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Abstract: Ewing sarcoma (EWS) is a common pediatric solid tumor with high metastatic potential.
Due to toxic effects of treatments on reproductive functions, the cryopreservation of ovarian tissue
(OT) or testicular tissue (TT) is recommended to preserve fertility. However, the risk of reintroducing
residual metastatic tumor cells should be evaluated before fertility restoration. Our goal was to
validate a sensitive and specific approach for EWS minimal residual disease (MRD) detection in
frozen germinal tissues. Thawed OT (n = 12) and TT (n = 14) were contaminated with tumor RD-ES
cells (10, 100, and 1000 cells) and EWS-FLI1 tumor-specific transcript was quantified with RT-qPCR.
All contaminated samples were found to be positive, with a strong correlation between RD-ES cell
numbers and EWS-FLI1 levels in OT (r = 0.93) and TT (r = 0.96) (p < 0.001). No transcript was detected
in uncontaminated control samples. The invasive potential of Ewing cells was evaluated using
co-culture techniques. After co-culturing, tumor cells were detected in OT/TT with histology, FISH,
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and RT-qPCR. In addition, four OT and four TT samples from children with metastatic EWS were
tested, and no MRD was found using RT-qPCR and histology. We demonstrated the high sensitivity
and specificity of RT-qPCR to detect EWS MRD in OT/TT samples. Clinical trial: NCT 02400970.

Keywords: fertility preservation; Ewing sarcoma; ovarian tissue; testicular tissue; minimal residual
disease detection; RT-qPCR

1. Introduction

Ewing sarcoma (EWS) is one of the most common solid tumors in children and adolescents but
also in young adults [1], and is characterized by a high metastatic dissemination potential [2–4]. EWS is
the second most common bone cancer in children [5]. The study of Schleiermarcher et al. [6] reported
that 27% of patients had evidence of metastasis at diagnosis. EWS metastases spread hematogenously
to lungs, bones, bone marrow, and in some cases ovaries [7]. The treatment of EWS most often
requires a combination of multi-agent chemotherapy, sometimes followed by hematopoietic stem cell
transplantation, which are known to be sterilizing treatments. Patients treated with pelvic radiotherapy
have a high risk of premature ovarian insufficiency. Moreover, the risks of premature ovarian
insufficiency and infertility are directly proportional to the received cumulative dose of alkylating
agents and pelvic radiotherapy [8]. Fertility preservation by cryoconservation of germinal tissues and
gametes of EWS patients is therefore recommended. Ideally, fertility preservation should take place
before the first cycle of chemotherapy by cryoconservation of germinal tissues [9]. For prepubertal
children, the option chosen for fertility preservation is the freezing of ovarian and testicular tissues
(OT and TT). Today more than 86 births have been reported after grafts of frozen OT [10]. For males,
testicular stem cell transplantation into seminiferous tubules to enable spermatogenesis has recently
been reported in a macaque model [11] or in vitro maturation [12]. Restoration for fertility is thus
possible for females and foreseeable for males. However, there may be malignant cells in germinal
tissue in metastatic EWS, with a consequent risk of transplanting tumor cells with cryopreserved
tissues. It is therefore essential to be able to detect and assess minimal residual disease (MRD) in
germinal tissue from such patients.

In 85–90% of cases, EWS tumors are characterized by a specific chromosomal translocation,
t(11;22)(q24;q12), resulting in the fusion of the EWSR1 (22q12) gene and a member of the ETS family or
transcription factor FLI1 (11q24) gene. This fusion transcript can be detected with a high sensitivity
and specificity by RT-qPCR (reverse transcriptase-polymerase chain reaction) and used for MRD
evaluation [2,6,13]. EWS MRD detection by RT-PCR has been performed in OT. Schifflers et al. [14]
studied MRD in OT from patients with non-metastatic EWS. Abir et al. described EWS MRD detection
of cryopreserved ovarian samples by snap freezing [15]. The immunochemistry detection for CD99
and histology were negative and the RT-qPCR (EWS-FLI1 transcript) was positive in one patient
out of five tested. Another study evaluated the presence of malignant cells in one piece of OT
cryopreserved by slow freezing [16]. Histology and quantitative RT-PCR were performed before and
after xenotransplantation to immunodeficient mice and showed negative results. Of note, no MRD
evaluation in TT has been reported.

To assess the accuracy of EWS MRD detection, we quantified EWS-FLI1 transcript in human OT
and TT cryopreserved by slow or snap freezing and contaminated in vitro with increasing numbers of
EWS tumor cells using the RD-ES cell line. We evaluated the dissemination potential of RD-ES cells
within germinal tissue to validate our in vitro model. MRD detection was then performed in frozen
OT and TT samples from EWS patients. To our knowledge, this is the first MRD study comparing two
freezing protocols in OT and TT samples and investigating EWS contamination in testicles.
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2. Results

2.1. Experimental Model of EWS Contamination of Germinal Tissues

Thawed OT (n = 12 contamination series) enclosing ovarian cysts from women with benign cysts,
and thawed TT (n = 14 contamination series) from patients with azoospermia were contaminated
with 0 (negative control), 10, 100, and 1000 human EWS cells (RD-ES cell line). Quantification of
EWS-FL1 transcript of type II expression was performed in thawed OT and TT. After contamination,
RNA extraction and RT-qPCR were performed. OT and TT frozen by either slow or snap freezing
methods were used to determine whether the freezing method could interfere with RT-qPCR analysis.
To ensure that RD-ES cell lines had a similar dissemination potential compared to in vivo conditions,
we co-cultured OT and TT with RD-ES cells. After 7 and 14 days of co-culture we performed RT-qPCR,
histological analysis and FISH analysis in germinal tissues to look for dissemination of RD-ES cells.
We analyzed TT by immunochemistry with ERG staining.

