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STUDY QUESTION: Is it possible to eliminate metastasized cancer cells from ovarian cortex fragments prior to autotransplantation with-
out compromising the ovarian tissue or follicles?

SUMMARY ANSWER: Ex vivo pharmacological inhibition of YAP/TAZ by Verteporfin enabled us to efficiently eradicate experimentally
induced small tumours, derived from leukaemia and rhabdomyosarcoma, from human ovarian tissue fragments.

WHAT IS KNOWN ALREADY: Autotransplantation of ovarian tissue fragments that contain metastasized tumour cells may reintroduce
the malignancy to the recipient. In order to enhance safety for the patient there is a strong need for protocols that effectively purges the ovar-
ian tissue from malignant cells ex vivo prior to transplantation, without compromising ovarian tissue integrity.

STUDY DESIGN, SIZE, DURATION: Tumour foci were experimentally induced in human ovarian cortex tissue fragments derived from
at least three patients by micro-injection of cancer cell lines. Next, the tissue fragments were cultured to allow formation of metastasis-like
structures followed by a 24 h ex vivo treatment with the YAP/TAZ inhibitor Verteporfin to eradicate the cancer cells. A control treatment
was included in all experiments. The purged ovarian cortex fragments were cultured for an additional 6 days to allow any possibly surviving
cancer cells to establish new metastatic foci.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Human ovarian tissue was obtained after female-to-male sex reassignment
surgery. Human rhabdomyosarcoma, leukeamia, breast cancer and Ewing’s sarcoma cell lines were utilized for the induction of tumour foci.
Tumour specific (immuno)histochemistry and RT-PCR were used for the detection of residual cancer cells after ex vivo treatment. Ovarian
tissue and follicle integrity after exposure to Verteporfin was evaluated by histology, a follicular viability assay and a glucose uptake assay.

MAIN RESULTS AND THE ROLE OF CHANCE: Metastasized rhabdomyosarcoma and leukaemia cells could be effectively purged
from ovarian cortex tissue by a 24 h ex vivo treatment with Verteporfin, while breast cancer and Ewing’s sarcoma did not respond to this
treatment. Ovarian tissue integrity was not affected by purging, as no statistically significant difference (P > 0.05) was observed in the percent-
age of morphologically normal follicles, percentage of follicles with apoptotic cells, follicular viability or glucose uptake between the control
treated ovarian cortex and Verteporfin treated ovarian cortex.
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LIMITATIONS, REASONS FOR CAUTION: Our tumour model is based on growth of human cancer cell lines. It is unclear whether
these cells reflect the behaviour of malignant cells that have metastasized to the ovary during natural disease progression. Furthermore, the
functionality of the ovarian tissue after ex vivo treatment requires further investigation in vivo.

WIDER IMPLICATIONS OF THE FINDINGS: The results indicate that ex-vivo tumour cell purging of human ovarian cortex fragments
intended for fertility preservation purposes is feasible by short-term pharmacological treatment. Effective purging of the ovarian cortex tissue
enhances safety of ovarian cortex autotransplantation for the patient. This increases the likelihood that this form of fertility restoration may
become an option for patients with malignancies for which ovarian cortex transplantation is currently considered unsafe.

STUDY FUNDING/COMPETING INTEREST(S): Unconditional funding was received from Merck B.V. The Netherlands (Number
2016-FERT-1) and the foundation ‘Radboud Oncologie Fonds’ (Number KUN 00007682). The authors have no conflicts of interest.
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Introduction
When young girls and women of reproductive age are diagnosed with
cancer, they not only face burdensome cancer therapy, but also the
threat of future subfertility due to gonadotoxicity of the majority of
anti-cancer regimens (Wallace et al., 2005; Levine, 2012; Donnez and
Dolmans, 2017). For prepubertal girls and women that require imme-
diate cancer treatment cryopreservation of ovarian cortex is the sole
option to secure their fertility (Dolmans, 2018). Once the patient is
cured and wishes to conceive, she can opt for autotransplantation of
the cryopreserved ovarian tissue (OCT). The tissue is thawed and
preferably transplanted to the remaining ovary, where small immature
follicles resume follicular development, allowing the patient to con-
ceive naturally or with the aid of IVF. In 2004, the first children were
born after transplantation of (cryopreserved) ovarian tissue (Donnez
et al., 2004; Meirow et al., 2005; Silber et al., 2005) and since then 130
live births have been reported from autotransplantation of ovarian
cortex tissue worldwide (Donnez and Dolmans, 2017).
Even though OCT has proven its effectiveness in restoring fertility in

female cancer survivors (Jensen et al., 2017; Dolmans, 2018; Schuring
et al., 2018; von Wolff et al., 2018), the potential contamination of the
ovarian tissue with malignant cells remains a major concern. Ovarian
tissue is ideally obtained prior to the administration of radio- or
chemotherapy and may therefore contain metastasized cancer cells.
Moreover, ovarian tissue from chronic myeloid leukaemia (CML) and
acute lymphoblastic leukaemia (ALL) patients was capable of inducing
tumours upon xenotransplantation to immunodeficient mice
(Dolmans et al., 2010).
Ideally, the ovarian tissue to be transplanted should be screened for

