Factor β /Bone Morphogenetic Protein) pathway in germline development and

Fustino et al. Page 2

Int J Androl. Author manuscript; available in PMC 2014 August 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



gonadogenesis has been demonstrated in organisms from Drosophila to humans (Hime, et

al., 2007; Itman, et al., 2006; Loveland & Hime, 2005). Multiple components of the TGF-β

superfamily are expressed in developing germ cells and somatic cells of the gonad (Itman, et

al., 2006). In this pathway, ligands such as activin, TGF-β and BMPs bind to cell-surface

receptors that are heterotetramers of Type I and Type II receptors. Activation and

phosphorylation of the Type I receptor leads to the recruitment and phosphorylation of

receptor-SMADS (SMAD 2/3 in TGF-β signal transduction; SMAD1/5/8 in BMP signal

transduction), which in turn bind co-SMAD4; the phosphoSMAD/co-SMAD complex enters

the nucleus to regulate target gene expression (Gouedard, et al., 2000; Liu, et al., 1996; Shi

& Massague, 2003). TGF-β/BMP signaling can be negatively modulated by secreted

extracellular factors (NOG, CHRD, FST), membrane-bound proteins (BAMBI), and

intracellular proteins (SMAD6 and SMAD 7) (Mehra & Wrana, 2002).

The TGF-β family member, Activin A, is expressed during mouse germline development

after sex determination, a time of widespread phospho-SMAD2/3 expression in the

developing testis, and influences both the proliferation of Sertoli cells and the differentiation

of germ cells (Itman, et al., 2009; Mendis, et al., 2010; Mithraprabhu, et al., 2010). BMP

signaling is required for proper germline development and regulation of proliferation and

differentiation of germ cells during spermatogenesis. The initial specification of primordial

germ cells requires BMP signaling (Saitou, et al., 2002; Surani, et al., 2004). BMPs and the

related family member, GDNF, have been implicated in spermatogonial stem cell self-

renewal (Meng, et al., 2000; Puglisi, et al., 2004). In mouse models, BMP8b was shown to

be necessary for PGC specification and for germ cell proliferation and differentiation during

spermatogenesis (Ying, et al., 2000; Zhao, et al., 1996) Both BMP7 and BMP8a also play a

role in maintenance of spermatogenesis (Zhao, et al., 2001; Zhao, et al., 1998). These

studies have established the TGF-β and BMP signaling pathways as important components

in germline specification and the initiation and maintenance of spermatogenesis.

The TGF-β pathway has been investigated in human germ cell tumors. The ligands TGF-β1,

TGF-β2 and TGF-β3, as well as Inhibin and Activin, have been shown to be expressed in

malignant germ cell tumors (Cardillo, et al., 1998; Cobellis, et al., 2001). Specific snp

variants in the TGFB1 gene are associated with elevated risk of developing testicular germ

cell tumor (Purdue, et al., 2007). Dias and co-workers examined Activin/TGF-β signaling

modulators including phosphorylated SMAD 2 and 3 (pSMAD2/3), SMAD6, Inhibin A,

MAN-1 and beta-glycan in adult testicular germ cell tumors. They found uniform expression

of pSMAD2/3 in seminomas and in non-seminomas, indicating that the Activin/TGF-β

pathway is active in these tumors. Interestingly, expression of beta-glycan, INHA and

MAN-1 differed between different seminomas, suggesting possible intertumoral

heterogeneity in the regulation of Activin/TGF-β signaling (Dias, et al., 2009). Bouras and

co-workers described a mutation in SMAD4 in 2 of 20 seminomas (Bouras, et al., 2000), a

finding with potential implications for both Activin/TGF-β and BMP signaling pathways. To

date, however, the status of BMP signaling in germ cell tumors has not been described.

Here, we examine BMP-SMAD signaling in a set of clinically-annotated pediatric germ cell

tumors. We find that BMP signaling activity is absent in undifferentiated tumors such as

seminomas and dysgerminomas, but robustly present in most yolk sac tumors, a

Fustino et al. Page 3

Int J Androl. Author manuscript; available in PMC 2014 August 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



differentiated tumor type. Gene expression profiling of TGF-β/BMP pathway genes in

germinomas and yolk sac tumors reveals a set of genes that distinguish the two tumor types.

There is significant intertumoral heterogeneity between tumors of the same histologic

subclass, implying that the BMP pathway can be differentially regulated in individual

tumors. Finally, through miRNA expression profiling, we identify differential regulation of

a set of miRNAs predicted to target the TGF-β/BMP pathway at multiple sites.

Materials and Methods

Tumor samples

Fresh frozen tumor specimens and accompanying formalin-fixed, paraffin-embedded blocks

were acquired from Children’s Medical Center of Dallas (CMC). Informed, written consent

was obtained from the patients’ parents prior to the study and assent was obtained from

patients greater than 10 years of age. All studies were performed with the approval of The

University of Texas Southwestern Medical Center and CMC Institutional Review Boards.

Diagnosis was verified by a pediatric pathologist and only samples with >70% tumor

cellularity of pure histological subtypes were included. Clinical demographic data are shown

in Table 1. For gene expression analysis, we analyzed 7 yolk sac tumors (designated YST1

through YST7) and 4 germinomatous tumors (designated GER1 through GER4). Clinical

demographic data for these tumors are shown in Table 2. Here, we use the term

“germinoma” generically to include dysgerminomas, seminomas, and central nervous

system germinomas. Specimens from patients YST1, YST3, YST4, GER1, GER2, and

GER3 were included in the custom tissue microarray analysis.