2.2. Yield of RNA Extraction from Germinal Tissues Frozen Using Slow or Snap Freezing

The median weight of OT fragments was 37.4 mg [15.2–62.0 mg]. OT was frozen by slow freezing
(n = 6) or snap freezing (n = 6). The median weight of TT fragments was 28.8 mg [16.6–48.0]. TT was
frozen by slow freezing (n = 7) or snap freezing (n = 7). After freezing by slow and snap freezing,
the RNA yields extracted from OT (30.4 µg vs. 19.8 µg) and TT (19.8 µg vs. 22.8 µg) were not
significantly different according to the freezing method (p > 0.05).

2.3. Detection of EWS-FLI1 Transcript in Frozen OT and TT Samples Contaminated with RD-ES Cells

No expression of EWS-FLI1 transcript was observed in uncontaminated OT (n = 12) and TT
(n = 14) frozen by slow or snap freezing. EWS-FLI1 transcript was detected in all contaminated OT
(Figure 1) and TT (Figure 2). A close correlation between the number of RD-ES cells (10, 100, and 1000
cells) and EWS-FLI1 transcript was observed in OT (r = 0.93, p < 0.001) and in TT (r = 0.96, p < 0.001).
We studied the sensitivity and specificity of the Ewing MRD detection by RT-qPCR. For OT, the AUCs
(area under the curve, ROC curve) were 0.94 to distinguish 10 and 100 EWS cells CI 95% [0.86–1.00]
(Figure 3a) and 0.97 CI 95% [0.92–1.00] between 100 and 1000 EWS cells (Figure 3b). For TT, the AUCs
were respectively 0.98 to characterize 10 and 100 EWS cells CI 95% [0.94–1.00] (Figure 4a) and 0.99 CI
95% [0.98–1.00] between 100 and 1000 EWS cells (Figure 4b).
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Figure 1. Ewing sarcoma (EWS)-FLI1 transcripts detection in ovarian tissue (n = 12). Relative
quantification of EWS-FLI1 transcripts (B2M reference gene) for the contamination with 0, 10, 100 and
1000 cells. Each symbol represents one ovarian fragment (the average of the duplicates for 1000 cells or
triplicates for 10 and 100 cells). The symbol ** means there was a significant difference and p < 0.001.
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Figure 2. EWS-FLI1 transcripts detection in testicular tissue (n = 14). Relative quantification of
EWS-FLI1 transcripts (B2M reference gene) for the contamination with 0, 10, 100, and 1000 cells.
Each symbol represents one testicular fragment (the average of the duplicates for 1000 cells or triplicates
for 10 and 100 cells). The symbol ** means there was a significant difference and p < 0.001.
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Figure 3. Sensitivity (SE) and specificity (SP) of detection to distinguish 10 and 100 Ewing cells, and 100
and 1000 Ewing cells in ovarian tissue: (a) The AUC (area under the curve, ROC curve) was 0.94 CI 95%
[0.86–1.00] to distinguish 10 and 100 Ewing cells. The optimal decision threshold, determined using
Liu and Youden indexes, to distinguish between 10 and 100 EWS cells was 354 EWS-FLI1 transcripts
with a sensitivity (SE) of 95% and a specificity (SP) of 86% (in red). For maximal SE (100%) and SP
(100%), the cut-offs were 319 and 1150 EWS-FLI1 transcripts, respectively. (b) The area under the curve
(AUC) was 0.97 CI 95% [0.92–1.00] between 100 and 1000 Ewing cells. To distinguish between 100 and
1000 EWS cells, the optimal decision threshold determined using Liu and Youden indexes was 3998
EWS-FLI1 transcripts with a SE of 100% and SP of 86% (in red). For a maximal SP (100%), the cut-off

was 5528 EWS-FLI1 transcripts.
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Figure 4. Sensitivity and specificity of detection to distinguish 10 and 100 EWS cells, and 100 and
1000 EWS cells in testicular tissue: (a) The AUC was 0.98 CI 95% [0.94–1.00] to characterize 10 and
100 EWS cells. The thresholds to distinguish between 10 and 100 EWS cells were 642 EWS-FLI1
transcripts (Liu and Youden indexes, SE = 92% and SP = 95%) (in red), 521 EWS-FLI1 transcripts for
SE = 100% and 749 EWS-FLI1 transcripts for SP = 100%. (b) The AUC was 0.99 CI 95% [0.98–1.00]
between 100 and 1000 EWS cells. The cut-offs to distinguish between 100 and 1000 EWS were 3172
EWS-FLI1 transcripts (Liu and Youden indexes, SE = 93% and SP = 100%) (in red) and 2170 EWS-FLI1
transcripts for SE = 100%.

