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STUDY QUESTION: Can human theca cells (TCs) be differentiated in vitro?

SUMMARY ANSWER: It is possible to differentiate human TCs in vitro using a medium supplemented with growth factors and hormones.

WHAT IS KNOWN ALREADY: There are very few studies on the origin of TCs in mammalian ovaries. Precursor TCs have been
described in neonatal mice ovaries, which can differentiate into TCs under the influence of factors from oocytes and granulosa cells (GCs).
On the other hand, studies in large animal models have reported that stromal cells (SCs) isolated from the cortical ovarian layer can also
differentiate into TCs.

STUDY DESIGN, SIZE, DURATION: After obtaining informed consent, ovarian biopsies were taken from eight menopausal women
(53–74 years of age) undergoing laparoscopic surgery for gynecologic disease not related to the ovaries. SCs were isolated from the
ovarian cortex and in vitro cultured for 8 days in basic medium (BM) (G1), enriched with growth factors, FSH and LH in plastic (G2) or
collagen substrate without (G3) or with (G4) a GC line.

PARTICIPANTS/MATERIALS, SETTING, METHODS: To confirm TC differentiation, relative mRNA levels for LH receptor (Lhr),
steroidogenic acute regulatory protein (Star), cholesterol side-chain cleavage enzyme (Cyp11a1), cytochrome P450 17A1 (Cyp17a1),
hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1 (Hsd3b1) and hydroxy-delta-5-steroid dehydrogenase,
3 beta- and steroid delta-isomerase 2 (Hsd3b2) were assessed. Immunohistochemistry was also performed for their protein detection and
a specific marker was identified for TCs (aminopeptidase-N, CD13), as were markers for theca and small luteal cells (dipeptidyl peptidase
IV (CD26) and Notch homolog 1, translocation-associated (NOTCH1)). Finally, we analyzed cell ultrastructure before (Day 0) and
after in vitro culture (Day 8), and dehydroepiandrosterone (DHEA) and progesterone levels in the medium using transmission electron
microscopy (TEM) and ELISA, respectively.

MAIN RESULTS AND THE ROLE OF CHANCE: Results obtained from qPCR showed a significant increase (P< 0.05) in mRNA levels
of Lhr in F2 (floating cells in G2) and G4, Cyp17a1 in G1 and F1 (floating cells in G1) and Hsd3b2 in G1, G2, G3 and G4.
Immunohistochemistry confirmed expression of each enzyme involved in the steroidogenic pathway at the protein stage. However, apart
from G1, all other groups exhibited a significant (P< 0.05) rise in the number of CD13-positive cells. There was also a significant increase
(P< 0.05) in NOTCH1-positive cells in G3 and G4. Ultrastructure analyses by TEM showed a distinct difference between groups and also
versus Day 0. A linear trend with time revealed a significant gain (q< 0.001) in DHEA concentrations in the medium during the culture pe-
riod in G1, G2, G3 and G4. It also demonstrated a statistical increase (q< 0.001) in G2, G3 and G4 groups, but G1 remained the same
throughout culture in terms of progesterone levels.

LARGE SCALE DATA: N/A

LIMITATIONS, REASONS FOR CAUTION: Shorter periods of in vitro culture (e.g. 2, 4 and 6 days) could have led to increased
concentrations of differentiated TCs in G2, G3 and G4. In addition, a group of cells cultured in BM and accompanied by COV434
cells would be necessary to understand their role in the differentiation process. Finally, while our results demonstrate that TCs can be
differentiated in vitro from cells isolated from the cortical layer of postmenopausal ovaries, we do not know if these cells are differentiated
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from a subpopulation of precursor TCs present in ovarian cortex or ovarian SCs in general. It is therefore necessary to identify specific
markers for precursor TCs in human ovaries to understand the origin of these cells.

WIDER IMPLICATIONS OF THE FINDINGS: This is a promising step toward understanding TC ontogenesis in the human ovary.
Moreover, in vitro-generated human TCs can be used for studies on drug screening, as well as to understand TC-associated pathologies,
such as androgen-secreting tumors and polycystic ovary syndrome.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by grants from the Fonds National de la Recherche
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awarded to M.M.D.; grant ASP-RE314 awarded to P.A.) and Foundation Against Cancer (grant 2018-042 awarded to A.C.). The authors
declare no competing interests.
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Introduction
While theca cells (TCs) play a pivotal role in follicle development and
production of female steroids, they have never been studied as com-
prehensively as granulosa cells (GCs). Indeed, Young and McNeilly
(2010) called them ‘the forgotten cells of the ovarian follicle’. The theca
compartment is formed during the early stages of follicle growth, sur-
rounding the outer part of the basement membrane. It is divided into
two specific layers, namely theca interna cells (TICs), which synthesize
steroid hormones together with GCs, and theca externa cells, which
are important during ovulation (Edson et al., 2009). Recently, recruit-
ment and differentiation of TCs were investigated in different animal
models (Vitt et al., 2000; Orisaka et al., 2006; Honda et al., 2007; Itami
et al., 2011; Qiu et al., 2013; Liu et al., 2015; Adib and Valojerdi,
2017). In mice, a subpopulation of cells known as progenitor TCs was
reported to differentiate into TCs (Honda et al., 2007). On the other
hand, in goats and cows, studies revealed that TCs can be converted
from ovarian cortical stromal cells (SCs) (Orisaka et al., 2006; Qiu
et al., 2013, 2014). In both cases, the differentiation process was shown
to be regulated by factors secreted by GCs and the oocyte (Orisaka
et al., 2006; Honda et al., 2007; Itami et al., 2011; Qiu et al., 2013).

In human ovaries, TC ontogeny remains unclear. Dalman et al.
(2018a,b) described a population of theca stem cells in the theca layer
of small antral follicles that has the ability to differentiate into progeni-
tor TCs, as well as adipocyte-, osteocyte-, chondrocyte- and oocyte-
like cells. Similarly to Adib and Valojerdi (2017), Dalman et al.
(2018a,b) collected these cells from small antral follicles, but we do
not know if human TCs originate from these stem cells.