the presence of tumour cells. This screening may be performed by
immunohistological analysis (Azem et al., 2010) either in combination
with tumour-specific polymerase chain reaction (PCR) examination of
the tissue (Rosendahl et al., 2010) or xenotransplantation and next
generation sequencing (Shapira et al., 2018). However, these
approaches not do confirm the absence of malignant cells in the tissue
that is actually transplanted, since the analysed fragment is no longer
available for transplantation purposes. Alarmingly, cortex tissue frag-
ments from the same ovary of a cancer patient may give different
results when analysed by a tumour-specific RT-PCR (Rosendahl et al.,
2010), indicating that analysis of only a small part of the cortex

fragments may yield results that are not representative for the remain-
ing tissue fragments.
Several alternative approaches to prevent cancer reintroduction by

autotransplantation of ovarian cortex tissue are currently under inves-
tigation, including maturation of primordial follicles in vitro (McLaughlin
et al., 2018) or incorporating isolated follicles in an artificial ovary
(Chiti et al., 2018). However, these options are currently not yet avail-
able for clinical use. Another alternative strategy is eradication of
malignant cells from the isolated ovarian cortex tissue fragments prior
to autotransplantation (Schroder et al., 2004). Tumour cell purging by
ex vivo treatment of human grafts before transplantation has been per-
formed in other procedures such as hematopoietic stem cells trans-
plantation in breast cancer patients (Leone et al., 2006), patients with
neuroblastoma (Kreissman et al., 2013), or patients with multiple mye-
loma (Bartee et al., 2012). These approaches have been shown to
result in a statistically significant lower chance of relapse after trans-
plantation (Yahng et al., 2014). Since the ovarian tissue needs to
remain intact, the use of cell sorting is not an option for purging of
ovarian cortex tissue. We therefore applied pharmacologic ex vivo pur-
ging of the ovarian cortex tissue.
The ideal ex vivo purging protocol would involve pharmacologic

eradication of cancer cells derived from various malignancies. The
inhibitory molecules should be small enough to allow for efficient
penetration into the cortex tissue in the absence of perfusion. To safe-
guard the condition of the ovarian cortex tissue, it is crucial that the
purging procedure does not impair follicular function or damage the
ovarian stromal cells.A plausible target for the ex vivo treatment of cortex
tissue is the Hippo pathway (also known as the Salvador-Warts-Hippo
Pathway). This kinase cascade has been shown to be deregulated in a
wide variety of human malignancies (Harvey et al., 2013) and has
been suggested to play only a minor role in normal physiological adult
tissue homoeostasis (Wang et al., 2017). The cascade leads to the
inactivating phosphorylation of the central mediators in this pathway,
Yes-associated protein (YAP) and transcriptional co-activator with
PDZ-binding motif (TAZ). YAP and TAZ oncoproteins have been
shown to play a pivotal role in tumourigenesis, and confer malignancy
and drug resistance to a variety of tumours including breast cancer
(Bartucci et al., 2015), (rhabdomyo)sarcoma (Slemmons et al., 2015;
Fullenkamp et al., 2016), leukaemia (Li et al., 2016) and Ewing sar-
coma (Ahmed et al., 2015).
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The small molecule Verteporfin (Visudyne, VP) has been shown to
directly inhibit the YAP/TAZ oncoproteins (Liu-Chittenden et al.,
2012; Wang et al., 2016; Kandoussi et al., 2017), resulting in a specific
inhibition of the Hippo pathway downstream. Many cancer types have
recently been reported to be sensitive to VP (Brodowska et al., 2014;
Feng et al., 2016; Fullenkamp et al., 2016; Al-Moujahed et al., 2017;
Kang et al., 2017; Wei et al., 2017). These observations indicate that
VP might be an ideal candidate to eradicate malignant cells from
human ovarian cortex fragments by ex vivo purging.
To study the effect of VP on cancerous cells in ovarian tissue frag-

ments, an ex vivo culture method was used based on experimentally
induced tumours by micro-injection of various cancer cell lines in ovar-
ian tissue (Peek et al., 2015). Hence, growing tumour foci are effi-
ciently embedded in the ovarian cortex, thereby mimicking actual
metastases in the correct physiological environment including the
appropriate extracellular matrix (ECM) stiffness. The microenviron-
ment, and especially the stiffness of the ECM, is known to significantly
affect the chemo sensitivity of cancer cells (Schrader et al., 2011; Shin
and Mooney, 2016; Lin et al., 2017), making this ex vivo culture system

the method of choice when testing purging protocols for ovarian cor-
tex tissue.
The main goal of the current study is to design an ex vivo treatment

using the specific YAP/TAZ inhibitor VP to purge ovarian cortex tissue
of malignant cells without compromising ovarian tissue or follicular
integrity. This may provide a feasible therapeutic strategy in preventing
reintroduction of malignancy due to autotransplantation of ovarian tis-
sue, thereby enhancing the safety of OCT.