Custom tissue microarray preparation

Tissue blocks were obtained from Children’s Medical Center of Dallas. Tissue microarray

(TMA) consisted of paraffin-embedded tissue from 14 yolk sac tumors, 10 germinomatous

tumors, 3 normal testis, and 3 normal ovaries. Frozen tissue specimens YST1, YST3, YST4,

GER1, GER2, and GER3 used in quantitative qPCR arrays were included in the custom

tissue microarray analysis. The TMA was constructed using Tissue-Tek Quick-Ray tissue

microarray instrument (Sakura Finetek, Torrance, CA). All hematoxylin-eosin stained

sections of each case were reviewed and representative sections were selected. 2 mm cores

from the corresponding formalin-fixed/paraffin-embedded (FFPE) tissue blocks were

punched out and pushed into the recipient TMA block. Two representative cores from each

tumor were included in the TMA. In addition, one core each of 3 FFPE normal testicular

tissues and 3 FFPE normal ovarian tissues were included in the TMA. A map was

maintained to record the order of the cases in the TMA. Once complete, the recipient TMA

block was placed face-down in a basemold and baked for 40 minutes at 66°C, and then

paraffin-embedded at the embedding center (Thermo Electron Corporation, Waltham, MA).

Once solidified, 4 micron sections of the TMA block were cut for staining. Median age of

patients included was 8 years (range 3 months to 17 years). Sex distribution showed 13

males and 11 females. Anatomic location showed 9 tumors of testicular origin, 10 ovarian, 1

indeterminate gonadal, 1 sacrococcygeal, 1 CNS, 1 mediastinal and 1 hepatic. Among

gonadal tumors, staging at initial diagnosis showed 11 stage I, 6 stage III, 1 stage IV tumor,

and 2 specimens represented recurrences.
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Preparation of total RNA

Total RNA was prepared from fresh frozen tumor tissue and cell lines. 30–50 mg of tissue

was homogenized using Tissue Miser (Fisher Scientific, Pittsburgh, PA) in TRIzol®

Reagent (Invitrogen, Carlsbad, CA); approximately 1 mL TRIzol® per 50 mg of tissue was

used. After incubation for 30 minutes at room temperature, phase separation was done using

chloroform (200 μL/1 mL Trizol®). Sample was shaken vigorously, centrifuged at 13000

rpm at 4°C, and aqueous phase removed. RNA precipitation was done using 70% ethanol.

To prepare total RNA for miRNA analysis, after initial homogenization, sample was

incubated for 5 minutes at room temperature, followed by the same chloroform separation,

and centrifuged at 15000 rpm for 15 minutes at 4°C. 1.5 volumes of 100% ethanol were then

added prior to on-column preparation. To remove contaminant genomic DNA, on-column

DNase digestion was done using RNase-Free DNase Digestion Kit (Qiagen, Valencia, CA).

RNA isolation was done per manufacturer’s instructions using RNeasy® Mini Kit (Qiagen,

Valencia, CA) and final elution performed in 15–20 μL H2O. Quantity and purity was

assessed using NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington,

DE). Absorbance ratios at 260/280 nm and 260/230 nm were used to verify purity. Quality

was further assessed by visualization of 28S and 18S bands after performing gel

electrophoresis (1% Tris-Acetate Buffer and 1mM EDTA).

Quantitative RT-PCR

Total RNA was prepared as above from frozen tumor specimens. cDNAs were synthesized

from 1 μg of RNA using RT2 First Strand Kit (SABiosciences, Frederick, MD). Real-time

quantitative PCR gene expression profiling was done using BMP/TGF-β pathway specific

arrays (SABiosciences, Frederick, MD). Arrays profiled 84 pathway-specific genes with

validated primers and contained internal control primers to assess genomic DNA

contamination, RNA quality, and PCR amplification efficacy. RT-qPCR was performed on

Applied Biosystems 7500 Real-Time PCR System (Carlsbad, CA) using RT2 SYBR®

Green qPCR Master Mix (SABiosciences, Frederick, MD) as a fluorophore for amplicon

detection. PCR conditions were as follows: 95°C x 10 minutes, 95°C for 15 seconds then

60°C for 1 minute x 40 cycles, followed by a dissociation stage per manufacturer’s protocol.

Gene expression was normalized to endogenous β-actin (ACTB) and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), as these internal reference genes exhibited the least

variation among the five internal reference genes evaluated. Even when other potential

combintations of reference genes were evaluated, variations in gene-of-interest expression

were minimal. Fold regulation of gene expression was determined using the 2(−ΔΔCt)

method, and compared yolk sac tumors (n=7) to germinomas (n=4). We performed

unsupervised hierarchical cluster analysis on 7 yolk sac tumors and 4 germinomas using

web-based PCR data analysis software (www.sabiosciences.com/pcrarraydataanalysis.php).

Raw gene expression data and calculations are shown in Supplementary Tables 1–5.

Differentially expressed genes were those for which the log2-transformed fold regulation

was >2 or <−2. Quantitative PCR for SMAD6 and SMAD7 (not included in arrays) was

performed in quadruplicate using validated primers (SABiosciences, Frederick, MD).

SMAD6 Primer sequence corresponds to RefSeq Accession NM_005585.3 and SMAD7

primer sequence corresponds to RefSeq NM_005904.2. Gene expression was determined as
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described above. Gene expression among histologic subtypes was compared using a type 3

t-test (Supplementary Table 6).