In the present study, we identified a population of TCs after in vitro
culture of cells isolated from the cortical layer of postmenopausal hu-
man ovaries. In order to obtain TCs, we attempted to mimic the
in vivo differentiation process by employing different growth factors
(Honda et al., 2007; Liu et al., 2015) and adding companion GCs
(Orisaka et al., 2006; Qiu et al., 2013). The resulting TCs closely re-
sembled their ovarian counterparts when investigated by immunohisto-
chemical, ultrastructural and functional analyses.

Materials and methods

Source of ovaries and ethical approval
Ovarian biopsies were taken from eight menopausal women
(53–74 years of age) undergoing laparoscopic surgery for gynecologic

disease not related to the ovaries, after obtaining informed consent.
None of the patients were under hormone replacement therapy. Use
of human ovarian tissue was approved by the Institutional Review
Board of the Université Catholique de Louvain on 13 May 2019 (IRB
reference 2012/23MAR/125, registration number B403201213872).
The biopsies were immediately transported on ice to the laboratory in
Dulbecco’s modified Eagle’s medium/Ham’s nutrient mixture F-12
with 1% (v/v) l-alanyl-l-glutamine (DMEM/F-12 (1:1) (1X) þ
GlutaMAX-l; Gibco, Thermo Fisher Scientific, Merelbeke, Belgium).
Once in the laboratory, the medullary part of the tissue was removed
with scissors and the epithelial layer was carefully peeled off using
atraumatic forceps.

SC isolation
Fragments of ovarian cortex were digested using Liberase DH (Sigma-
Aldrich, Bornem, Belgium) and DNase I (Roche Diagnostics, Brussels,
Belgium), as previously described (Chiti et al., 2017). The resulting cell
suspension was halted by adding a similar volume of Dulbecco’s
phosphate-buffered saline (DPBS, Gibco, Paisley, UK) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco, New
York, USA) and 1% (v/v) antibiotic and antimycotic (Anti-Anti; Gibco,
Bleiswijk, Netherlands). The cell suspension was then filtered through
sterilized 80- and 30-lm nylon net filters (Millipore, Overijse, Belgium)
(Soares et al., 2015). The obtained solution was centrifuged at 1200 g
for 10 min and the pellet was resuspended in DPBS plus 10% FBS for
cell counting. A small proportion of isolated SCs (20%) from each
ovarian biopsy were divided into two parts: (i) 15% were immediately
fixed in 4% paraformaldehyde (VWR, Leuven, Belgium) for immunohis-
tochemical analysis; (ii) 5% were snap-frozen for qPCR analysis. The
rest was frozen for further in vitro culture.

Freezing and thawing of SC suspensions
The remaining 80% of SCs were centrifuged at 1200 g for 10 min and
the pellet was resuspended in 1 ml DMEM/F12 supplemented with
20% FBS, 1% Anti-Anti and 10% dimethyl sulfoxide (Sigma-Aldrich).
The cryovials were loaded into a Mr. FrostyTM freezing container
(Thermo Fisher Scientific) and transferred to a �80�C freezer. After
24 h, cryovials were removed from the container and stored at
�80�C till needed.

Once cells had been collected from eight patients, they were
thawed for in vitro culture. For this, cryovials were kept for 2 min at
37 �C in a bead bath (Lab Armor, Cornelius, USA) and then the cell
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suspension was transferred to 9 ml DMEM/F12. The diluted suspen-
sion was centrifuged at 1200 g for 10 min and supernatant was care-
fully removed. The remaining cell pellet was suspended in basic
medium (BM) containing DMEM/F12 supplemented with 10%
KnockOutTM serum replacement (KSR; Gibco) and 1% Anti-Anti. A
total of 10 000 SCs were immediately fixed in 2.5% glutaraldehyde
(Agar Scientific, Stansted, UK) in 0.1 M sodium cacodylate buffer (so-
dium salt trihydrate, 98% pure, Acros Organics, Thermo Fisher
Scientific) for ultrastructural evaluation. Another group of 100 000 SCs
were fixed in 4% paraformaldehyde for immunohistochemical analysis
and 15 000 were snap-frozen for qPCR analysis. The remaining cells
were divided into groups of 6 � 104 cells for in vitro culture.

SCs in in vitro culture
Since it was not possible to collect enough GCs from IVF patients, we
replaced them by COV434 cells (ECACC 07071909; Culture
Collections, Salisbury, UK) (Havelock et al., 2004), which have been
described as the best candidate to substitute GCs in follicle develop-
mental studies (Zhang et al., 2000). In order to mimic the follicle base-
ment membrane that separates GCs from TCs, we used atelocollagen
permeable inserts (Koken Co., Tokyo, Japan), as described by Orisaka
et al. (2006).

Isolated SCs were cultured with or without COV434 cells using ei-
ther BM or enriched medium (EM) (Supplementary Table SI) and
seeded directly onto plastic or permeable atelocollagen inserts.

In total, four groups were created (Fig. 1):
G1—SCs in BM, seeded directly onto plastic dishes.
G2—SCs in EM, seeded directly onto plastic dishes.
G3—SCs in EM, seeded onto atelocollagen inserts.
G4—SCs co-cultured with 1.8 � 105 COV434 cells. In this group,

COV434 cells were seeded onto one side of the atelocollagen inserts
and, after 24 h of incubation at 37 �C with 5% CO2, the inserts were
inverted and the SCs were seeded onto the other side (Orisaka et al.,
2006).

For G1 and G2, 700ml medium was added to the wells, while for
G3 and G4, 300ml medium was placed in the inserts and 400ml in the
wells. Half of the medium was changed every second day. For G4, half
of the medium in the well (in direct contact with COV434 cells) and
half from the insert (in direct contact with SCs) were separately col-
lected and kept for analysis. Retrieved media were frozen at �20�C
for hormone measurement.