Materials andMethods

Collection of material
Human ovarian tissue was collected after informed consent from
female-to-male transgender individuals undergoing oophorectomy
(eight patients, ages ranging from 19 to 26 years). Whole ovaries were
transported on ice in L-15 medium (Lonza, Switzerland) and cortical
fragments were prepared and cryopreserved within 4 h after surgery,
according to clinical standards (Peek et al., 2015).

Figure 1 A variety of cancer cell lines are sensitive to Verteporfin (VP) in vitro. Human cancer cell lines representing embryonal rhabdo-
myosarcoma [RD], alveolar rhabdomyosarcoma [Rh5], Ewing’s sarcoma [ES-2], breast cancer [MCF7] and chronic myeloid leukaemia [K562] were
exposed for 24 h to 3 μM VP or solvent. All cell lines displayed the morphological features of cell death (e.g. rounding up and detachment, disinte-
gration, membrane blebbing) when exposed to VP, whereas exposure to solvent only had no visible effects on cell morphology. Scale bars represent
400 μm.
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Tumour induction assay and ex vivo purging
To initiate tumour formation in ovarian cortex, cryopreserved ovar-
ian cortex fragments were thawed and micro-injected with freshly
cultured cancer cell lines (embryonal rhabdomyosarcoma [RD and
Rh36], alveolar rhabdomyosarcoma [Rh5], Ewing’s sarcoma [ES-2],
breast cancer [MCF7] and chronic myeloid leukaemia [K562]) using
forceps and a needle with a 0.4 mm outer diameter as described pre-
viously (Peek et al., 2015). Cells lines were originally obtained from
ATCC (USA), except for the rhabdomyosarcoma cell lines, who
were a gift from Dr Peter Houghton of the Pediatric Preclinical
Testing Program (Columbus, OH). Subsequently, the ovarian frag-
ments containing tumours were cultured between 3 and 5 days to
allow tumour foci to develop. Fragments were cut into 5 × 10 mm

pieces and distributed at random over the different treatment
groups. The purging treatment was defined as 24 h incubation in 5 ml
DMEM supplemented with 10%FCS (including appropriate antibio-
tics) containing VP (Sigma-Aldrich, Germany) alone, or in combin-
ation with Imatinib (Selleckchem, USA) in a six well plate. A control
with an equivalent concentration of the VP solvent (dimethyl sulph-
oxide, DMSO) was included in all experiments. Following a 24 h of
pharmacological treatment the fragments were washed using DMEM
in clean six wells plates in four consecutive washes at 37°C for
10 min while shaking intermittently to allow optimal diffusion.
Cortex fragments were subsequently cultured for 6 additional days
to allow for remaining cancer cells to establish new tumour foci.
Sufficient tumour formation throughout culture was determined by

Figure 2 Sensitivity of RT-PCR for the tumour specific translocations. Human ovarian cortex tissue was spiked with increasing numbers
of alveolar rhabdomyosarcoma Rh5 cells or chronic myeloid leukaemia K562 cells after which total RNA was isolated and converted to cDNA
according to diagnostic standards. (a) The PAX3-FOXO1 transcript was clearly detectable after adding 10 Rh5 cells to ovarian cortex tissue.
Taking into account the absolute amount of RNA used for cDNA conversion (1/5th of the total RNA sample) and the input for the PCR (1/20th
of the cDNA sample) we reasoned that the detection threshold must be below a single Rh5 cell. (b) The BCR-ABL1 transcript was clearly
detectable after adding 100 K562 cells to ovarian cortex tissue after both the first and nested PCR. Even though the nested PCR did not result in
a lower detection threshold, the visible signal increased significantly after the nested PCR. Taking into account the absolute amount of RNA used
for cDNA conversion (1/5th of the total RNA sample) and the input for the PCR (1/20th of the cDNA sample) we reasoned that the detection
threshold must be approximately one K562 cell.
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histology. Each experiment was performed in ovarian tissue derived
from at least three patients.