Immunohistochemistry

Anti-phospho-SMAD3 (Ser423/425) antibody (rabbit polyclonal, ab51451) was purchased

from Abcam (Cambridge, MA) and used at a dilution of 1:150. The manufacturer reports

specificity for the phosphorylated form of the protein although minimal reactivity with

nonphosphorylated human Smad3 can be observed by ELISA and WB. ab51451 also

exhibits some reactivity with phosphorylated Smad1 and Smad5 on Western blot but

negligible reactivity is seen against other phosphorylated Smad family members. Anti-

phospho-SMAD1/5/8 (Ser463/465, Ser463/465, Ser426/428, respectively) antibody (rabbit

polyclonal, #9511) was purchased from Cell Signaling (Beverly, MA) and used at a dilution

of 1:100. The antibody is reported by the manufacturer to detect endogenous Smad1 only

when dually phosphorylated at Ser463 and Ser465, as well as Smad5 and Smad8 only when

phosphorylated at the equivalent sites. The manufacturer reports this antibody does not

exhibit cross-reactivity with other Smad-related proteins. Immunoblotting against lysates

prepared from primary tumor tissue revealed the expected single band at approximately 58

kDa for both anti-Smad antibodies (Supplementary Figure 1). Rabbit polyclonal anti-human

Noggin antibody ab16054 was from Abcam. Immunohistochemistry was performed on a

Ventana Discovery automated immunostainer (Ventana, Tucson, AZ) using standard

immunoperoxidase techniques and hematoxylin counterstaining. The same lot of antibody

was used for all immunohistochemistry and immunoblotting experiments. The

immunohistochemical staining was scored by both the intensity of staining (0 – no staining,

1 – mild staining, 2 – moderate staining, 3 – strong staining) and the percentage of positively

staining cells (0 – no staining, 1 – <10% cells staining, 2 – 10–50% cells staining, 3 – >50%

cells staining). For each tumor, the intensity score and the percentage positivity score were

an average of the scores for each of two cores in the TMA. A combined

immunohistochemical score was calculated as the product of the average intensity score and

the average percentage positivity score. Based on the combined score, results are reported as

0 (combined score <1); 1+ (score 1–2.99); 2+ (score 3–6.99); or 3+ (score 7–9). Sections

were scored by two of the authors independently. The kappa statistic for interobserver

variation with nominal data(Cohen, 1960)was calculated according to http://

department.obg.cuhk.edu.hk/ResearchSupport/Cohen_Kappa_data.asp and was 0.84 for

pSMAD1/5/8 and 0.85 for pSMAD3.

Immunoblotting

Approximately 30 mg fresh frozen tumor tissue was ground with mortar and pestle in 300

μL ice-cold radio-immunoprecipitation assay (RIPA) buffer containing Complete, Mini

Protease Inhibitor Cocktail Tablet (Roche diagnostics, Indianapolis, IN) and 10mM.10 mM

sodium orthovanadate (FIVEPhoton Biochemicals, San Diego, CA). Lysate was incubated

on ice for 10 minutes, frozen in liquid nitrogen, thawed on ice, and further lysed using

Sonicator Ultrasonic Processor XL (Heat Systems Inc., Farmingdale, CT). The lysate was

centrifuged at 13000 rpm for 12 minutes at 4°C. Supernatant was isolated, aliquotted, and

stored at −80°C. Protein concentrations were determined using the Bradford method (Bio-

Rad, Hercules, CA). Samples were separated on SDS-PAGE, transferred to nitrocellulose
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membrane (Bio-Rad, Hercules, CA) and blocked in 1% casein in phosphate buffered saline.

Mouse monoclonal anti-β-actin (Sigma-Aldrich, St. Louis, MO) was used as a loading

control (concentration 1:1000). All primary antibodies were diluted in 1% casein in PBS

with 0.1% Tween 20 (Fisher Scientific, Fair Lawn, NJ). A protein standard ladder (Precision

Plus Protein Standard, Bio-Rad, Hercules, CA) was used to ensure appropriate identification

of intended bands. Goat-anti-mouse and goat-anti-rabbit horse-radish peroxidase secondary

antibodies were purchased from Jackson Immunoresearch (West Grove, PA). We performed

band detection using Amersham ECL plus detection reagents (GE Healthcare, Piscataway,

NJ).

MicroRNA analysis

Total RNA enriched for miRNA was prepared as described above from four yolk sac tumors

(YST1, YST3, YST4, YST6) and 3 dysgerminomas (GER1, GER2, GER3). Clinical

demographic data is shown in Table 2. Processing, hybridization using 3Paraflo©

microfluidic chip technology (based on Sanger miRBase release 14.0), and labeling of

miRNA with Cy3 or Cy5 was performed by LC Sciences, Inc. (Houston, TX). Log2 ratios

were determined (Supplemental Table 7) and miRNAs differentially expressed in YSTs

relative to GERs were determined by a paired t-test (p<0.05, minimum signal threshold

>500) and shown in Table 4. A positive log2 ratio indicates higher expression in YSTs, and

a negative log2 ratio indicates higher expression in GER. Differentially expressed miRNAs

(p<0.05) were arranged using unsupervised cluster analysis as shown in Figure 5.