Cells were cultured for 8 days at 37 �C with 5% CO2. It is important
to note that in G1 and G2, apart from proliferating attached
fibroblast-like cells, floating spheroid structures were also formed.
They were removed from the wells when the medium was changed
and, to avoid losing them, the medium was centrifuged at 1200 g for
10 min to collect the spheroids in the bottom of the tube and return
them to their original dishes.

At the end of culture, the media were removed and frozen, and the
SCs were detached using AccutaseTM (Sigma-Aldrich). Cells were then
counted and apportioned for qPCR (15% SCs), ultrastructural analysis
(45% SCs) and immunohistochemistry (40% SCs).

RNA isolation and cDNA synthesis
SCs were snap-frozen before and after in vitro culture. They were
treated with AllPrep DNA/RNA Micro Kit (Qiagen, Hilden, Germany)

as described in the data sheet provided. In brief, cells were lysed with
the Buffer RLT Plus supplied with the kit, passed through the DNA
column, and then the liquid part was mixed with 70% ethanol following
different centrifugation and washing steps in order to obtain purified
RNA. To synthesize and amplify cDNA from a small RNA yield, the
QuantiTect Whole Transcriptome Kit (Qiagen) was used. A gel elec-
trophoresis method was applied to ensure the presence of synthesized
cDNA.

qPCR analysis
To determine whether SCs are able to differentiate into TICs, relative
mRNA levels for LH receptor (Lhr), steroidogenic acute regulatory
protein (Star), cytochrome P450 17A1 (Cyp11a1), steroid 17-alpha-hy-
droxylase/17,20 lyase (Cyp17a1) and 3 beta hydroxysteroid dehydro-
genase/delta 5–>4-isomerase types 1 (Hsd3b1) and 2 (Hsd3b2) were
assessed in snap-frozen cells before and after in vitro culture. To this
end, we used TaqMan probes (Applied Biosystems, Waltham, USA)
for genes of interest (Supplementary Table SII), as well as the TaqMan
Gene Expression Master Mix (Applied Biosystems) and diethyl pyro-
carbonate-treated water (Thermo Fisher Scientific). To select the best
housekeeping gene(s), samples from four different in vitro culture
groups were loaded onto precoated TaqMan Array Human
Endogenous Control Plates (Thermo Fisher Scientific) and qPCR was
performed. Average expression stability of the investigated housekeep-
ing genes was analyzed using the geNorm method in R, version 3.5.3.

Immunohistochemical analysis
Cytospin slides were prepared using isolated SCs fixed in paraformal-
dehyde before and after in vitro culture (G1 and G2), Superfrost Plus
slides (Menzel-Glaser, Braunschweig, Germany) and a Thermo
Electron Cytospin 2 centrifuge (Fisher Scientific, Brussels, Belgium) op-
erating at 700 rpm for 5 min. Each cytospin slide contained approxi-
mately 30 000 cells.

Since we analyzed floating spheroid structures separately from at-
tached cells, we named them F1 (and attached cells, G1) and F2
(and attached cells, G2). F1, F2, G3 and G4 were first fixed in 4%
paraformaldehyde for 40 min at room temperature and then centri-
fuged at 1200 g for 10 min. After removing the supernatant, spher-
oid structures or cells were embedded in 30 ml of 2% UltraPureTM

agarose (Invitrogen, Thermo Fisher Scientific) and centrifuged imme-
diately at 14 000 g for 1 min to combine the spheroid structures/
cells with the agarose. After solidification, the agarose mixture was
dehydrated and embedded in paraffin. Five-mm-thick tissue sections
were then placed on Superfrost Plus slides for immunohistochemical
processing. The following markers were selected to assess SC differ-
entiation into TCs: LHR, STAR, CYP11A1, CYP17A1, HSD3B1 and
HSD3B2. We also added specific markers for TCs and small luteal
cells: perilipin-2 (adipose differentiation-related protein (ADRP)),
neurogenic locus notch homolog protein 1 (NOTCH1),
aminopeptidase-N (CD13) and dipeptidyl peptidase IV (CD26)
(Supplementary Table SIII).

Cytospin and paraffin-free slides were subjected to blocking of en-
dogenous peroxidase activity by incubation in 3% H2O2 for 30 min.
Antigen retrieval steps, antibody dilutions, incubation conditions and
positive controls are summarized in Supplementary Table SIII. The pri-
mary antibody was omitted in negative controls and a mixture of
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FLEX universal negative control antibodies for rabbit or mouse was
added (Dako, Glostrup, Denmark). Sections were stained with a solu-
tion of diaminobenzidine (Vector, Burlingame, USA), counterstained
with hematoxylin, and mounted for light microscopy (Nikon Eclipse,
Tokyo, Japan) analysis. Slides were visualized at 40� magnification and
positive cells for each protein were counted by two independent
observers.

Ultrastructural analysis
Cells fixed in glutaraldehyde before and after in vitro culture were
washed in 0.2 M sodium cacodylate buffer (pH 7.4) and placed in 1%
osmic acid (2% osmium tetraoxide solution, Carl Roth, Karlsruhe,
Germany) and 0.1 M sodium cacodylate buffer solution for 1 hour.
After a series of dehydration steps with ethanol, the cells were em-
bedded in resin (Eponate 12, Ted Pella Inc., Redding, USA) and cut
into 80-nm ultra-thin sections (Ultrotome III, LKB Company, Bromma,
Sweden) using a diamond knife (Ultra 45�, Diatome Diamond Knives,
Hatfield, USA). Ultra-thin sections were placed on a copper/rhodium
grid (21-9M0300, Micro to Nano, Haarlem, the Netherlands). Samples
were then contrasted with 2% uranyl acetate (Spi Supplies, West
Chester, USA) in water, Reynold’s lead nitrate (Millipore) and tris so-
dium citrate (VWR).