Viability assessment of ovarian tissue and
follicles
We ascertained viability of ovarian tissue and follicles by three inde-
pendent methods in tissue of three patients. To assess the viability of
the ovarian tissue fragments we measured in vitro glucose uptake over
a period of 5 days as described previously (Gerritse et al., 2011; Peters

et al., 2017; Westphal et al., 2017). In brief, ovarian tissue fragments
(1 × 1 mm) were cultured in DMEM medium supplemented with 10%
FCS and 40 μg/ml gentamycin. After a culture period of 5 days glucose
content in the spent medium was measured to determine the glucose
uptake per mg of ovarian tissue. To determine the integrity of the folli-
cles, we evaluated at least 100 primordial and primary follicles (desig-
nated as small follicles) in HE stained sections (7 μm) per condition
and per patient after ex vivo purging treatment followed by an add-
itional 24 h culture period to allow potential damage to the follicles to
become apparent. We marked follicles as damaged based on the

Figure 3 Rhabdomyosarcoma cell lines are sensitive to Verteporfin (VP) in an ovarian cortex culture system. Standard haematoxy-
lin and eosin (HE) shows that RD and Rh36 tumour foci (embryonal phenotype) and Rh5 (alveolar phenotype) were abundant in human ovarian cortex
tissue containing RD, Rh36 or Rh5 cells when treated with solvent-only, while no tumour foci could be identified in tissue 6 days after treatment with
3 μM VP. HE staining was performed on serial sections throughout entire tissue fragments from three patients. Myogenin and Ki-67 immunohistochem-
ical staining was apparent in tissue exposed to solvent-only. Even though myogenin showed marginal background staining in VP treated tissue, prolifer-
ating cells could not be detected by immunohistochemical staining for the proliferation marker Ki-67. RMS, rhabdomyosarcoma.
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presence of pycnotic oocyte or follicular cell nuclei, contraction of the
chromatin of the oocyte, eosine uptake by the oocyte cytoplasm and
the detachment or shrinkage of follicular cells (Gougeon, 1986; Keros
et al., 2009) after standard Heamatoxylin and Eosin (HE) staining (see
Histological examination). Finally, the viability of the isolated follicles
was studied by Neutral Red uptake (Vanacker et al., 2011; Chiti et al.,
2017). In brief, follicles were isolated from treated ovarian cortex tis-
sue by mechanical disruption using tweezers and scalpel after which
the tissue was digested in a mixture of Collegenase I (1 mg/ml, Sigma
Aldrich, USA), Liberase (2,5 mg/ml, Roche, Switzerland) and DNAse I
(100 μg/ml, Roche, Switzerland) in DMEM at 37°C for 75 min (Soares
et al., 2015). The isolated follicles were pelleted and incubated with
McCoy’s 5 A medium supplemented with Neutral Red for 90 min at
37°C. The number of Neutral Red positive and negative follicles was
counted to calculate the ratio between viable and non-viable follicles.

Histological examination
Tissue was fixated in Bouin’s solution (Klinipath, the Netherlands) for
1 h, followed by washing with tap water and storage in ready-to-use
4% formaldehyde solution (Klinipath, the Netherlands) prior to
embedding in paraffin. Standard HE staining was performed using
an automatic staining machine (Tissue Tek® Prisma™, Sakura, the

Netherlands). For assessment of follicles 7 μm sections were used,
while 4 μm sections were used for ovarian cortex containing tumours.
To identify tumour foci or cells within tissue fragments containing
tumours, HE staining was performed on serial sections throughout the
entire fragment (28 μm between sections), after which all sections
were evaluated microscopically. To identify malignant cells in (sus-
pected) lesions, an immunohistochemical staining was performed for
CD43 for K562 (Lee et al., 2005; Clone DF-T1, DAKO, Agilent
Technologies, USA), CD99 for ES-2 (Folpe et al., 2005; Ab-2, clone
O13, Neomarkers, USA), Cytokeratin-8 for MCF-7 (Cîmpean et al.,
2008; Clone CAM 5.2, BD, USA), and Myogenin (Kumar et al., 2000;
Clone F5D, Immunologic, the Netherlands) for all rhabdomyosarcoma
cell lines. Staining for Ki-67 (Clone MIB-1, DAKO, Agilent
Technologies, USA) was used as a proliferation marker and anti active
Caspase-3 was used for the detection of apoptosis (Clone C92-605,
BD, USA). In brief, after antigen retrieval using tri-sodium citrate dihy-
drate or EDTA pH 9.0 (Myogenin staining only), sections were incu-
bated with primary antibodies followed by incubation with Biotinylated
anti-Mouse (Vector Laboratories, USA). Isotype IgG was included as a
negative control. The signal was visualized by incubation with
Vectastain AB-complex (Vector Laboratories, USA), followed by incu-
bation with DAB (Vector Laboratories, USA). Haematoxylin was used
as counterstaining and slides were evaluated on a Zeiss Axioskop 2