2.4. Measurements of Dissemination Potential of RD-ES Cell Lines After Co-Culture with Ovarian and
Testicular Samples

EWS-FLI1 transcripts were detected at days 7 and 14 of co-culture in OT and TT. At days 7 and 14,
we observed RD-ES cells disseminated in the ovarian tissue (Figure 5) and in the testicular tissue with
typically small, round, blue cell morphology after hematoxylin and eosin (H & E) staining (Figure 6a).
Using FISH, we detected Ewing cells by the presence of a split signal pattern (EWSR1 rearrangement)
in OT (Figure 7). FISH could not be performed on TT co-culture due to technical limits (specific
design of culture chambers). After immunohistochemistry, the ERG intra-nuclear staining of Ewing
cells was positive after days 7 and 14 of TT co-culture with RD-ES cells (Figure 6b). These results
demonstrated the dissemination potential of EWS cells in our in vitro model of tumor contamination
of germinal tissue.
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Figure 5. Illustrations of histology: ovarian tissue (OT) after co-culture with RD-ES cells (at day 7);
(a) RD-ES cells (arrow) localized in OT after co-culture stained with hematoxylin and eosin (×10);
(b) Area with RD-ES cells disseminated in OT (×20); (c) Area with ovarian follicle (×20).
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Figure 6. Illustrations of histology and immunohistochemistry: RD-ES cells (black arrow) localized in
testicular tissue (TT) after co-culture (at day 14) on insert; (a) TT in insert stained with hematoxylin and
eosin (×20); (b) ERG-positive staining of RD-ES cells (×20).
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Figure 7. Fluorescence in situ hybridization (FISH) analysis of ovarian tissue using EWSR1 (22q12)
dual color break apart rearrangement probe (Vysis) showing RD-ES cells invasion (white arrows) after
co-culture (at day 14) (×80). RD-ES cells displayed one fusion (yellow signal), and the simultaneous
split pattern of one orange and one green signal (arrows), indicative of a rearrangement of one copy of
the EWSR1 gene. The fusion gene is detected by a yellow signal, corresponding to co-localization of the
red and green probes.
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2.5. MRD Analysis in Ovarian and Testicular Tissues of Patients with EWS

We analyzed cryopreserved OT (n = 5) and TT (n = 3) from EWS patients using RT-qPCR (Table 1).
Most of the patients had received chemotherapy before cryopreservation. Only one boy was not
treated prior to TT preservation. The analysis did not detect the presence of EWS-FLI1 transcript.
B2M expression was detected at similar levels in OT and TT in the in vitro model described previously,
indicating good quality of RNA samples. No EWS cells were detected by standard histological analysis
and FISH in OT.

Table 1. EWS patient characteristics (OT: Ovarian Tissue; TT: Testicular Tissue).

EWS Patients Age at Cryopreservation
(Years) Chemotherapy Metastasis Outcome

OT A 16 Before preservation Lung Dead
OT B 14 Before preservation Lung Alive
OT C 14 Before preservation No Alive
OT D 15 Before preservation Lung, bone and medullary Dead
OT E 13 Before preservation Lung Alive
TT A 7 Before preservation Mediastinum Alive
TT B 14 Before preservation None Alive
TT C 14 After preservation None Alive

3. Discussion

Given the risk of infertility after cancer treatment for EWS [17], fertility preservation by OT and TT
cryoconservation is recommended for prepubertal patients. EWS is an aggressive and highly metastatic
cancer driven by the expression of the EWS-FLI1 fusion oncogene resulting from a chromosomal
translocation [5]. Development of sensitive and accurate methods for detecting metastatic EWS cells in
germinal tissue is essential to assess the risk of reintroducing cancer when thawed tissue is used to
restore fertility and/or induce puberty in patients [18–20]. In the present study, an in vitro model of
EWS dissemination in human frozen OT and TT was established and its sensitivity and specificity for
the detection of EWS-FLI1 transcript evaluated.

The detection of EWS-FLI1 fusion transcript expression by RT-qPCR is a rapid, specific, and
sensitive (1/106 cells) diagnostic test that has mainly been applied for MRD detection in peripheral
blood and bone marrow [21]. The RT-PCR assay for detecting sarcoma translocations in tumor tissue is
also of clinical utility in differentiating small round blue cell tumors [22]. EWS-FLI1 translocation is
detectable with both RT-PCR and FISH in formalin-fixed paraffin-embedded tissue, but FISH seems
more reliable than RT-PCR for the diagnosis of EWS in this type of sample [23]. Immunohistochemical
markers can assist in differential diagnosis, but the current panels have limited specificity. For this
reason, the use of FISH is preferable [22]. FISH and RT-PCR are complementary, and the use of both
techniques is needed to clarify the most diagnostically challenging cases [23].