Hormone assays
Frozen media from each in vitro culture group were thawed for ELISA
analysis at different time points (D2, D4, D6 and D8).
Dehydroepiandrosterone (DHEA) and progesterone secreted by dif-
ferentiated cells were measured using DHEA ELISA (ADI901093, Enzo
Life Sciences BVBA, Farmingdale, USA) and progesterone ELISA
(ADI900011, Enzo Life Sciences) kits.

Statistical analyses
All statistical analyses were performed using R, version 3.6.1. Because
a number of genes (or proteins) were simultaneously assessed and
multiple comparisons were carried out, P-values were adjusted for
multiple testing using the Benjamini–Hochberg method to control the
false discovery rate.

• qPCR: All transcriptomic data were analyzed using R, version 3.6.1.

Before qPCR data analysis, the most stable housekeeping genes

were selected from the dedicated dataset using the geNorm algo-

rithm (Vandesompele et al., 2002) implemented in the NormqPCR

Bioconductor package. All undetected values were processed using

the ‘non-detects’ Bioconductor package and imputed accordingly

using an algorithm based on an expectation–maximization approach.

Expression levels of each gene were then normalized according to

the selected housekeeping genes by computing DCT values. The

Figure 1. Schematic representation of the in vitro culture groups. G1: 6 � 104 SCs in basic medium (BM) containing DMEM-F12
supplemented with KSR and antibiotics, seeded directly onto a plastic dish. G2: 6 � 104 stromal cells (SCs) in enriched medium (EM) containing BM
supplemented with growth factors, FSH and LH, seeded directly onto a plastic dish. G3: 6 � 104 SCs in EM seeded onto a permeable atelocollagen
membrane. G4: 6 � 104 SCs in EM seeded onto the top of a permeable atelocollagen membrane in co-culture with 1.8 � 105 COV434 cells on the
other side of the membrane.
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.Limma Bioconductor package was used to determine DDCT values

and associated P-values of each gene. This process was undertaken

for each comparison and respective results were displayed in vol-

cano plots.

• ELISA (DHEA and progesterone): For each element of interest,

DHEA and progesterone levels were analyzed using linear mixed-

effects models. Logarithmic transformation was applied to both

DHEA and progesterone in order to normalize data distribution. In

each model, the patient effect was assumed to follow normal distri-

bution and was therefore defined as a random effect, while time

was introduced as a fixed effect.

• Immunohistochemistry: Protein expression after in vitro culture was

compared with D0 values using linear regression models.

Results
SCs isolated from ovarian tissue easily adhered to both plastic and per-
meable inserts after one day of in vitro culture. However, after two
days, their appearance changed in G1 and G2, and spheroid structures
started forming and floating in the medium (Fig. 2). It has been previ-
ously demonstrated that GCs and TCs cultured in serum-free condi-
tions, reaggregate into multicellular clumps during in vitro culture,
which indicates cell–cell or cell–extracellular matrix interactions
(Yamada et al., 1999; Yang and Xiong, 2012; Hatzirodos et al., 2017).
On Day 4, some fibroblast-like cells remained strongly attached to the
plastic surface in G1 (Fig. 2), while almost all spheroid structures were
detached from the bottom of the dish in G2 (Fig. 2). These structures
continued to increase in diameter and became larger in G2 than in
G1, with some measuring around 300mm (Fig. 2). Conversely, cells in
G3 and G4 remained adherent to the membrane throughout the
in vitro culture period (Fig. 2). They exhibited typical fibroblast mor-
phology and, after 8 days, entirely covered the inserts (Fig. 2).

Quantitative real-time polymerase chain
reaction (qPCR)
Volcano plots of qPCR results from isolated SCs before and after
in vitro culture revealed very different gene expression patterns for
enzymes involved in the steroidogenic pathway of TICs, and special
markers for TICs, such as Lhr and Cyp17a1 (Fig. 3). In G1 (n¼ 5), a
significant increase was observed in mRNA levels of Cyp17a1 and
Hsd3b2 (P< 0.05). On the other hand, in F1 (n¼ 3), there was only
an upturn in mRNA levels of Cyp17a1 (P< 0.05). In G2 (n¼ 5), only
Hsd3b2 mRNA levels increased (P< 0.05), while in F2 (n¼ 3), Lhr
mRNA levels rose significantly (P< 0.05) and Hsd3b2 was on the
verge of being significantly upregulated. In G3 (n¼ 3), Hsd3b2 was
upregulated (P< 0.05) and CYP11A1 and Lhr were both borderline in
terms of significant upregulation, but in G4 (n¼ 8), mRNA levels of
Lhr and Hsd3b2 were both significantly upregulated (P< 0.05).

Immunohistochemical analysis
Results from protein expression of LHR, ADRP, STAR, CYP11A1,
CYP17A1, HSD3B1, HSD3B2, NOTCH1, CD13 and CD26 were
compared after 8 days of in vitro culture versus Day 0 (D0; control)
(Table I).

It is important to point out that on D0, there was a considerable
proportion of isolated SCs that were positive for LHCGR and
HSD3B1, and more than 10% positive for CYP17A1 (Table I).
Interestingly, after in vitro culture, there was increased expression of
most proteins involved in the steroidogenic pathway in all
groups (Table I; Figs 4 and 5). Apart from G1 and F1, all other
groups exhibited a significant (P< 0.05) upturn in the number of
CD13-positive cells (Table I; Fig. 4). Moreover, after in vitro culture,
we observed a higher number of CD26-positive cells compared
to controls (D0) (Table I; Fig. 5). There was also a significant
increase (P< 0.05) in NOTCH1-positive cells in G3 and G4
(Table I, Fig. 5).

Expression of CD13, a specific marker for the theca interna with
steroidogenic activity, is presented in Supplementary Fig. S1. Positive
and negative control tissue and human ovary for each marker are
shown in Supplementary Figs S2 and S3.