Figure 4 Detection of tumour specific transcripts by RT-PCR. (a) Gel electrophoresis of RT-PCR products of the alveolar rhabdomyosar-
coma specific transcript PAX3-FOXO1 performed on cDNA derived from ovarian cortex fragments with proliferating Rh5 cells 6 days after treatment.
Ovarian tissue with no malignant cells was used as a negative control while ovarian tissue spiked with Rh5 RMS cells and a tumour sample of alveolar
rhabdomyosarcoma served as positive controls. The PAX3-FOXO1 transcript was detected in tissue containing Rh5 tumour foci after treatment with
the solvent only (DMSO), but not after treatment with 3 μM of Verteporfin (VP). (b) Gel electrophoresis of nested RT-PCR products of the CML spe-
cific transcript BCR-ABL1 performed on cDNA derived from ovarian cortex fragments without cancer cells (negative control) and ovarian tissue with
K562 CML cells 6 days after treatment. Ovarian tissue spiked with K562 cells served as a positive control. The BCR-ABL1 transcript was detected in
tissue containing K562 tumour foci after treatment with the solvent only (DMSO), but not after treatment with 3 μM VP in patient M. For patient (Pt) I
the signal decreased significantly, but a faint signal could be detected in this sample. In A and B expression of the housekeeping gene hydroxymethylbi-
lane synthase (HMBS) was unaffected by VP treatment.
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plus microscope fitted with a Jenoptik ProgRes C10 Plus camera.
Images were taken using a 200× magnification unless stated otherwise.
Tissue sections of human tonsil, pancreas, liver and colon were
included as positive controls.

Tumour specific PCR
In addition to (immuno)histochemistry we performed a tumour spe-
cific Reverse Transcription- PCR (RT-PCR) to assess whether ovarian
cortex fragments containing experimentally induced tumours were suf-
ficiently purged of malignant cells (see Supplementary Materials and
Methods). For the alveolar rhabdomyosarcoma specific translocation
PAX3-FOXO1 and for the CML specific translocation BCR-ABL1 a
nested RT-PCR was performed for the e14a2/e13a2 transcripts
(Cross et al., 1994). Both protocols have been validated for diagnostics
purposes in our academic hospital.

Results

Verteporfin as a candidate to purge ovarian
tissue of various malignancies
To obtain insight into the tumouricidal activity of the YAP/TAZ-inhibi-
tor VP, we first tested the effect of VP on cancer cell lines grown on
tissue culture plastic. We investigated the effect of a 24 h treatment of
increasing concentrations of VP on a panel of cell lines representing
various malignancies. A 24 h treatment using 1.5 μM VP appeared to

be effective in inducing cell death for RD, Rh5 and ES-2, but not for
MCF7 and K562 (results not shown). Exposure to 3.0 μM VP eradi-
cated all cancer cells effectively within 24 h, whereas incubation with
the solvent only had no visible effect on cell morphology (Fig. 1).
Subsequently, we aimed to confirm the tumouricidal activity of a

24 h treatment using 3.0 μM VP in an ex vivo tumour-induction model
(Peek et al., 2015). Briefly, ovarian cortex tissue fragments harbouring
tumour foci originating from RD, Rh36, Rh5, ES-2, MCF7 and K562
were exposed to 3.0 μM VP for 24 h followed by extensive washing to
remove the inhibitor. The tissue fragments were cultured for an add-
itional 6 days to allow any remaining cancer cell to form new foci.
Evaluation of the tissue fragments was done by immunohistochemistry
for tumour specific markers combined with an RT-PCR for a tumour-
specific translocation for the alveolar rhabdomyosarcoma Rh5 cells
and the chronic myeloid leukaemia K562 cells. The sensitivity of these
PCRs was evaluated by spiking ovarian cortex tissue with these cancer
cells and revealed a detection level of at least a single cell for both
assays (Fig. 2).
Rhabdomyosarcoma cells responded well to VP treatment, as no

tumour foci nor proliferating tumour cells could be detected by immu-
nohistochemistry after the ex vivo treatment with 3.0 μM VP. In the
control tissue fragments treated with an equivalent concentration of
solvent (DMSO) viable, proliferating tumour foci were abundant at
Day 7 (Fig. 3). Efficient purging of the ovarian tissue could be con-
firmed by the absence of the alveolar rhabdomyosarcoma specific
PAX3-FOXO1 translocation transcript in tissue containing experimen-
tally induced Rh5 tumours treated with 3.0 μM VP (Fig. 4a).

Figure 5 Breast cancer, Ewing’s Sarcoma and CML cell lines do not respond to Verteporfin (VP) treatment in an ovarian cortex
culture system. Top row: Tumour foci were detectable in human ovarian tissue containing MCF7 breast cancer cells 6 days after treatment with
3.0 μM VP. Cells within foci were positive for the breast cancer marker cytokeratin-8. Ki-67 immunohistochemical staining was present in a subset of
cells, but the signal was weak. Middle row: Viable tumour foci and metastasis in human ovarian tissue containing ES-2 Ewing’s sarcoma cells 6 days after
treatment with 3.0 μM VP. Cells expressed the Ewing’s sarcoma marker CD99 and cell proliferation was shown by Ki-67 expression. Bottom row:
Viable tumour foci were detectable in human ovarian tissue containing K562 CML cells 6 days after treatment with 3.0 μM VP. Cells within the foci
abundantly expressed the CML marker CD43 and some cells were positive for Ki-67.
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While rhabdomyosarcoma cells could effectively be eradicated by a
24 h ex vivo treatment using 3.0 μM VP, breast cancer cell line MCF7,
Ewing sarcoma cell line ES-2 and CML cell line K562 appeared to be
less affected by this treatment (Fig. 5). In treated ovarian cortex tissue
inoculated with MCF7 cells, cells expressing the breast cancer marker
cytokeratin-8 could be detected 6 days after treatment with VP. These
cells, although morphologically intact were found to only marginally
express the proliferation marker Ki-67. Tissue with ES-2 and K562
tumours treated with 3 μM VP contained numerous viable tumour foci
6 days after treatment, as shown by HE staining and immunostaining
for the tumour specific markers CD99 and CD43, and Ki-67, strongly
suggesting that these cell types were not sensitive to ex vivo VP
treatment.
We reasoned that a combination treatment might be more effective