In our in vitro contamination model, we demonstrate the high sensitivity and specificity of the
EWS-FLI1 transcript detection in frozen-thawed OT and TT. The histology of ovarian and testicular
tissues used in our in vitro model are similar to that of these patients. The ovarian tissue used in this
study surrounded benign cysts and contained mainly primordial and primary follicles. The different
types of cells (mainly spermatogonia, spermatocytes, and some spermatids/spermatozoa) contained in
testicular tissues used in our model came from azoospermia patients and therefore were close to the
histology of the EWS patients. Previous studies reported MRD detection in OT but did not evaluate
the sensitivity and specificity of the detection. To our knowledge, our study is the first validation of
EWS MRD detection in TT. It demonstrates that EWS assessment in OT and TT by RT-qPCR is highly
specific, sensitive, and accurate. Although our in vitro model lets us check precisely the numbers of
RD-ES cells used for the contamination, it does not enable us to evaluate the accuracy of MRD detection
of tumour cells processed under the same conditions as ovarian and testicular tissue, i.e., frozen and
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thawed. We also show that RD-ES cells used in our in vitro model had high dissemination potential in
co-cultures with germinal cells. EWS infiltration was detected by RT-qPCR in OT and TT, by FISH in
OT, and Ewing round blue cells were highlighted by histology and immunochemistry (ERG staining)
in TT. FISH could not be performed on TT co-culture owing to technical limits set by the specific design
of culture chambers. This co-culture of human seminiferous tubules and RD-ES cells was run with
previously defined and validated conditions [12].

Sufficient RNA amounts were extracted from small pieces of ovarian and testicular samples
independently of the freezing method applied to germinal tissues. To our knowledge, this is the
first study to compare EWS MRD detection in germinal tissues frozen by two protocols. Our results
show that the freezing method had no impact on RNA yields. RT-qPCR can therefore be performed
on OT and TT samples that have been already cryopreserved using slow freezing and on samples
that will be frozen by snap freezing at the time of surgical retrieval for subsequent analysis. The use
of small OT and TT samples for MRD analysis ensures that sufficient amounts of tissue remain for
fertility preservation.

The incidence of ovarian or testicular metastases in EWS is not well known. Circulating tumor
cells can be detected in 20–45% of EWS patients [6]. This suggests that small numbers of malignant
cells may be present in ovary [16] and testis, as well as in other known metastatic sites for EWS such as
lung, bone, and bone marrow [6]. At diagnosis, 20–30% of patients show evidence of metastasis that
involves mainly the lung, bone, and bone marrow [6]. Cases of metastatic ovarian involvement in EWS
patients have been described in the literature [3,24]. Microscopic ovarian infiltration could be present
in non-metastatic EWS [14]. No metastasis in TT has been described [25]. In our study, MRD was
not detected in germinal tissues of patients with metastatic or localized EWS. However, the germinal
tissues we analyzed were obtained after chemotherapy.

Previously, EWS MRD was studied in ovarian samples with different approaches. In the study
of Abir et al. one ovarian sample cryopreserved by snap freezing was evaluated from each EWS
patient [15] and no malignant cell was detected by histology, but RT-PCR showed a positive result
for the transcript EWS–FLI1 in one case. Greve et al. investigated the presence of malignant cells in
one piece of OT intended for transplantation [16]. All the samples underwent histology and RT-qPCR
and none of the pieces revealed Ewing cells or expression of EWS–FLI1 transcripts. These results
suggest that MRD needs to be evaluated by different techniques before ovarian transplantation. In our
study, we performed RT-qPCR, FISH, and histology to combine more detection methods. In the case
of MRD positivity, it may be feasible to eliminate tumor cells by grafting isolated ovarian follicles
or by performing in vitro maturation of oocytes to ensure safer transplantation. Such methods have
already produced live offspring in mice [26] and mature oocytes in primates [27]. In such cases, it may
be feasible to graft isolated ovarian follicles or to perform in vitro maturation of oocytes to ensure
safer transplantation. This would eliminate the risk of transplanting malignant cells hidden in ovarian
stromal tissue. Such methods have already produced live offspring in mice [26] and mature oocytes in
primates [27].

4. Materials and Methods

4.1. Patients and Samples

Written informed consent was obtained from all patients for sample inclusion in the Germetheque
biobank with the approval of the Committee for Personal Protection (AC 2009-886). The study was
declared on the clinicaltrial.gov website (No. NCT 02400970).

OT was collected from ten patients (mean age 31.4 ± 7.6 years, range 23–42 years) during endoscopic
surgery for benign ovarian cysts at the University Hospital of Clermont-Ferrand, France between
January 2017 and July 2017. For each patient, a piece of ovarian cortex overlying the cyst was excised
using scissors and without electrocoagulation.
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TT was obtained from eight patients (mean age 36.5± 4.7 years, range 30–46 years) with non-obstructive
azoospermia between January 2017 and July 2017 at the University Hospital of Clermont-Ferrand,
France. These men underwent testicular sperm extraction for intra-cytoplasmic sperm injection (ICSI).

In addition, OT and TT obtained from respectively five girls (mean age 15.8 ± 1.8 years, range
13–16 years) and three boys (mean age 11.6 ± 4.0 years, range 7–14 years) with EWS were analyzed to
measure the expression of potential MRD. Each patient had positive detection of EWS-FLI1 type II in
the primitive tumor.

4.2. Freezing and Thawing of Germinal Tissue Samples

The samples were first cut into six thin fragments of equal size (1–2 mm3) after weighing. OT and
TT were frozen by slow freezing or snap freezing to compare the two methods. The slow freezing
method was performed on OT and TT as previously described respectively by Sanfilippo et al. [28] and
Rives et al. [29]. For the snap freezing method, OT and TT samples were placed in cryogenic vials
(Cryo Bio System, IMV Technologies Group, L’Aigle, France) and immediately frozen by immersion in
liquid nitrogen. The cryovials were immersed in liquid nitrogen for storage.