Ultrastructural analysis
Results from transmission electron microscopy (TEM) showed a
remarkable difference between cells before and after in vitro cul-
ture and between groups. Before in vitro culture (D0), cells
appeared to be undifferentiated, with a high nucleus/cytoplasm ra-
tio, few organelles, mostly round mitochondria with scarce cristae
(immature mitochondria) and few endoplasmic reticulum cisternae
(Fig. 6, D0).

Different culture conditions did not appear to affect cell health sta-
tus, as cells had a normal appearance, with some at the proliferative
stage. In all groups, they developed an endoplasmic reticulum and
showed higher numbers of mitochondria and lipid droplets compared
to D0 (Figs 6, 7 and 8). Similar to D0 findings, cells in G1 and F1 had
a high nucleus/cytoplasm ratio, and nuclei exhibited loose chromatin
and visible nucleoli, suggesting DNA transcription (Fig. 6, G1-a). While
we only found round mitochondria in F1 (Fig. 6, F1), we observed
round and elongated mitochondria (Fig. 6, G1-c) and gap junctions be-
tween cells in G1 (Fig. 6, G1-b and c: arrow heads). In both G1 and
F1, some endoplasmic reticulum and lipid droplets were detected in
examined cells (Fig. 6, G1-b and F1).

In G2 (Fig. 6, G2-a) and F2 (Fig. 7, F2-a), we found active cells with
a low nucleus/cytoplasm ratio. Ultrastructural analysis of attached cells
(G2) showed that they had a round, oval or somewhat undulated nu-
cleus, rough and abundant smooth endoplasmic reticulum, Golgi appa-
ratus, lipid droplets, oval and elongated mitochondria with tubular or
vesicular cristae and lysosomes (Fig. 6, G2-a; Fig. 7, G2-b and c).
Ultrastructural analysis of F2 cells revealed that floating structures con-
tained three different cell types (Fig. 7, F2-a): (i) cells with elongated
nuclei, well developed rough endoplasmic reticulum, Golgi apparatus,
rod-shaped mitochondria with lamellar cristae, lipid droplets and free
ribosomes (Fig. 7, F2-a: circle); (ii) cells ellipsoidal in shape with an
oval nucleus, rough endoplasmic reticulum, Golgi apparatus, lipid drop-
lets, elongated or oval mitochondria with lamellar or tubular cristae, a
fairly developed smooth endoplasmic reticulum and lysosomes (Fig. 7,
F2-a: four tails star; Fig. 8, F2-e); and (iii) cells with the same ultrastruc-
ture as described for attached cells in G2 with undulated nuclei (Fig. 7,
F2-a: five tails star, b, c and d).

Cells in G3 also proved to be active, with a low nucleus/cytoplasm
ratio, nuclei with loose chromatin and visible nucleoli (one or two)
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(Fig. 8, G3-a). Ultrastructural evaluation of these cells showed cells
similar to F2, but also the presence of a new cell type. This latter pop-
ulation presented with lamelliform microvilli, acentric nuclei, numerous
lipid droplets, mitochondria with tubular cristae, well developed
smooth and rough endoplasmic reticulum and Golgi apparatus (Fig. 8,
G3-a and b).

G4 cells appeared to be less active than G3 cells, considering
their low/medium nucleus/cytoplasm ratio (Fig. 8, G4-a). Their nu-
clei also showed loose chromatin and visible nucleoli (one or two)
(Fig. 8, G4-a and b). Ultrastructural studies revealed the presence of
a few cells similar to those found in F2, larger numbers of cells simi-
lar to G3, and a new group of cells with dense aggregates (Fig. 8,
G4-c). Most cells in G4 exhibited an irregular rectangular shape with
an eccentrically situated nucleus containing prominent nucleoli,
mainly close to the nuclear membrane. Their Golgi apparatus had
associated mitochondria, and they showed tubular endoplasmic re-
ticulum, dense membrane-bound vesicular granules and many dense
aggregates (Fig. 8, G4-a, b and c).

Secretion of DHEA and progesterone
Increasing patterns of secretion of DHEA and progesterone were
observed by ELISA kits in different groups after 8 days of in vitro cul-
ture (Fig. 9). A linear trend was observed with time, showing a sig-
nificant rise (q< 0.001) in DHEA concentrations in medium during
the culture period in G1 (n¼ 6), G2 (n¼ 5), G3 (n¼ 3) and G4
(n¼ 9). A similar trend for progesterone levels also demonstrated a
statistical increase (q< 0.001) in G2 (n¼ 5), G3 (n¼ 3) and G4
(n¼ 9), but G1 remained the same throughout the culture period.
In co-culture conditions (G4), medium from the well, which was in
contact with COV434 cells, contained no detectable amounts of
DHEA or progesterone.

Statistical comparisons for progesterone levels between groups on
Day 8 (D8) were as follows: G1 vs G2 (q< 0.05), G1 vs G3
(q< 0.05), G1 vs G4 (q< 0.05), G2 vs G3 (q< 0.05), G2 vs G4
(q¼ 0.06) and G3 vs G4 (q¼ 0.22).

Statistical comparisons for DHEA levels between groups on D8
were as follows: G1 vs G2 (q¼ 0.33), G1 vs G3 (q¼ 0.09), G1 vs G4

Figure 2. Stromal cells in in vitro culture. Ovarian cortical SCs in BM (G1, F1) at different time points (a, b, c, d). SCs in EM (G2, F2) at differ-
ent time points (e, f, g, h). SCs in EM seeded onto an atelocollagen membrane (G3) at different time points (i, j, k, l). SCs in EM seeded onto one side
of an atelocollagen membrane in co-culture with COV434 cells on the other side of the membrane (G4) at different time points (m, n, o, p). Scale
bars: 100 mm. G1–G4 attached cells, F1, F2 floating cells.
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Figure 3. Quantitative real-time PCR results presented in volcano plots. mRNA expression for enzymes involved in steroidogenesis of
theca/steroidogenic cells. Large magnitude fold changes (x-axis) and high statistical significance (-log10 of P-value, y-axis). The horizontal dashed line
shows the position of P¼ 0.05, with dots above the line being P< 0.05 and dots below the line being P> 0.05. The vertical dashed line shows the
boundary between down- and upregulation: downregulation on the left and upregulation on the right.
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Table I Immunostaining of cells for different theca cell markers.