in purging ovarian tissue from cancer cells that were not affected by VP
treatment only. It was previously shown that VP enhanced the efficacy
of the BCR-ABL1 inhibitor Imatinib (IM) in K562 cells (Li et al., 2016).
Therefore, we opted for a 24 h ex vivo treatment of ovarian cortex
fragments harbouring K562 foci using 3.0 μM VP in combination with
80.0 μM IM. Directly after treatment, K562 tumour foci were visibly
affected (Fig. 6). More importantly, K562 tumour foci could not be

detected by HE staining or immunohistochemistry for the CML specific
marker CD43 in VP + IM treated tissue at Day 7 after treatment. We
verified the efficacy of the combination treatment by a nested RT-PCR
for the CML specific transcript BCR-ABL1, which showed a substantial
decrease of this transcript 6 days after ex vivo treatment using the
3.0 μM VP in combination with 80 μM IM (Fig. 4b).

Verteporfin does not impair ovarian tissue or
follicular integrity
To confirm the functional integrity of ovarian cortex fragments treated
with VP we investigated the effect of a 24 h ex vivo treatment on cor-
tical tissue integrity. We used four independent methods to evaluate
the viability of the tissue and the survival and morphology of the small
follicles. This was done in separate experiments where ovarian cortex
tissue was only exposed to the 24 h VP treatment to mimic future clin-
ical application. Metabolic activity of the ovarian stromal tissue after
treatment was not affected by VP as shown by a glucose uptake that
was similar compared to tissue exposed to solvent only (Fig. 7).
Although glucose uptake was variable between patients, no statistically
significant difference could be observed between the conditions.

Figure 6 CML cells embedded in ovarian cortex are eradicated by combination treatment with Imatinib (IM) and Verteporfin
(VP). Top rows: Human ovarian cortex tissue containing K562 cells was harvested directly after a 24 h treatment using combination treatment (80 μM
IM and 3.0 μM VP) or solvent only (DMSO). In the solvent only treated fragments small CD43+ foci could be detected harbouring Ki-67 positive cells.
In the fragments exposed to the combination therapy tumour foci were disintegrating and cells display characteristics of apoptosis. Ki-67 protein
expression was absent within these cells. Bottom rows: Ovarian cortex tissue containing K562 cells was harvested on Day 7 (6 days after treatment)
using combination therapy (80 μM IM and 3.0 μM VP) or solvent only (DMSO). HE staining was performed on serial sections throughout entire tissue
fragment originating from three patients. Large CD43+ viable foci containing dividing cells were present in solvent only treated fragments, while tumour
foci were completely absent in fragments exposed to the combination treatment.
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Moreover, similar percentages of morphologically intact primordial
and primary follicles could be identified in treated and control ovarian
cortex fragments (Fig. 8a and b) Besides this, we could confirm that
this treatment did not reduce the proportion of viable follicles by
Neutral red uptake (Fig. 8c and d), since only a 1–7% difference in
number of viable follicles can be observed between VP treated and
control tissue. Also immunohistochemical staining for the apoptosis
marker active Caspase-3 showed no significant difference between VP
treated and control tissue (Fig. 8e and f). These results strongly suggest
that the 24 h ex vivo treatment does not affect ovarian tissue integrity.

Discussion
In this study, we provide for the first time, proof-of-principle that
effectively purging ovarian cortex tissue of malignant cells is possible
without compromising follicular integrity using a 24 h ex vivo pharma-
cological inhibition of YAP/TAZ oncoproteins by VP. We have shown
that it is feasible to effectively remove metastasized rhabdomyosar-
coma cells using low concentrations of VP. Moreover, we were able to
adapt this treatment for CML by combining VP with IM. Importantly, a
24 h treatment with VP did not negatively affect ovarian stromal meta-
bolism, follicular morphology or follicular viability.
Using a previously established tumour induction model (Peek et al.,