The same thawing procedure was used for OT frozen by slow or snap freezing. Cryovials were
immersed in a water bath (37 ◦C, 2 min) and each sample was washed twice in medium A for 5 min
at 37 ◦C. The same thawing procedure was used for TT frozen by slow or snap freezing. Cryogenic
vials were thawed in a water bath at 37 ◦C for 3 min and then incubated in two baths of Leibowitz L15
medium (Eurobio, Courtaboeuf, France) for 5 min at 37 ◦C.

4.3. Culture of RD-ES Subclones and Contamination

We used well-established RD-ES human Ewing sarcoma cell lines (RD-ES, ATCC LGC Standards,
Molsheim, France). These cells were maintained in RPMI (Roswell Park Memorial Institute Medium, Fisher
Scientific, Illkirch, France) supplemented with 15% fetal calf serum (Fisher Scientific), 1% l-glutamine
(Sigma Aldrich, St. Quentin Fallavier, France), and 1% antibiotics (penicillin-streptomycin,
Sigma Aldrich) at 37 ◦C. Standard cell counts and blue trypan staining for viability were performed
prior to each tissue contamination. The viability of RD-ES cells exceeded 80%.

After thawing, fragments of OT (n = 12 contamination series) and TT (n = 14 contamination series)
with respective median weights 37.4 mg [15.2–62.0] and 30.0 mg [16.6–48.0] were contaminated with
10, 100, and 1000 RD-ES cells. One fragment was not contaminated (negative control). Contaminations
with 10 and 100 RD-ES cells were assessed in duplicate. The positive control was validated for each
contamination series by RT-qPCR analysis of 106 RD-ES cells.

4.4. Detection of EWS-FLI1 of Type II mRNA Expression by RT-qPCR

Total RNA was extracted using the TRIzol reagent (Invitrogen, Cergy-Pontoise, France) following the
manufacturer’s instructions. RNA concentration was evaluated using a UV-visible spectrophotometer
(Nanodrop 2000C, Thermo Scientific, Illkirch, France). RNA was then treated with DNase I (Roche
Diagnostics, Meylan, France) and reverse transcribed using the Superscript II enzyme (Invitrogen,
Cergy-Pontoise, France). Complementary DNA was purified using a Qiagen® silica column (Qiagen,
Courtaboeuf, France) to eliminate possible PCR inhibitors.

PCR quantification was performed on the LightCycler 480 Real Time PCR system, (Roche
Diagnostics, Meylan, France). EWS-FLI1 type II transcript detection was performed using previously
described forward (5′-CCAAGTCAATATAGCCAACAG-3′), reverse (5′- GGCCAGAATTCATGTTAT
TGC-3′) primers and probe (FAM5′-ACGGGCAGCAGAACCCTTCTTAT-3′TAMRA) [22]. The
reference β-2-microglobulin (β2M) gene transcript was detected using the following forward (5′-
GAGTATGCCTGCCGTGTG-3′) and reverse (5′-AATCCAAATGC-GCATCT-3′) primers and probe
(FAM5′-CCTCCATGATGCTGCTTACATGTCTC -3′-TAMRA). A two-step amplification was performed
using an initial denaturation step (95 ◦C for 5 min) followed by 50 cycles of 95 ◦C for 15 s and 60 ◦C for
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1 min. All PCR reactions were performed in triplicate. Copy numbers of EWS-FLI1 transcripts were
reported per 106 copies of β2M transcripts.

4.5. Detection of Potential Dissemination of RD-ES Cells in OT and TT After co-Cultures

4.5.1. OT Co-Culture

After thawing, small pieces of OT (1 mm3) were individually transferred to low attachment
96-well plates (Corning, Escolab, Belgium). These OT fragments were subsequently cultured in
pre-equilibrated α-Minimum Essential Medium containing GlutaMAX (Invitrogen, Belgium) and
supplemented with HSA (10%, Vitrolife, Göteborg, Sweden), ascorbic acid (100 µg/mL), insulin
(5 ng/mL), transferrin-selenium (5 µg/mL–5 ng/mL), and recombinant FSH (25 mIU/mL, GONAL-f,
Merck, Lyon, France). Culture lasted 14 days (37 ◦C, humidified incubator, 5% CO2). 100,000 RD-ES
cells were then added to each culture well.

After co-cultures (on days 7 and 14), we performed RT-qPCR (as previously described), histologic
analysis and FISH analysis.

Histologic Analysis

The co-cultured OT was fixed in 4% formalin and embedded in paraffin (FFPE). The 3 µm-thick
sections were cut out of the FFPE blocks, stained with hematoxylin and eosin (H & E), and examined
under a bright-field microscope.

Fluorescence in Situ Hybridization (FISH) after Co-Cultures of Ovarian Tissue and RD-ES cells

FISH was performed to detect EWSR gene rearrangement using Vysis LSI EWSR1 Break Apart FISH
probe kit (Abbott Molecular, Abbott Park, IL, USA) in accordance with the manufacturer’s recommended
procedures as described previously [30]. With pepsin for 25 min at 37 ◦C, slides were deparaffinized
and immersed in ethanol baths. After air_drying, hybridization was performed. After counterstaining
with 4′-6-diamidino-2-phenylindole dihydrochloride (DAPI). Images were acquired with an Axioplan2
imaging fluorescence microscope (ZEISS, Göttingen, Germany) equipped with a CCD camera and
appropriate filters. Images were subsequently analyzed with the digital-imaging software Isis v3.8.8
(MetaSystems, Altlussheim, Germany).