We used DIANA-microT-4.0 (http://diana.cslab.ece.ntua.gr/pathways/), a web-based

miRNA target prediction software (Maragkakis, et al., 2009a; Papadopoulos, et al., 2009), to

determine potential interactions among differentially expressed miRNAs with pathways

relevant to cancer biology. We simultaneously evaluated all miRNAs upregulated in YSTs

(shown in Table 4) with the exception of miR-302a* and miR302c* which were not

included in the algorithm. We performed the same analysis on all miRNAs upregulated in

GERs (shown in Table 4). We chose to perform enrichment analysis of all co-expressed

miRNAs simultaneously in order to determine the combinatorial effect in pathway

modulation. Predicted targets of canonical BMP signaling are shown in Figure 6.

Results

TGF-β signaling

To assess the state of TGF-β/BMP pathway signaling in childhood germ cell tumors, we

created a custom tissue microarray containing 14 pediatric yolk sac tumors and 10

germinomas (seminomas or dysgerminomas). We chose to study these tumor classes

because they represent by far the most common types of malignant germ cell tumors in

patients less than 18 years of age (Frazier & Amatruda, 2009). We performed

immunohistochemistry for phosphorylated SMAD3 (pSMAD3) as a readout of TGF-β

signaling activity, and for phosphorylated SMAD1/5/8 (pSMAD1/5/8) as a readout of BMP

signaling activity (Figure 1). All pediatric yolk sac tumors (14 of 14) and germinomatous

tumors (9 of 9) showed prominent staining for pSMAD3. Staining was localized in the

nucleus, though some tumors showed cytoplasmic and membranous pSMAD3 as well. In
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contrast, BMP signaling was differentially regulated between the two tumor types. The

majority of pediatric yolk sac tumors (9 of 14) showed high levels of pSMAD1/5/8 (2+ or

greater), whereas only 1 of 10 germinomas showed high levels of phospho-SMAD1/5/8

(Figure 1). In yolk sac tumors, staining was primarily localized to the nucleus and, to a

lesser extent, the cytoplasm. Table 1 summarizes clinical information and results of

immunohistochemical studies for each of the tumors. Differences in the degree of active

BMP signaling did not clearly correlate with differences in clinical stage or site of

presentation (Table 1).

Expression profiling of TGF-β/BMP pathway genes

To further delineate the state of the TGF-β/BMP pathway in germ cell tumors, we performed

quantitative RT-PCR to evaluate the relative expression of 84 genes involved in TGF-

β/BMP signaling in seven yolk sac tumors and four germinomatous tumors. Clinical

characteristics of these tumors (some of which were also represented on the tissue

microarray) are shown in Table 2. The analyzed genes included TGF-β /BMP ligands,

receptors, intracellular SMADs, target genes and pathway modulators. 34 genes were

differentially expressed between yolk sac tumors and germinomas (Figure 2). In agreement

with the immunohistochemistry results (Figure 1), TGF-β/BMP pathway genes were more

likely to show higher transcript levels in yolk sac tumors; of the differentially regulated

genes, 29 genes were higher in yolk sac tumors and 5 genes were higher in germinomas.

Genes differentially expressed are listed and classified based on their function in Table 3.

Unsupervised clustering of the differentially regulated genes grouped tumors by histologic

subtype (Figure 2). Among the gene transcripts expressed at higher levels in YSTs, despite

the active BMP signaling in these tumors, were negative regulators of the pathway,

including NOG and FST. This expression likely represents a feedback response, as many

negative regulators of TGF-β/BMP signaling are also direct transcriptional targets of the

pathway (Bartholin, et al., 2002; Sela-Donenfeld & Kalcheim, 2002).

We also noted heterogeneity in the gene expression profile within histologic subtypes. For

example, three yolk sac tumors (YST2, YST3, YST4) appear to form a subclass with

relatively greater expression of TGF-β/BMP pathway genes (Figure 2). YST3 and YST4,

which were included in the immunohistochemical analysis, exhibited a robust phospho-

SMAD1/5/8 signal, indicating the presence of active BMP signaling in these tumors (Table

1). In contrast, YST1, which showed relatively lower TGF-β/BMP gene expression, showed

no phospho-SMAD1/5/8 staining by IHC (Table 1). In general, germinomas exhibited lower

TGF-β/BMP gene expression relative to YSTs, with the exception of GER2, which showed

higher expression of a subset of genes: COL1A2, COL1A1, BAMBI, COL3A1, LEFTY1,

IGFBP3, NODAL, and BMPR2 (Figure 3). GER2, a stage I germinoma, did not exhibit

pSMAD1/5/8 staining, indicating that greater expression of a subset of genes was not

sufficient to activate BMP signaling. These intraclass differences in BMP signaling activity

and gene expression do not obviously correlate with any clinical parameters such as sex,

age, anatomic location, or clinical stage. However, the small number of tumors analyzed

might prevent detection of such an association.
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Differential regulation of inhibitory SMADS

The results of immunohistochemistry and transcriptional profiling experiments suggested

that the TGF-β/BMP pathway is differentially regulated in yolk sac tumors and germinomas.

However, owing to heterogeneity within a given class, it was not possible to identify

specific genes that discriminated the two tumor types. We hypothesized that the high degree

of active BMP signaling present in yolk sac tumors might result in a feedback inhibition

response. Therefore we assessed the relative expression in the tumors of two inhibitory

SMADs: SMAD6, which inhibits BMP signaling (Wang, et al., 2007) and SMAD7, which

inhibits both the TGF-β and BMP arms of the pathway (Casellas & Brivanlou, 1998; Nakao,

et al., 1997; Zhao, et al., 2000). We performed quantitative RT-PCR to evaluate expression

of SMAD6 and SMAD7 in YST1-7, GER1-3, and two embryonal carcinoma cell lines;

NCCIT and NTERA-2 cl.D1[NT2/D1] (Figure 4 and Supplementary Table 6). Yolk sac

tumors showed significantly higher expression of both SMAD6 (p=0.048) and SMAD7

(p=0.019) compared to germinomas (Supplementary Table 6). Compared to embryonal

carcinoma cell lines yolk sac tumors showed significantly greater expression of both

SMAD6 (p=0.035) and SMAD7 (p=0.004) expression as well. Within the GER class,

SMAD7 expression was more heterogeneous, perhaps reflecting the influence of the TGF-β

pathway, which is active in germinomas as well as YSTs. SMAD6 expression was higher in

all YSTs tested compared to GERs, thus distinguishing between these two tumor subtypes.