2015) based on micro-injection of cancer cells into human ovarian cor-
tex tissue, we were able to efficiently create proliferating, metastasis-
like tumour foci in the ovarian tissue in a unique organ culture system.
Since human ovarian cortex tissue from cancer patients available for

research purposes is scarce, we resided to ovarian tissue from trans-
gender patients undergoing female-to-male transition. Ovarian tissue
from these patients is considered a suitable source for research
because of the normal morphology of the tissue (Caanen et al., 2017;
De Roo et al., 2017). In this model we opted for cancer cell lines
rather than primary cancer cells. Even though cell lines may not fully
mirror the biology of primary cancer cells, their long-term proliferation
potential in vitro allowed us to perform the required culture experi-
ments which would have been challenging, if not impossible, using pri-
mary cancer cells. Moreover, given that the majority of oncogenic
alterations are present in cancer cell lines, cell lines are indeed con-
sidered to be a valuable model in anti-cancer drug screening (Iorio
et al., 2016). All in all, this model allowed us to analyse the effect of the
inhibitors on the cancer cells in the appropriate microenvironment
(Bastings et al., 2013; Peek et al., 2015).
The cancer cell microenvironment is crucial for testing the effect of

pharmacological eradication of tumours and by using this organ culture
system, we could test VP on proliferating cancer cells in a tumour
microenvironment with ECM components and rigidity that are identi-
cal to the in vivo situation. In general, incorporation of components of
the microenvironment is considered to be beneficial in high throughput
drug discovery (Lovitt et al., 2014). Specifically, the rigidity of the ECM
has shown to have a strong influence on the expression of the VP tar-
gets YAP/TAZ (Lin et al., 2017). Moreover, high ECM stiffness (as in
ovarian cortex) induced nuclear localization of YAP and TAZ, leading
to high transcriptional activity of downstream effectors (Dupont et al.,
2011). Besides this, YAP and TAZ are known to mediate and sense
ECM stiffness (Dupont et al., 2011; Calvo et al., 2013). The import-
ance of assessing the effect of VP on various malignancies in the ovar-
ian microenvironment is illustrated in this study by our observation
that MCF7, ES-2 and K562 cell lines grown on plastic were effectively
ablated by 24 h incubation with VP in a simple in vitro test, while these
cell lines were largely resistant to this treatment in our ex vivo model.
This discrepancy provides indirect evidence that microenvironment
including ECM stiffness plays a major role in sensitivity to YAP/TAZ-
inhibitors and justifies our model system to develop purging protocols
in which the cancer cells are in direct contact with the ovarian cortex
ECM.
By investigating the tissue extensively using a combination of (immu-

no)histochemistry and RT-PCR we surpassed the standard clinical
pathological examination (often involving evaluation of a few tissue
sections) which is routinely performed by a local pathologist prior to
transplantation of the ovarian tissue. In this study, we examined the
entire tissue fragment by serial sectioning to ensure no tumour foci
were present in the treated tissue fragments. To confirm these results,
we utilized a sensitive tumour-specific RT-PCR assay, capable of detect-
ing a single malignant cell in the context of the ovarian cortex tissue. By
doing so, we were able to show that a 24 h treatment with 3.0 μM VP is
effective in eliminating both alveolar and embryonal rhabdomyosarcoma
cells from the ovarian tissue, a concentration which is in the range of
previously published studies on the anti-tumour properties of VP (Liu-
Chittenden et al., 2012; Feng et al., 2016). The combined action of VP
and IM was required to purge the tissue of CML, which is in line with
the synergistic effect of these compounds that was previously described
for CML cells (Li et al., 2016). After treatment with the VP and IM, no
tumour foci could be identified by (immuno)histochemistry. Also, a sig-
nificant reduction of the CML-specific transcript BCR-ABL1 could be

Figure 7 In vitro glucose uptake of ovarian cortex treated
with Verteporfin (VP) for 24 h. Glucose uptake of ovarian cortex
fragments was measured following a 24 h ex vivo treatment with
3.0 μM VP or solvent (DMSO) only. This experiment was performed
in four replicates per patient and condition. Error bars stand for stand-
ard deviations. No statistically significant differences could be
observed in glucose uptake between VP treated and solvent treated
tissues (P > 0.05).
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Figure 8 Follicle morphology and viability after 24 h Verteporfin (VP) treatment of ovarian cortex tissue. Ovarian cortex tissue was
exposed to a 24 h ex vivo treatment with 3.0 μM VP or solvent (DMSO) only. (a) Representative images of histology of the ovarian cortex after exposure
to VP or solvent. Tissue fragments were exposed to an additional 24 h culture to allow potential damage to the follicles to become apparent. White
arrowheads: examples of intact primordial follicles. Black arrowheads: examples of damaged primordial follicles. (b) Graphical depiction of the percentage
of intact and damaged small follicles (primary and primordial) per patient and condition. At least 100 follicles were evaluated per sample. (c)
Representative image of the Neutral red staining performed on isolated follicles. White arrowhead points to a viable Neutral red positive follicle. Black
arrowhead points to a non-viable Neutral red negative follicle. (d) Graphical depiction of the percentage of viable and non-viable follicles based on Neutral
red staining. At least 100 follicles were evaluated per sample. (e) Detection of apoptosis in small follicles by immunohistochemical staining for active
Caspase-3. Some follicles showed positive staining of one or more granulosa cells (white arrow heads) but no staining of oocytes was observed. (f)
Graphical depiction of the percentage of follicles with active Caspase-3 positive granulosa cells. At least 50 follicles were evaluated per sample.
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identified by RT-PCR. In one sample, a weak band could be identified in
a VP treated sample. The half life of the BCR-ABL1 transcript is con-
sidered to be relatively long (~8 h) (Collins et al., 1987). In combination
with the absence of perfusion during organ culture residual BCR-ABL1
mRNA may linger in the ovarian tissue fragments after purging, explain-
ing the weak positive result in one patient sample.
Besides the effectiveness of the purging treatment against malignant