The orange and green probes used for this analysis labelled the 5’ and the 3’ site of the EWSR1
gene, respectively. Therefore, each allele of the EWSR1 gene will exhibit two contiguous orange and
green signals in cells with intact 22q12 regions. On the contrary, in the presence of translocations
related to the 22q12 region, the two signals will be split. We considered an allele positive for EWSR1
rearrangement when the gap between the green and orange signals exceeded the diameter of either one.

4.5.2. TT Co-Culture

TT was obtained from bilateral orchiectomy performed for gender reassignment of one transgender
subject aged 24 years (Prof. H. Lejeune) at the University Hospital of Lyon, France. The protocol
was approved by the local research ethics committee (Comité d’éthique des Hospices Civils de
Lyon). The co-culture was carried out after adaptation in humans of published conditions in rats [12].
Isolated seminiferous tubules (20–50 mm3) after enzymatic digestion and mechanical dissociation were
inoculated into a bicameral chamber with Bio-Alter® technology. Thirty-thousand RD-ES cells were
then added to each culture well.

After co-cultures (on days 7 and 14), we performed RT-qPCR (as previously described), histologic
analysis and immunochemistry (ERG immunoreactivity) in TT (anti-ERG monoclonal mouse antibody,
clone 9FY, Zytomed Systems GmbH, Berlin, Germany).
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Immunohistochemistry (IHC)

Inserts containing co-culture testicular tissue and the RD-ES cells were fixed in buffered neutral 10%
formalin and glued on glass slides for IHC (Dako FLEX IHC Microscope Slides, Agilent Technologies
France, Les Ullis, France). After antigen unmasking for 45 min at 98 ◦C in CC1 buffer (Cell Conditioning 1,
Ventana/Roche), incubation with anti-ERG monoclonal antibody (anti-ERG monoclonal mouse antibody,
clone 9FY, Zytomed) was performed overnight at 4 ◦C in a humid chamber. The antigen-antibody
reaction was revealed with Dako REAL kit DAB, according to the manufacturer’s instructions.
The presence of granular brown deposits in the nuclei of Ewing sarcoma cells was considered
positive staining. Interpretation of the IHC staining was performed by two researchers independently
(Laure Chaput, Nina Robin). If they diverged, consensus was reached by conferral with a multi-head
microscope (Axiophot 2, Zeiss, Oberkochen, Germany).

4.6. Statistical Analysis

Statistical analyses were performed using Stata software (version 13, StataCorp, College Station,
TX, USA). The tests were two-sided with a type I error at 5%. Continuous parameters were described,
according to statistical distribution, as mean ± standard deviation or median (interquartile range).
The assumption of normality was studied using Shapiro-Wilk’s test. The study of relationships between
continuous parameters was analyzed estimating Pearson or Spearman correlation coefficients (noted r).
Due to several measurements for the same patient, usual statistical tests were inappropriate because
the hypothesis of data independence was not met. Also, random-effects models for correlated data
were carried out to take into account between- and within-subject variability. The assumption of
residuals normality was studied. When appropriate, a logarithmic transformation was used to achieve
the normality of the dependent variable, and to guarantee the correct use of aforementioned analyses.
A Šidák type I error correction was applied to allow for multiple comparisons. Finally, a ROC (receiver
operating characteristic) curve analysis was carried out to evaluate the sensitivity and specificity of
EWS-FLI1 transcript detection (RT-qPCR) in OT and TT samples. The confidence intervals at 95% were
presented for area under the curve (AUC), sensitivity and specificity.

5. Conclusions

In conclusion, we showed with our in vitro model that EWS-FLI1 mRNA detection by qPCR
provides an accurate assessment of EWS MRD in ovarian and testicular tissues cryopreserved by
slow or snap freezing. Since EWS is highly metastatic, MRD detection of EWS always needs to be
confirmed by additional methods (histology, FISH and/or immunostaining) to ensure there is no risk of
reintroducing cancer cells. These results now require confirmation by a further study of ovarian and
testicular tissues from a larger cohort of prepubertal patients with EWS.
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Adrianowska, N.; Rodriguez-Galindo, C.; et al. Ovarian function in female survivors after multimodal
Ewing sarcoma therapy. Pediatr. Blood Cancer 2015, 62, 341–345. [CrossRef]

9. Ginsberg, J.P.; Carlson, C.A.; Lin, K.; Hobbie, W.L.; Wigo, E.; Wu, X.; Brinster, R.L.; Kolon, T.F. An experimental
protocol for fertility preservation in prepubertal boys recently diagnosed with cancer: A report of acceptability
and safety. Hum. Reprod. 2010, 25, 37–41. [CrossRef]

10. Jensen, A.K.; Macklon, K.T.; Fedder, J.; Ernst, E.; Humaidan, P.; Andersen, C.Y. Erratum to: 86 successful
births and 9 ongoing pregnancies worldwide in women transplanted with frozen-thawed ovarian tissue:
Focus on birth and perinatal outcome in 40 of these children. J. Assist. Reprod. Genet. 2017, 34, 337. [CrossRef]