Day 0 G1 F1 G2 F2 G3 G4

LHR 45.6%a 99%b 36.1%a 97.1%b 90.5%b 97.0%b

(7481/16 397) (91/92) (129/357) (408/420) (247/273) (1156/1192)

STAR 0.2%a 27%b 82.2%b 17.7%b 6.3%a 26.8%b

(1/570) (4/15) (693/758) (23/130) (78/1245) (82/306)

CYP11A1 0%a 81.0b 91.4%b 99.1%b 79.3%b 97.5%b

(0/331) (191/236) (693/758) (114/115) (1153/1454) (2652/2720)

CYP17A1 16.7%a 93.5%b 64.1%b 89%b 79.0%b 38.8%a 99.4%b

(139/833) (214/229) (397/619) (31/35) (729/923) (247/637) (2807/2823)

HSD3B1 47.5%a 100%b 98.8%b 99.8%b 98.9%b 98.8%b

(95/200) (54/54) (163/165) (464/465) (178/180) (948/960)

HSD3B2 1.0%a 74%b 65.9%b 24%a 76.8%b 94.8%b

(10/960) (29/39) (257/390) (20/85) (209/272) (346/365)

ADRP 0%a 93%b 88.3%b 99.2%b 93.3%b 97.7b

(0/1400) (51/55) (293/332) (124/125) (265/284) (469/480)

CD13 0%a 0%a 1.6%a 43%b 21.1%b 33.8%b 24.5%b

(0/10) (0/36) (6/377) (30/77) (76/360) (67/198) (111/453)

CD26 5.2%a 47%a 93.8%b 100%b 84.1%b 76.5%b 98.2%b

(11/213) (34/72) (180/192) (10/10) (269/320) (130/170) (933/950)

NOTCH1 0.5%a 4%a 24.1%a 12.2%a 92.1%b 95.6%b

(3/580) (2/47) (63/261) (22/181) (557/605) (717/750)

For each staining protocol values show mean percentage of positively stained cells (numbers in parentheses show number of positive cells out of the total number of cells counted).
a,bIndicate the statistical difference (P< 0.05) in each group after 8 days culture compared to Day 0 for every immunostaining.
ADRP, adipose differentiation-related protein; CD13, aminopeptidase-N; CD26, dipeptidyl peptidase IV; CYP11A1, cholesterol side-chain cleavage enzyme; CYP17A1, cytochrome
P450 17A1; D0, Day 0; HSD3B1, hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1; HSD3B2, hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid
delta-isomerase 2; LHR, luteinizing hormone receptor; NOTCH1, Notch homolog 1, translocation-associated (drosophila); STAR, steroidogenic acute regulatory protein.

Figure 4. Immunohistochemistry of LHR, STAR, CYP11A1, CYP17A1 and HSD3B1 in cells on D0 (before culture), and G1, F1,
G2, F2, G3 and G4 after 8 days of in vitro culture. Scale bars: 50 mm.
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Figure 5. Immunohistochemistry of HSD3B2, ADRP, CD13, CD26 and NOTCH1 in cells on D0 (before culture), and G1, F1,
G2, F2, G3 and G4 after 8 days of in vitro culture. Scale bars: 50mm.

Figure 6. Transmission electron microscopy of cells before (D0) and after 8 days of in vitro culture. Cells before in vitro culture (D0).
Ovarian cortical SCs in BM showing attached cells at the bottom of the well (G1—a, b and c) and floating spheroid structures (F1). SCs in EM showing
attached cells at the bottom of the well (G2-a). G, Golgi apparatus; L, lipid droplets; M, mitochondria; N, nucleus; RER, rough endoplasmic reticulum;
SER, smooth endoplasmic reticulum. G1-b and c: arrow heads: gap junctions.
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..(q¼ 0.09), G2 vs G3 (q¼ 0.47), G2 vs G4 (q¼ 0.58) and G3 vs G4
(q¼ 0.58).

Discussion
Since the main goal of our experiments was to obtain differentiated
human TCs, we designed a study where we in vitro-cultured SCs iso-
lated from the cortical layer of postmenopausal ovaries in medium
enriched with growth factors thought to be involved in TC differentia-
tion (Honda et al., 2007; Liu et al., 2015; Dalman et al., 2018a,b).
Since GCs have also been implicated in this process, we tested the
co-culture approach with GCs (Orisaka et al., 2006; Qiu et al., 2013)
as well. In all tested groups, we obtained large numbers of steroid-
producing cells. At first, gene and protein expression patterns for pro-
teins involved in the theca steroidogenic pathway appeared to indicate
that virtually all cortical ovarian cells can differentiate into TCs, which
would be in line with findings obtained in studies using bovine and cap-
rine SCs (Orisaka et al., 2006; Qiu et al., 2013). However, in G1, the
lack of CD13 immunostaining, a surface marker specific to TCs
(Fujiwara et al., 1992), showed that these cells were not TCs. On the
other hand, ultrastructural analysis and the presence of CD13-positive
cells confirmed that the TC population accounted for 21–43% of dif-
ferentiated cells in the other groups (G2, G3 and G4). Interestingly,
differentiation was not found to halt once cells were converted into
TCs. In fact, just like in the human ovary, this process advances until
TC luteinization and small luteal cell senescence, as evidenced by

TEM. With the help of atelocollagen inserts, which improved cell at-
tachment and proliferation and consequently their communication, TC
differentiation was faster, so small luteal cells could be detected
(G3 and G4). Addition of COV434 cells accelerated this process
further, as older luteal cells with aggregates of luteal debris were
also observed in G4. Luteal debris consists of small, dense, circular
elements representing clumps of regressing luteal cells, as described by
Fraser et al. (1999) and Adams and Hertig (1969).