cells, the functional integrity of the ovarian cortex tissue needs to be
safeguarded to maximize the chances of a successful pregnancy in
these patients after OCT. Therefore an ex vivo purging protocol that
does not harm small follicles and their surrounding ovarian stromal cell
compartment is crucial. In our study we found no detrimental effects
of a 24 h VP treatment on in vitro glucose uptake of the ovarian tissue,
viability of small follicles directly after treatment, on the morphology of
the small follicles or the percentage of follicles with apoptotic cells.
This indicates that our ex vivo purging procedure may not impair ovar-
ian cortex tissue function. For treating CML, we opted for the synergis-
tic action of VP and IM (Li et al., 2016). It was previously established in
animal models that IM does not affect female fertility (Administration,
2006; Schultheis et al., 2012). One case study described diminished
fertility in a woman after on IM treatment (400–800 mg/per day for 2
years) (Christopoulos et al., 2008). However, given the fact that we
used low dosages (80 mg/L medium) for only 24 h, we assumed no
detrimental effect on the follicular or ovarian integrity of the combin-
ation treatment.
By opting for a 24 h ex vivo treatment we adhere to the notion that

ex vivo culture of ovarian tissue is preferably short, since culture of
ovarian cortex been associated with activation of pre-antral follicles
(McLaughlin et al., 2014), which is undesirable because of the risk of
follicular burn-out after transplantation (Gavish et al., 2014). A two-
day ex vivo treatment of ovarian tissue has previously resulted in a life
birth, and therefore short ex vivo culture may not be detrimental to
the functional integrity of the tissue. Interestingly, in ovarian tissue
from POI patients ex vivo disruption of the Hippo pathway in ovarian
tissue fragments promoted follicle stimulation in ovarian tissue, while
VP inhibited fragmentation-induced growth in ovarian tissue fragments
(Kawamura et al., 2013). This suggests that VP may be a double-edged
sword efficiently eradicating malignant cells, while simultaneously pre-
venting culture-induced follicular burn-out and hence integrity of the
ovarian tissue.
Even though our results are hopeful in the light of functionality of the

ovarian tissue after transplantation, we were not able to test the func-
tionality of the oocytes (i.e. capacity of being fertilized) due to technical
difficulties and restrictions by law.
When designing treatment involving gametes for the purpose of repro-

duction, one needs to take into account the potential risks for the offspring
that will be derived from these gametes. Even though ex vivo culture of
ovarian cortex tissue preceding autotransplantation has been performed
before and resulted in live birth in human (Kawamura et al., 2013), too few
children have been born to draw conclusions on the safety of ex vivo ovar-
ian tissue culture in combination with OCT. In this study we exposed ovar-
ian cortex to VP, which is an approved FDA category C drug. This FDA
category implies that even though administration of high dosages of VP
throughout pregnancy in animal models resulted in an increased risk of
developmental disorders to the eye, usage of VP in pregnant women is
allowed if benefits for the woman outweigh the potential risks. In humans,
only few cases of VP exposure during pregnancy have been reported with

no adverse effects to the foetus (De Santis et al., 2004; Rodrigues et al.,
2009; Rosen et al., 2009). Considering IM, natural conception and
uneventful pregnancies in women using IM have been reported (Ault et al.,
2006; Zhou et al., 2013). Even though both VP and IM appear to be a low
risk agents, systematic studies towards the possible risks of ex vivo culture
of ovarian cortex and follicular VP exposure for the offspring are needed
(Harper et al., 2012; Mulder et al., 2018; Sharpe, 2018).
Despite these reservations, the results in this paper indicate that

effective purging of ovarian cortex tissue intended for fertility preserva-
tion purposes from cancer cells of solid tumours or leukaemia is pos-
sible by short-term ex vivo treatment using specific YAP/TAZ
inhibitors. Hereby we provide a feasible therapeutic strategy in pre-
venting reintroduction of malignancy due to autotransplantation of
ovarian tissue. This increases the likelihood that this form of fertility
restoration may become an option for patients with malignancies for
which OCT is currently considered unsafe.
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