11. Fayomi, A.P.; Peters, K.; Sukhwani, M.; Valli-Pulaski, H.; Shetty, G.; Meistrich, M.L.; Houser, L.; Robertson, N.;
Roberts, V.; Ramsey, C.; et al. Autologous grafting of cryopreserved prepubertal rhesus testis produces
sperm and offspring. Science 2019, 363, 1314–1319. [CrossRef] [PubMed]

12. Perrard, M.-H.; Sereni, N.; Schluth-Bolard, C.; Blondet, A.; d’Estaing, S.G.; Plotton, I.; Morel-Journel, N.;
Lejeune, H.; David, L.; Durand, P. Complete Human and Rat Ex Vivo Spermatogenesis from Fresh or Frozen
Testicular Tissue. Biol. Reprod. 2016, 95, 89. [CrossRef] [PubMed]

13. Vermeulen, J.; Ballet, S.; Oberlin, O.; Peter, M.; Pierron, G.; Longavenne, E.; Laurence, V.; Kanold, J.;
Chastagner, P.; Lejars, O.; et al. Incidence and prognostic value of tumour cells detected by RT-PCR in
peripheral blood stem cell collections from patients with Ewing tumour. Br. J. Cancer 2006, 95, 1326–1333.
[CrossRef] [PubMed]

14. Schifflers, S.; Delbecque, K.; Galant, C.; Francotte, N.; Philippet, P.; Chantrain, C.F. Microscopic Infiltration
of Cryopreserved Ovarian Tissue in 2 Patients With Ewing Sarcoma. J. Pediatr. Hematol. Oncol. 2018, 40,
e167–e170. [CrossRef]

15. Abir, R.; Feinmesser, M.; Yaniv, I.; Fisch, B.; Cohen, I.J.; Ben-Haroush, A.; Meirow, D.; Felz, C.; Avigad, S.
Occasional involvement of the ovary in Ewing sarcoma. Hum. Reprod. 2010, 25, 1708–1712. [CrossRef]

16. Greve, T.; Wielenga, V.T.; Grauslund, M.; Sørensen, N.; Christiansen, D.B.; Rosendahl, M.; Yding Andersen, C.
Ovarian tissue cryopreserved for fertility preservation from patients with Ewing or other sarcomas appear to
have no tumour cell contamination. Eur. J. Cancer 2013, 49, 1932–1938. [CrossRef]

17. Wallace, W.H.B.; Anderson, R.A.; Irvine, D.S. Fertility preservation for young patients with cancer: Who is at
risk and what can be offered? Lancet Oncol. 2005, 6, 209–218. [CrossRef]

18. Andersen, C.Y.; Rosendahl, M.; Byskov, A.G.; Loft, A.; Ottosen, C.; Dueholm, M.; Schmidt, K.L.T.;
Andersen, A.N.; Ernst, E. Two successful pregnancies following autotransplantation of frozen/thawed
ovarian tissue. Hum. Reprod. 2008, 23, 2266–2272. [CrossRef]

19. Ernst, E.; Bergholdt, S.; Jørgensen, J.S.; Andersen, C.Y. The first woman to give birth to two children following
transplantation of frozen/thawed ovarian tissue. Hum. Reprod. 2010, 25, 1280–1281. [CrossRef]

20. Andersen, C.Y.; Silber, S.J.; Bergholdt, S.H.; Berghold, S.H.; Jorgensen, J.S.; Ernst, E. Long-term duration of
function of ovarian tissue transplants: Case reports. Reprod. Biomed. Online 2012, 25, 128–132. [CrossRef]

http://dx.doi.org/10.3109/15513815.2012.659379
http://www.ncbi.nlm.nih.gov/pubmed/22413993
http://www.ncbi.nlm.nih.gov/pubmed/27306060
http://dx.doi.org/10.1091/mbc.e14-01-0007
http://www.ncbi.nlm.nih.gov/pubmed/25057021
http://dx.doi.org/10.1200/JCO.2003.03.006
http://dx.doi.org/10.1007/s00441-005-1098-4
http://dx.doi.org/10.1002/pbc.25304
http://dx.doi.org/10.1093/humrep/dep371
http://dx.doi.org/10.1007/s10815-017-0873-y
http://dx.doi.org/10.1126/science.aav2914
http://www.ncbi.nlm.nih.gov/pubmed/30898927
http://dx.doi.org/10.1095/biolreprod.116.142802
http://www.ncbi.nlm.nih.gov/pubmed/27580986
http://dx.doi.org/10.1038/sj.bjc.6603438
http://www.ncbi.nlm.nih.gov/pubmed/17088915
http://dx.doi.org/10.1097/MPH.0000000000000928
http://dx.doi.org/10.1093/humrep/deq121
http://dx.doi.org/10.1016/j.ejca.2013.01.032
http://dx.doi.org/10.1016/S1470-2045(05)70092-9
http://dx.doi.org/10.1093/humrep/den244
http://dx.doi.org/10.1093/humrep/deq033
http://dx.doi.org/10.1016/j.rbmo.2012.03.014