G1 and F1 were both significantly positive for Cyp17a1 mRNA and
all studied proteins involved in the steroidogenic pathway. TEM images
from the two different cell populations in the first group (G1 and F1)
showed characteristics of steroid-producing cells: they were positive
for all enzymes involved in the steroidogenic pathway and CD26, but
negative for CD13 and NOTCH1. mRNA expression is not always
consistent with the level of expressed proteins. The correlation can be
as little as 40%, depending on the tissue and in vitro culture system
(Vogel and Marcotte, 2012). There are many processes between tran-
scription and translation and, as mentioned by Vogel and Marcotte
(2012), protein stability is a big factor. The half-life of different proteins
can range from minutes to days, while the degradation rate of mRNA
would fall within a much tighter range (2–7 h for mammalian mRNA vs
48 h for protein) (Vogel and Marcotte, 2012). Moreover, the ultra-
structure of these cells was different from TCs in the ovaries, which
show steroid-secreting activity and are characterized by a round, oval
or somewhat undulated nucleus, Golgi apparatus, rough endoplasmic
reticulum, abundant smooth endoplasmic reticulum, lipid droplets,
oval mitochondria with tubular or vesicular cristae and lysosomes

Figure 7. Transmission electron microscopy of cells after 8 days of in vitro culture. Ovarian cortical SCs in EM showing attached cells at
the bottom of the well (G2—b and c) and floating spheroid structures (F2—a, b, c and d). Ly, lysosome. F2-a: circle: fibroblast; four tails star: transi-
tional cells; five tails star: theca cells.
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..(Hiura et al., 1981). On the other hand, the presence of gap junctions
in attached cells in G1 and increasing secretion patterns of DHEA but
not progesterone during in vitro culture are reported to be specific
characteristics of ovarian interstitial steroid-producing cells (Dawson

and McCabe, 1951; Semenova, 1969). According to Erickson et al.
(1985), there are four types of interstitial cells in the ovary: primary
(Gondos and Hobel, 1973), secondary (Kingsbury, 1939; Dawson and
McCabe, 1951), theca (Peters, 1969) and hilar (Semenova, 1969).

Figure 8. Transmission electron microscopy of cells after 8 days of in vitro culture. Floating spheroid structures (F2-e), ovarian cortical
SCs in EM seeded onto an atelocollagen membrane (G3—a and b), and SCs in EM seeded onto one side of an atelocollagen membrane in co-culture
with COV434 cells on the other side of the membrane (G4—a, b and c). LD, luteal debris; V, vacuole.

Figure 9. Enzyme-linked immunosorbent assays. Dehydroepiandrosterone levels on the left and progesterone levels on the right. Different
time points for hormone measurement in the x-axis and logarithmic expression of hormones (pg/ml) in the y-axis. SCs in BM (G1). SCs in EM (G2)
at different time points, SCs in EM seeded onto an atelocollagen membrane (G3) at different time points, SCs in EM seeded onto one side of an
atelocollagen membrane in co-culture with COV434 cells on the other side of the membrane (G4) at different time points.
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Differentiation observed in G1 could be due to KSR, which contains
mainly lipid-rich albumin (Kojima et al., 2016), and these lipids could
be responsible for DHEA synthesis. Indeed, in murine testicular ex-
plant culture, KSR was shown to increase testosterone production
(Reda et al., 2017). DHEA is the precursor of testosterone in testes
and androstenedione in ovarian TCs (Bordini and Rosenfield, 2011).

Since TCs differentiate adjacent to developing follicles, it is assumed
that once follicles start their growth, they secrete factors that stimulate
TC differentiation (Magoffin and Magarelli, 1995; Honda et al., 2007;
Liu et al., 2015). Ovarian interstitial cells develop and maintain a spe-
cialized phenotype in serum-free conditions, which is different from
other types of cells in the ovary. It is clear that LH is the most impor-
tant stimulating force in interstitial cells, inducing their differentiation
both at morphological and biochemical levels (Erickson et al., 1985). In
addition to LH, there are other major factors that affect TC differenti-
ation (Honda et al., 2007). Using neonatal mouse ovaries, Honda et al.
(2007) showed that purified putative theca stem cells were induced to
differentiate into TCs in vitro under the influence of LH, IGF-1, SCF
(also known as kit ligand), and conditioned medium from GCs. IGF-1
alone stimulated expression of LHRs (Magoffin and Weitsman, 1994)
and steroidogenic enzymes. CYP11A1 and HSD3B, but not CYP17A1,
was found to act synergistically with LH to increase expression of
these enzymes (Magoffin and Weitsman, 1993a,b,c). In rats, a combi-
nation of IGF-1 and SCF increased expression of LHR, STAR,
CY11A1, CYP17A1 and HSD3B, which provides strong evidence that
these factors may act synergistically to regulate TC differentiation and
steroid production (Huang et al., 2001). bFGF has been shown to im-
pact somatic cell mitosis, steroid synthesis, differentiation and apopto-
sis (Walters and Schallenberger, 1984; Tilly et al., 1992; Lavranos
et al., 1994), while may influence theca development indirectly through
stimulating SCF expression (Nilsson and Skinner, 2004). TGF-b super-
family members like bone morphogenetic proteins and growth differ-
entiation factors, with vital roles in controlling follicle growth and
development (Shimasaki et al., 2004; Knight and Glister, 2006; Xia and
Schneyer, 2009), are also involved in TC recruitment, proliferation and
differentiation, which may or may not interact with gonadotropins
(Young and McNeilly, 2010). By enriching the medium with growth
factors purportedly involved in this process, as well as FSH and LH,
we observed much lower concentrations of attached fibroblast-like
cells and larger spheroid structures in G2 than in G1. Steroidogenic ul-
trastructural features of attached G2 cells and their undulated nucleus
appeared to indicate that they had differentiated into TCs. Moreover,
their membrane stained positive for CD13. ELISA results confirmed
that these cells were actively secreting steroids; there was an increase
in DHEA production from Day 2 (D2), while progesterone secretion
started after four days of in vitro culture.