Differential expression and the observed heterogeneity was not likely due to low transcript

levels as almost all Ct values were between 20 and 30 cycles (Supplementary Table 6).

microRNA Expression Profiling

As with other multi-component biochemical pathways, TGF-β/BMP signaling can be fine-

tuned by the action of micro-RNAs (miRNAs) (Yin, et al., 2010). miRNAs have been

intensively investigated in many cancers including leukemias, lymphomas, and lung, breast,

and colon cancers (Croce, 2009; Iorio & Croce, 2009). In germ cell tumors, miR-372 and

miR-373 have been suggested to play a role in tumorigenesis, likely through dampening of

p53-mediated tumor suppression in testicular GCTs of young adults and adolescents via

inhibition of Large Tumor Suppressor homolog 2 (LATS2) (Voorhoeve, et al., 2006). In a

high-throughput screen by Gillis et al., the miR 371-373 cluster was found to be highly

expressed in type II and III malignant germ cell tumors of adolescents and young adults

(Gillis, et al., 2007; Looijenga, et al., 2007). In pediatric central nervous system tumors,

Wang et al. have shown distinguishing miRNA profiles among germinomas and non-

germinomatous malignant germ cell tumors (Wang, et al., 2010). More recently, Palmer et

al. profiled 32 pediatric GCTs in comparison to normal gonadal specimens and identified

the highest degree of differential expression to occur among the miR-371-373 and miR-302

clusters (Palmer, et al., 2010). In a subsequent analysis, miRNA expression in pediatric yolk

sac tumors and germinomas were directly compared. Murray et al. identified 66 miRNA

differentially expressed; 29 with greater expression in YSTs and 37 with greater expression

in GER (p<0.01) (Murray, et al., 2010). To understand whether differential miRNA

expression could account for the disparity of BMP signaling in GERs and YSTs, we profiled

782 miRNAs in the tumors (Supplementary Table 7). In agreement with previous results, all

of the tumors expressed high levels of miR-373 (Supplementary Table 8). 65 miRNAs were
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differentially expressed comparing GERs to YSTs (Figure 5), of which 34 miRNAs were

expressed above a manufacturer-defined signal threshold of 500. Of these, 20 miRNAs were

significantly greater (p<0.05) in YSTs, and 14 miRNAs were significantly greater (p<0.05)

in dysgerminomas (Table 4). Using a target prediction algorithm (Maragkakis, et al.,

2009b), we conducted a pathway analysis of miRNAs expressed at a higher level in YSTs

and a separate analysis of those expressed more highly in GERs. Of the 30 differentially-

expressed miRNAs evaluable with the algorithm, 23 are predicted to target components of

the TGF-β/BMP signaling pathway (Supplementary Table 9). We performed a secondary

analysis, which increases specificity by taking into account the calculated p-value of the

union of all co-expressed microRNAs predicted to target a given pathway (Papadopoulos, et

al., 2009). This analysis identified TGF-β/BMP signaling as one of the two pathways most

highly targeted by the set of differentially expressed miRNAs.

Among the top targets of the miR-200 family, which are highly expressed in YSTs, is the

BMP inhibitor Noggin (Figure 6C). To determine whether the mir-200 expression level

might impact Noggin protein expression, we performed immunohistochemistry for Noggin

and compared the results to noggin mRNA and miR-200 expression (Figure 6A). Tumor

YST4 exhibited high relative noggin mRNA expression but lower noggin protein, compared

to YST1 and YST3. Strikingly, YST4 also showed the highest relative expression of

miR-200b. This tumor also showed 3+ positivity for pSMAD1/5/8 (Table 1). To further test

this correlation, we examined the relative expressions of Noggin mRNA and protein in

germinomas. Germinomas did not express miR-200b, but did express the related family

member, miR-200c. GER2 expressed relatively high levels of Noggin mRNA but lower

levels of protein, compared with GER3 (Figure 6B). As with YST4, tumor GER2 also

expressed higher levels of miR-200c. Like Noggin itself, miR-200 expression is induced by

BMPs (Samavarchi-Tehrani, et al., 2010). Our results suggest that miR-200 expression may

inhibit Noggin protein expression to fine-tune the negative-feedback effects of BMP-

induced Noggin mRNA expression. The correlation between high miR-200 expression and

low Noggin protein is intriguing, however further mechanistic studies will be required to

validate the model, as well as the potential role of other miRNAs, more highly expressed in

GERs, that are predicted to target BMP signaling at the level of ligands, receptors or

intracellular SMADs (Figure 6C).

Discussion

As a group, germ cell tumors present interesting scientific and clinical challenges.