Cancers 2019, 11, 1807 13 of 13

21. Delattre, O.; Zucman, J.; Melot, T.; Garau, X.; Zucker, J.; Lenoir, G.; Ambros, P.; Sheer, D.; Turc-Carel, C.;
Triche, T. The Ewing Family of Tumors—A Subgroup of Small-Round-Cell Tumors Defined by Specific
Chimeric Transcripts. N. Engl. J. Med. 1994, 331, 294–299. [CrossRef] [PubMed]

22. Lewis, T.B.; Coffin, C.M.; Bernard, P.S. Differentiating Ewing’s sarcoma from other round blue cell tumors
using a RT-PCR translocation panel on formalin-fixed paraffin-embedded tissues. Mod. Pathol. 2007, 20,
397–404. [CrossRef]

23. Bridge, R.S.; Rajaram, V.; Dehner, L.P.; Pfeifer, J.D.; Perry, A. Molecular diagnosis of Ewing sarcoma/primitive
neuroectodermal tumor in routinely processed tissue: A comparison of two FISH strategies and RT-PCR in
malignant round cell tumors. Mod. Pathol. 2006, 19, 1–8. [CrossRef]

24. Young, R.H.; Kozakewich, H.P.; Scully, R.E. Metastatic ovarian tumors in children: A report of 14 cases and
review of the literature. Int. J. Gynecol. Pathol. 1993, 12, 8–19. [CrossRef] [PubMed]

25. Sørensen, S.D.; Greve, T.; Wielenga, V.T.; Wallace, W.H.B.; Andersen, C.Y. Safety considerations for
transplanting cryopreserved ovarian tissue to restore fertility in female patients who have recovered
from Ewing’s sarcoma. Future Oncol. 2014, 10, 277–283. [CrossRef] [PubMed]

26. O’Brien, M.J.; Pendola, J.K.; Eppig, J.J. A revised protocol for in vitro development of mouse oocytes from
primordial follicles dramatically improves their developmental competence. Biol. Reprod. 2003, 68, 1682–1686.
[CrossRef] [PubMed]

27. Xu, M.; Fazleabas, A.T.; Shikanov, A.; Jackson, E.; Barrett, S.L.; Hirshfeld-Cytron, J.; Kiesewetter, S.E.;
Shea, L.D.; Woodruff, T.K. In vitro oocyte maturation and preantral follicle culture from the luteal-phase
baboon ovary produce mature oocytes. Biol. Reprod. 2011, 84, 689–697. [CrossRef]

28. Sanfilippo, S.; Canis, M.; Romero, S.; Sion, B.; Déchelotte, P.; Pouly, J.-L.; Janny, L.; Smitz, J.; Brugnon, F.
Quality and functionality of human ovarian tissue after cryopreservation using an original slow freezing
procedure. J. Assist. Reprod. Genet. 2013, 30, 25–34. [CrossRef]

29. Rives, N.; Milazzo, J.-P.; Travers, A.; Arkoun, B.; Bironneau, A.; Sibert, L.; Liard-Zmuda, A.; Marie-Cardine, A.;
Schneider, P.; Vannier, J.-P.; et al. [Cryopreservation of testicular tissue in children]. Bull. Acad. Natl. Med.
2013, 197, 877–886.

30. Ke, C.; Duan, Q.; Yang, H.; Zhu, F.; Yan, M.; Xu, S.-P.; Zhou, S.; Wan, F.; Shu, K.; Lei, T.; et al. Meningeal
Ewing Sarcoma/Peripheral PNET: Clinicopathological, Immunohistochemical and FISH study of four cases.
Neuropathology 2017, 37, 35–44. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1056/NEJM199408043310503
http://www.ncbi.nlm.nih.gov/pubmed/8022439
http://dx.doi.org/10.1038/modpathol.3800755
http://dx.doi.org/10.1038/modpathol.3800486
http://dx.doi.org/10.1097/00004347-199301000-00002
http://www.ncbi.nlm.nih.gov/pubmed/8418081
http://dx.doi.org/10.2217/fon.13.183
http://www.ncbi.nlm.nih.gov/pubmed/24490613
http://dx.doi.org/10.1095/biolreprod.102.013029
http://www.ncbi.nlm.nih.gov/pubmed/12606400
http://dx.doi.org/10.1095/biolreprod.110.088674
http://dx.doi.org/10.1007/s10815-012-9917-5
http://dx.doi.org/10.1111/neup.12325
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Experimental Model of EWS Contamination of Germinal Tissues 
	Yield of RNA Extraction from Germinal Tissues Frozen Using Slow or Snap Freezing 
	Detection of EWS-FLI1 Transcript in Frozen OT and TT Samples Contaminated with RD-ES Cells 
	Measurements of Dissemination Potential of RD-ES Cell Lines After Co-Culture with Ovarian and Testicular Samples 
	MRD Analysis in Ovarian and Testicular Tissues of Patients with EWS 

	Discussion 
	Materials and Methods 
	Patients and Samples 
	Freezing and Thawing of Germinal Tissue Samples 
	Culture of RD-ES Subclones and Contamination 
	Detection of EWS-FLI1 of Type II mRNA Expression by RT-qPCR 
	Detection of Potential Dissemination of RD-ES Cells in OT and TT After co-Cultures 
	OT Co-Culture 
	TT Co-Culture 

	Statistical Analysis 

	Conclusions 
	References