F2 structures were upregulated for Lhr and Hsd3b2 and also
expressed proteins and enzymes involved in the steroidogenic pathway
of TCs. Ultrastructurally, these cells have three distinct features; some
of them are fibroblast-like cells (Kingsbury, 1939) with elongated nu-
clei, others are transitional cells (Kingsbury, 1939) ellipsoidal in shape
with an oval nucleus, and a further group resembles TCs with an un-
dulated nucleus (Hiura et al., 1981). Transitional cells are found half-
way along the differentiation pathway of fibroblasts into TCs
(Kingsbury, 1939).

Interestingly, our results from G2 and F2 show that being attached
to a surface promoted a faster differentiation, demonstrating that

substrate also has an impact on cell behavior (Kanta, 2015). This was
confirmed in G3, where all cells remained firmly attached to the colla-
gen membrane and differentiation reached the last stage, namely small
luteal cells. Cells in G3 showed upregulation of Lhr, Cyp11a1 and
Hsd3b2 at the mRNA level and expressed steroidogenic enzymes and
CD13, CD26 and NOTCH1. Indeed, the ultrastructure of these cells
showed the presence of small concentrations of fibroblasts, transitional
cells and TCs and a large number of small luteal cells (Van Lennep and
Madden, 1965), with lamelliform microvilli and an acentric nucleus to-
gether with other characteristics of steroidogenic cells (Ohara et al.,
1987). Our ELISA results show higher levels of secreted DHEA and
progesterone in G3 medium compared to G2. Moreover, increasing
DHEA levels from Day 2 of in vitro culture (D2) and progesterone se-
cretion from Day 4 (D4) onwards also support our findings.

In G4, cells exhibited upregulated mRNA levels of Lhr, Cyp11a1 and
Hsd3b2 and were positive for proteins and enzymes involved in the
steroidogenic pathway of TCs, plus the three markers of steroido-
genic/theca and luteal cells, CD13, CD26 and NOTCH1.
Ultrastructural analysis revealed the presence of a few fibroblasts, tran-
sitional cells and TCs (Hiura et al., 1981). However, most cells were
ultrastructurally similar to small luteal cells. Conversely, luteal cells
obtained from this group were somewhat different from luteal cells
from G3, as they contained luteal debris, resembling older small luteal
cells (Dawson and McCabe, 1951; Enders, 1962; Enders and Lyons,
1964; Green and Maqueo, 1965; Van Lennep and Madden, 1965;
Blanchette, 1966; Adams and Hertig, 1969). We also observed a pro-
fuse agranular endoplasmic reticulum together with mitochondria con-
taining tubular cristae, which is characteristic of many types of actively
secreting steroid cells, including active human corpora lutea (Green
and Maqueo, 1965; Van Lennep and Madden, 1965) and small luteal
cells in different mammalian species (Enders, 1962; Enders and Lyons,
1964; Blanchette, 1966). According to Adams and Hertig (1969), a
close association between tubular endoplasmic reticulum and mito-
chondria may be a morphological reflection of the conversion of cho-
lesterol to progesterone.

Apart from growth factors, hormones and substrate, the presence
of a GC line also plays a role in cell differentiation. Indeed, COV434
cells accelerate cell differentiation even further, as demonstrated by
the presence of older small luteal cells with aggregates of luteal debris.
Honda et al. (2007) also reported that while medium enriched with
growth factors and hormones did lead to cell differentiation, fully ma-
ture TCs were only obtained after co-culture with GCs. It would be
interesting to perform COV434 cell co-culture with BM in order to
gain a better understanding of the role of GCs in TC differentiation.

Due to the similarity between bovine and human ovaries, we hy-
pothesized that cortical SCs in general could differentiate into TCs
(Orisaka et al., 2006). However, we observed that while most cells
became steroidogenic after in vitro culture, only a proportion of them
were TCs, which indicates that there is a population of precursor TCs
in human ovaries as in mouse ovaries (Liu et al., 2015). More interest-
ingly, such cells remain in human ovaries, even after menopause.
Recently, Fan et al. (2019) showed a number of genes expressed by
progenitor TCs, including NME2, APOD, APOC1, MEST, WFDC1,
MATN2, PTCH1 and ACTA2 in the theca layer of antral follicles. In
their study on progenitor TCs, Dalman et al. (2018a,b) differentiated
theca stem cells from human small antral follicles and reported LHR,
GLI2 and PTCH1 as markers of these cells. Since all these studies
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were conducted in the theca layer where cells already received differ-
entiation signals, further studies are needed to confirm the presence of
progenitor TCs in fertile and postmenopausal human ovaries. The in-
troduced markers could help to test the hypothesis of progenitor TCs
and serve to identify these cells in postmenopausal ovaries.

In conclusion, we showed for the first time that human TCs can dif-
ferentiate in vitro under the influence of different growth factors and
hormones (Honda et al., 2007; Liu et al., 2015; Dalman et al.,
2018a,b). These cells closely resemble their ovarian counterparts
when investigated by immunohistochemical, ultrastructural and func-
tional analyses. Our results are a great step forward in the understand-
ing of TC ontogenesis in human ovaries. Moreover, in vitro-generated
human TCs can be used for studies on drug screening and exposure
to endocrine-disrupting chemicals, as well as elucidating TC-associated
pathologies, such as androgen-secreting tumors and polycystic ovary
syndrome.
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