Reflecting their origin in a pluripotent primordial or embryonic germ cell, these tumors can

take on a remarkable range of histologic appearances. Germinomatous tumors (seminomas

in males, dysgerminomas in females and germinomas in the CNS) retain appearance and

gene expression characteristic of primitive germ cells. On the other hand, differentiation of

these primitive germ cells gives rise to tumors that exhibit characteristics of all three germ

layers (teratomas) or even of extra-embryonic tissues (yolk sac tumor and choriocarcinoma).

The ability of embryonic stem cells or induced pluripotent stem cells (iPS) to form

teratomas is in fact a criterion used to judge pluripotency. Therefore, studies in germ cell

tumors have the potential to illuminate fundamental questions of stem cell biology. Beyond

the interesting biology of germ cell tumors, these different differentiation states can be
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clinically significant. For example, in children mature teratomas are benign, whereas yolk

sac tumors are uniformly malignant (Frazier & Amatruda, 2009), and choriocarcinomas tend

to be more metastatic and aggressive than other types of GCTs (Bahrami, et al., 2007; Suita,

et al., 2002). For these reasons, a better understanding of the molecular mechanisms that

drive differentiation patterns in germ cell tumors is needed.

Biochemical pathways important in embryonic development, such as wnt/β-catenin, TGF-β,

Notch and Hedgehog, have increasingly been found to be misregulated in a wide variety of

cancers (Baryawno, et al., 2010; Bolos, et al., 2007; Miele, et al., 2006; Reya & Clevers,

2005; Rubin & Rowitch, 2002), including pediatric tumors such as medulloblastoma,

hepatoblastoma and lymphoblastic leukemia. Using cDNA expression profiling and

immunohistochemistry of childhood germ cell tumors, Fritsch and colleagues demonstrated

differential activity of wnt/β-catenin signaling (Fritsch, et al., 2006). Undifferentiated tumors

such as germinomas and embryonal carcinomas lacked nuclear β-catenin, indicating absence

of active canonical wnt signaling. In contrast, differentiated tumor types such as immature

teratoma, yolk sac tumor and choriocarcinoma displayed activity of the wnt/β-catenin

pathway. These results are similar to our findings of differential BMP signaling activity in

childhood GCTs, suggesting that both wnt and BMP may mediate differentiation in germ

cell tumors. Studies in other systems have revealed extensive cross-talk between the BMP

pathway and other embryonic signaling pathways, including wnt, Notch, Hedgehog and

Ras-MAP Kinase (Guo & Wang, 2009; Katoh, 2007; Miyazono, et al., 2005). Determining

whether the BMP and wnt pathways directly modulate one another, or instead act in parallel

to mediate differentiation, will require further studies. These results stand in contrast to the

ubiquitous nature of TGF-β/SMAD3 signaling, which is active in all histologic types of

GCTs, both in our studies and in those of Dias et al. (Dias, et al., 2009). The anti-pSMAD3

antibody used in the present study has some cross-reactivity to pSMAD1 and pSMAD5;

therefore we cannot rule out that some of the pSMAD3 signal in YSTs is due to pSMAD1/5.

However, the pSMAD3 results agree with those obtained by Dias et al. using a different

antibody. Interestingly, phosphorylated SMAD2/3 is ubiquitously present during

development of the fetal mouse testis, as early as E13.5 (Mendis, et al., 2010). In contrast,

whereas BMP-SMAD signaling is required for primordial germ cell specification (Tsang, et

al., 2001; Ying, et al., 2000; Ying, et al., 2001), the pathway is inactive at later stages of

testis development: SMADs 1, 5 and 8, the BMP responsive SMADs, are not expressed in

the prenatal testis (Itman & Loveland, 2008; Itman, et al., 2006). Because germ cell tumors

are thought to arise from primitive, embryonic germ cells (Frazier & Amatruda, 2009), the

lack of BMP signaling in germinomatous tumors may reflect the developmental stage of the

GCT cell of origin. Alternatively, the BMP pathway may be aberrantly downregulated in

germinomas due to mutation or other pathogenic mechanisms.

While expression profiling of TGF-β/BMP pathway genes clearly separates YSTs and GERs

in unsupervised clustering analysis, we also noted heterogeneity between tumors within the

same histologic class. Within YSTs, one tumor (YST1), which exhibited relatively low

expression of TGF-β/BMP pathway genes, was also negative for pSMAD1/5/8 on

immunohistochemistry, suggesting that the low level of pathway gene expression was

functionally significant. This tumor was a primary hepatic yolk sac tumor, an unusual tumor
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that is notable for highly elevated AFP expression (Gunawardena, et al., 2002; Hart, 1975;

Mann, et al., 1990). The other YST on the tissue microarray that was negative for

pSMAD1/5/8 was a recurrent tumor (Table 1). More studies will be needed to ascertain

whether absence of BMP signaling in YSTs is associated with less common clinical

presentations.

The inhibitory SMADs, SMAD6 and SMAD7, were differentially expressed in our dataset.

Yolk sac tumors uniformly exhibited higher levels of expression of both SMAD6 and

SMAD7 than did germinomas. Both SMAD6 and SMAD7 can be induced by both TGF-β

and BMP ligands (Afrakhte, et al., 1998; Benchabane & Wrana, 2003; Wang, et al., 2007).

