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a b s t r a c t

The mammalian ovary is a highly dynamic organ, in which proliferation and differentiation occur
constantly during the entire life span, particularly in camels that are characterized by a follicular wave
pattern and induced ovulation. Granulosa cells are the main cells of mature follicles. Two distinct cell
types, namely, the mural and cumulus granulosa cells are distinguished on the basis of antral fluid in-
crease. The multipotency of follicular fluid and the luteinizing cell were recently demonstrated. However,
reports regarding the plasticity of cumulus cells are lacking. We obtained cumulus cells from cumulus-
oocyte complexes and showed that camel cumulus cells expressed stem cell mRNA transcripts (POU5A1,
KLF4, SOX2, and MYC) and were able to differentiate into other non-ovarian follicular cell types in vitro,
such as neurons, osteoblasts, and adipocytes. In contrast, removal of the ooplasm (oocytectemy) showed
no effect on cumulus cell proliferation and differentiation. This is the first report to identify an invaluable
source of multipotent stem cells, which is routinely discarded during in vitro embryo production. The
plasticity and transdifferentiation capability of camel cumulus cells definitely requires attention as it
provides a cheap biological experimental model for basic research in stem cells and for understanding
ovarian differentiation, both of which are relevant for use in regenerative medicine and tissue engi-
neering in humans and animals.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

The Arabian camel (Camelus dromedarius) is a unique species
and is a better provider of meat and milk in desert areas than other
farm animals, which are severely affected by the heat and scarcity
of food andwater in the desert [1]. Camels occupy a special niche in
the Arabian agricultural system. The total population of dromedary
is estimated to be about 25 million heads all over the world [2].

Camel racing is a highly profitable andwell-organized sport, and
considered an important traditional and animal agribusiness ac-
tivity in the Arabian Gulf states. Fractures are the major injuries
duction, College of Food and
adh, Saudi Arabia.
ldin).
incurred during racing; however, camel orthopedics is poorly un-
derstood because camels are nervous animals, which hinders
comprehensive studies on fracture healing [3]. Furthermore, prin-
ciples of bovine and equine orthopedics cannot be applied to
camels orthopedics in absolute terms [4]. Therefore, a basic un-
derstanding of bone repair is essential to save the lives camels used
in this agribusiness. The bone tissue engineering concept is a
relatively new method for repairing damaged bones and involves
the regeneration of tissues using stem cells, scaffolds, and growth
factors, with stem cells playing a leading role in tissue repair and
regeneration [5e7].

Only two reported studies covered camel stem cell research, and
thus this field is still in its infancy [8,9]. Recently, for the first time,
we isolated embryonic stem-like cells from camel embryos under
feeder-free conditions that expressed all genes associated with
pluripotency (POU5A1 or OCT4, SOX2, KLF4, and MYC) [9].

The adult mammalian ovary is a highly dynamic organ, in which
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proliferation and differentiation occur constantly, e.g. during
follicular waves. Interestingly, studies have examined the multi-
potency of follicular granulosa cells and showed the plasticity of the
follicular granulosa cells and they were multipotent and can
differentiate in vitro into neurogenic, osteogenic, chondrogenic,
hepatocytic, adipogenic cells, and muscular filaments [10e19]. In
addition, studies have reported some ovarian diseases are associ-
ated with metaplasia of the ovarian tissue, such as trans-
differentiation of ovarian cells into osetoblasts [20e22] and into
adipocytes [23,24].

Therefore, this study aimed to examine the multipotency and
plasticity of camel cumulus cells. This will offer an easy and cheap
cost-effective source of multipotent camel stem cells and would
provide a model to study ovarian diseases caused by trans-
differentiation and metaplasia.

2. Methods

2.1. Chemicals

Hormones and chemicals were obtained from Sigma-Aldrich
Corp. (St. Louis, MO, USA) unless otherwise stated.

2.2. Cumulus-oocyte complexes recovery

Camel ovaries (n¼ 130) were obtained from a local abattoir and
transported in 0.9% (v/v) NaCl solution at 30e33 �C to the labora-
tory within 3e4 h of slaughter. The follicular contents of antral
follicles (2e6mm in diameter) were aspirated using an 18-gauge
needle attached to a 10ml-disposable syringe. Cumulus-oocyte
complexes (COCs) with evenly granulated cytoplasm that were
enclosed by more than three layers of compact cumulus cells were
selected and washed thrice with HEPES-buffered tissue culture
medium-199 (TCM-199) supplemented with 2mMNaHCO3,10% (v/
v) fetal bovine serum (FBS), and 50 mg/mL gentamycin sulfate
[25,26].

2.3. Experimental design

COCs were randomly selected and cultured to permit cumulus
cells attachment. Oocytes were gently stripped from the attached
cumulus cells after 24 h and the culture mediumwas then changed
every 2 days until confluence. Cells were used to generate embryoid
body-like spheroids and then were examined for targeted differ-
entiation into adipocyte, osteocyte and neurons through supple-
menting the culturemediumwith specific differentiation factors. In
order to examine whether the oocytes affect the plasticity of the
cumulus cells, ooplasm was aspirated and cumulus cells were
examined to differentiate into neurons. Biological and technical
replicates were considered in every experimental procedure.