Whereas SMAD7 inhibits both TGF-β/SMAD3 and BMP/SMAD1 signaling, SMAD6 is a

relatively specific inhibitor of BMP signaling (Hata, et al., 1998; Imamura, et al., 1997; Itoh

& Ten Dijke, 2007). SMAD6 is more strongly induced by BMPs than by TGF-β in most cell

types (Li, et al., 2003), which likely accounts for the relatively greater SMAD6 expression

that we found in YSTs compared to GERs. SMAD7 was also more highly expressed in

YSTs, which could reflect induction by BMPs. Another possibility is that, although both

YSTs and GERs displayed nuclear pSMAD3, indicating active TGF-β signaling, the TGF-β

pathway may be more highly activated overall in YSTs. Supporting this idea is our finding

of higher expression of several TGF-β target genes in YSTs, including GSC, TGFB1/1,

COL31A1, IGFBP3, TSC22D1 and JUNB. Interestingly, GER2, which of germinomatous

tumors displayed the most “YST-like” gene expression, also had the highest levels of

SMAD7 expression. Taken together, these results suggest that SMAD6 expression may

serve as a useful diagnostic marker for yolk sac tumors. More studies will be needed to

clarify the role of inhibitory SMADs in germ cell tumor differentiation. A recent study

revealed non-canonical effects of SMAD7 on expression of Chordin (a BMP inhibitor) and

T/Brachyury (De Almeida, et al., 2008), further highlighting the complex interplay of

proteins within the TGF-β/BMP pathway.

In our miRNA analysis, we profiled 782 miRNAs and identified 20 miRNAs to be

significantly higher (p<0.05) in YSTs. Eight of these (miR-375, miR-302 cluster, miR-638,

miR-122, miR-200b, and miR-200c) were previously identified by Murray and coworkers to

be expressed at a greater level in YSTs (Murray, et al., 2010) Our data further support the

findings of others (Murray, et al., 2010; Palmer, et al., 2010; Scheel, et al., 2009) suggesting

the misregulation of the miR-302 cluster in germ cell tumorigenesis. In germinomas, we

identified 14 miRNAs to be expressed at significantly greater levels compared to YSTs

(p<0.05) ; 3 of which (miR-182, miR-146b-5p, miR-155) were shown to be differentially

expressed by Murray et al. as well (Murray, et al., 2010). The differences between our

results and those of Murray et al. could be due to variations among individual tumors, or due

to differences in sample size, microRNA preparation or in the platforms used for profiling.

Our results suggest that the miR-200 family may modulate negative feedback due to BMP-

induced Noggin expression. It is likely that many other miRNAs contribute as well. In

normal development, miRNAs modulate TGF-β/BMP driven embryonic differentiation in a

gradient fashion, often with multiple miRNAs targeting several components of the signaling

pathway in concert, including SMADs (Inui, et al.). Yin and coworkers recently reported

that miR-155 inhibits BMP signaling during Epstein-Barr virus reactivation in B cells (Yin,
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et al., 2010). In our dataset, miR-155 was one of the most highly expressed micro-RNAs in

germinomas, suggesting that miR-155 may inhibit BMP signaling in this tumor type.

Strikingly, the differentially-regulated group of miRNAs that we identified is specifically

predicted to target TGF-β/BMP pathway signaling, using a pathway-centered target

prediction algorithm that takes coexpression into account (Figure 6C). Recently, SMADs

have been shown to augment Drosha cleavage and regulate up to 20 different miRNAs,

including miR-21 (Davis, et al., 2008; Davis, et al., 2010; Hata & Davis, 2009), suggesting

the possibility that complex feedback mechanisms centered on micro-RNAs may modulate

BMP signaling in GCTs.

Taken together, our results highlight the potential importance of BMP signaling in the

development of germ cell tumors. In particular, BMP/SMAD signaling correlates with the

differentiation state of germ cell tumors, being mostly absent in undifferentiated

germinomas, and highly active in differentiated yolk sac tumors. Whether BMP signaling

activity also contributes to proliferation and survival of yolk sac tumor cells remains to be

determined. These data suggest that the BMP pathway may represent a fruitful area for the

development of novel, targeted therapies for refractory germ cell tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunohistochemical detection of TGF-β and BMP pathway signaling in pediatric
germ cell tumors
Representative images from a tissue microarray containing 14 yolk sac tumors (A–F) and 10

germinomatous tumors (seminomas, dysgerminomas or CNS germinomas) (G–L). C, D, I, J:

Phosphorylated-SMAD3 immunohistochemistry as a readout of TGF-β signaling activity. E,

F, K, L: Phosphorylated-SMAD1/5/8 immunohistochemistry as a readout of BMP signaling

activity. Scoring results for individual tumors are summarized in Table 1. Scale bar: 100

microns.
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Figure 2. Clustergram analysis of TGF-β/BMP pathway gene expression
Yolk sac tumors (n=7) and germinomas (n=4) were profiled using Real-time quantitative

PCR of 84 BMP/TGF-β pathway genes. Expression was normalized to endogenous β-actin

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. Unsupervised

clustering of tumors is shown, with red indicating high levels of expression and green

indicating low levels of expression.
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Figure 3. Individual germinomas display heterogeneous gene expression profiles
Tumor G2, a stage I dysgerminoma, showed elevated expression of a subset of genes:

BAMBI, COL1A, COL3A1, STAT1, IGF1, SMAD3, SERPINE1, CDC25A, RUNX1.

Fustino et al. Page 21

Int J Androl. Author manuscript; available in PMC 2014 August 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Expression levels of inhibitory SMAD6 and SMAD7 distinguish YSTs and GERs
Quantitative mRNA expression of SMAD6 and SMAD7. We performed quantitative RT-

PCR to evaluate mRNA expression of SMAD6 and SMAD7: transcriptional targets of TGF-

β/BMP transduction and inhibitors of TGF-β/BMP signaling. EC1: NCCIT, EC2:NTERA-2

cl.D1[NT2/D1]. Error bars indicate 95% confidence intervals.

Fustino et al. Page 22

Int J Androl. Author manuscript; available in PMC 2014 August 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Micro-RNAs differentially expressed in yolk sac tumors and dysgerminomas
We profiled 782 miRNAs and differential expression was determined between yolk sac

tumors (n=4) and dysgerminomas (n=3). Supervised clustering of tumors is shown here,

with red indicating high levels of expression and green indicating low levels of expression.
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Figure 6. Higher levels of miR-200 expression correlate with lower Noggin protein expression in
GCTs
A, Noggin mRNA, Noggin protein and miR-200b expression in YSTs. 2−ΔCt of Noggin

mRNA expression (blue bars); miR-200b signal from microRNA microarray (red bars); and

corresponding tumor immunohistochemistry for Noggin protein. B, Noggin mRNA, Noggin

protein and miR-200c expression in GERs. 2−ΔCt of Noggin mRNA expression (blue bars);

miR-200c signal from microRNA microarray (green bars); and corresponding tumor

immunohistochemistry for Noggin protein. C, miRNAs highly expressed in YSTs are shown

in white boxes and predicted to target NOG, a BMP inhibitor. miRNAs upregulated in GERs

(grey boxes) target multiple BMP pathway components. BMP: bone morphogenetic protein,
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GDF6: growth differentiation factor 6, BMPR2: BMP receptor 2, BMPR1B: BMP receptor

1B; NOG: Noggin.
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Table 2

Patient demographics for gene expression studies.

Tumor Site Age (y) Sex Clinical Stage

YST1*# Liver 1.4 M I, (E)

YST2 Peri-rectal 16 F I, (R)

YST3*# Testis 0.3 M I

YST4*# Testis 3 M I

YST5 Testis 0.9 M I

YST6# Testis 0.5 M I

YST7 Ovary 16 F IV

GER1*# Ovary 10 F III

GER2*# Ovary 11 F I

GER3*# Ovary 17 F III

GER4 CNS 10 F Intracranial

Fresh frozen tumor specimens were acquired from Children’s Medical Center of Dallas. For gene expression analysis, we performed real-time
quantitative PCR on 84 genes involved TGF-β/BMP signaling. Samples included 7 yolk sac tumors (designated YST1 through YST7) and 4
germinomatous tumors (designated GER1 through GER4). R: Recurrent, E: Extragonadal. For tumors defined as recurrent, the tissue was obtained
from the recurrence and stage at original presentation is given.

*
Included in tissue microarray for immunohistochemistry studies.

#
Used for micro-RNA profiling studies.

Int J Androl. Author manuscript; available in PMC 2014 August 12.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Fustino et al. Page 29

Table 3

Genes differentially expressed in yolk sac tumors and germinomas.

Genes with higher expression in Yolk Sac Tumors

Ligand NODAL, AMH, TGFB2, LEFTY1, BMP7, BMP4, GDF3, GDF6, BMP5, BMP2

Extracellular matrix COL3A1, COL1A1

Regulator LTBP1, BMP1, NOG, FST, CER1

Transcriptional Target (BMP) ID1, ID2, JUNB

Transcriptional Target (TGF-β) IGFBP3, JUNB, TSC22D1, COL3A1, COL1A1, JUN, GSC

Transcription factor/regulator EVI1, TGFB1/1

Receptor AMHR2, BMPER, ENG

Genes with higher expression in Germinomas

Ligand GDF5

Extracellular regulator PLAU

Receptor BMPR1B, ACVR1

Transcription factor/regulator STAT1

34 genes are differentially expressed, consisting of ligands, extracellular modulators, transcriptional targets/regulators, and receptors associated
with TGF-β/BMP signaling.
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Table 4

Micro-RNAs differentially expressed in yolk sac tumors and dysgerminomas.

microRNA Log2 fold change p-value

miR-375 7.66 0.0002

miR-200b 5.94 0.001

miR-302c* 4.84 0.004

miR-194 2.71 0.006

miR-126 2.13 0.007

miR-122 9.81 0.008

miR-487b 2.67 0.008

miR-454 2.16 0.009

miR-494 2.77 0.011

miR-192 2.01 0.014

miR-27b 1.55 0.022

miR-130b 2.65 0.030

miR-302a 5.17 0.032

miR-302c 2.89 0.034

miR-432 3.14 0.035

miR-99b 0.95 0.035

miR-638 0.93 0.036

miR-302a* 4.09 0.043

miR-382 1.87 0.046

miR-200c 3.9 0.047

miR-1305 −2.16 0.046

miR-1280 −0.89 0.045

miR-222 −1.61 0.042

miR-105 −2.97 0.036

miR-155 −4.21 0.036

miR-320a −1.07 0.035

miR-184 −2.93 0.033

miR-195 −1.78 0.026

miR-221 −1.63 0.018

miR-182 −3.03 0.015

miR-146b-5p −4.26 0.014

miR-320d −2.19 0.014

miR-320c −1.87 0.006

miR-320b −2.1 0.006

We determined the miRNA profiles of 4 yolk sac tumors (YST1, YST3, YST4, YST6) and 3 dysgerminomas (GER1, GER2, GER3). Log2 ratios

were determined and miRNAs differentially expressed in YSTs relative to GERs were determined by a paired t-test (p<0.05, minimum signal
threshold >500). A positive log2 ratio indicates higher expression in YSTs, and a negative log2 ratio indicates higher expression in GER.
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