2.4. Cumulus cell culture

Primary cumulus cell culture was performed using COCs
(n¼ 20/well, 5 replicates) on four-well polystyrene-coated tissue
culture dishes (Falcon, BD Biosciences, Franklin lakes, NJ, USA) for
24 h at 38 �C in a humidified atmosphere of 5% CO2. The culture
medium was Dulbecco's modified Eagle's medium (DMEM-F12)
supplemented with 5% FBS, 0.1mM b-mercaptoethanol, 1%
nonessential amino acids, 2mM L-glutamine, 10 ng/mL EGF, 10 ng/
mL fibroblast growth factor-2 (FGF-2, Miltenyi Biotec. GmbH, Ber-
gisch Gladbach, Germany), 1% insulin-transferrin-selenium, and
1mg/mL gentamycin [9]. Oocyteswere stripped gently using a glass
micropipette (160 mm internal diameter) from the attached
cumulus cells and discarded. Cumulus-granulosa cells were
maintained in culture for 2 days and the medium was changed
every 2 days until confluence was reached.

2.5. Quantitative polymerase chain reaction

mRNA levels of cumulus cells were compared to those of em-
bryonic stem-like (ES-like) cells previously isolated in our labora-
tory [9]. Cumulus cells (20 COCs, three replicates) were pelleted
after washing with phosphate buffered saline (PBS) and used for
total an RNA extraction Kit (iNtRON Biotechnology, Inc., Daegu,
South Korea) according to the manufacturer’s instructions. RNA
concentration and purity were estimated using a NanoDrop 2000
spectrophotometer (Thermo Fisher) by calculating the ratios of
absorbance at 230, 260, and 280 nm; samples showing values of
A260/A280 of �2.0 and A260/A230> 2.0 were used for reverse
transcription (RT). Pulsed RT was used to increase complementary
DNA (cDNA) transcription efficiency [27] as follows; 120 cycles of
16 �C for 2min, 37 �C for 1min, and 50 �C for 0.1 s, followed by a
final inactivation at 85 �C for 5min. Individual RT reactions were
performed using a SuperScript™ III First Strand Synthesis System
(Thermo Fisher) according to the manufacturer’s instructions. Total
RNA (50 ng) and random hexamers were used in a 40-mL reaction
volume according to the manufacturer's instructions. Relative
quantification of mRNA expression was determined by real-time
PCR (ViiA™7, Applied Biosystems, Foster City, CA, USA). Reactions
contained 100 ng cDNA, 1 mM each of the forward and reverse
primers, and 1X SYBR Green premix (Applied Biosystems) were run
in triplicates. Following normalization to the mRNA levels of the
reference gene GAPDH, fold-change and relative quantification of
POU5A1, SOX2, KLF4, MYC, and NANOG transcripts was performed
using the 2�DDCt method [28]. In all assays, cDNA template-negative
and reactions without RT showed negative amplification. The
expression of ES-like cells was set as an arbitrary control to calcu-
late the fold-change for different transcripts. The thermal cycler
conditions were 95 �C for 10min, followed by 40 cycles of 95 �C for
10 s, 60 �C for 20 s, and 72 �C for 40 s. Primer sequences, annealing
temperature, and approximate product size are listed in
Supplemental Table 1. The melting curve for primers was evaluated
using theViiATM7 apparatus-associated software.

2.6. Embryoid body-like (EB) formation

At confluence, the cumulus-granulosa cells of the five replicates
were harvested and used to form EBs according to a previous
method [29]. To form self-aggregated EBs, the cumulus-granulosa
cells were mechanically dissociated and allowed to clump into
poly-HEMA coated petri dishes and incubated overnight at 38 �C in
a humidified atmosphere containing 5% CO2. On the second day, EB-
like structures of various sizes were formed. Individual EBs were
collected using a glass micropipette and placed under the various
differentiation conditions.

2.7. In vitro adipocyte differentiation

EBs (n¼ 25, 5 replicates) were cultured in DMEM supplemented
with adipogenic induction mixture [30] containing 10% FBS, 10%
horse serum, 1% penicillin-streptomycin, 100 nM dexamethasone,
0.45mM isobutyl methyl xanthine, 3 mg/ml insulin, and 1 mM
rosiglitazone (Novo Nordisk, Bagsvaerd, Denmark). The culture
medium was replaced after every two days. Cells cultured in
standard culture medium were considered as the negative control.

2.8. In vitro osteoblast differentiation

EBs (n¼ 25, 5 replicates) were cultured in DMEM supplemented
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with osteoblast induction mixture [31] containing 10% FBS, 1%
penicillin-streptomycin, 50 mg/ml L-ascorbic acid (Wako Chemicals,
Neuss, Germany), 10mM b-glycerophosphate, 10 nM calcitriol (1a,
25-dihydroxyvitamin D3), and 10 nM dexamethasone. The medium
was replaced after every two days. Cells cultured in standard cul-
ture medium were considered as the negative control.

2.9. In vitro neuronal differentiation

Neuronal differentiation was induced by treatment of EBs
(n¼ 25, 5 replicates) with 10 mM all-trans retinoic acid (R2625,
Sigma) using serum-free DMEM-F12 [32] for 6 days with medium
change after every 2 days. Cells cultured in serum-free DMEM-F12
plain culture medium were considered as the negative control.

2.10. Cytochemical analysis

2.10.1. Nile Red fluorescence determination and quantification of
mature adipocytes

Cells were fixed using 4% paraformaldehyde for 15min at room
temperature, followed bywashingwith PBS. Nile Red stock solution
was prepared (1mg/ml) in dimethyl sulfoxide (DMSO) and stored
Fig. 1. Primary culture of camel cumulus. a. Cumulus-oocyte complexes were cultured
arrows) after 24 h (white arrows indicate oocytes which have been stripped from cumulus
markers (POU5A1, SOX2, KLF4, and MYC) (asterisks indicate significant differences), except fo
subculture in low-attachment dishes. d-e. Embryoid body outgrowths observed on day 2 a
at �20 �C away from light. The dye was added directly to the cells
(5 mg/ml in PBS) and the cells were incubated for 10min at room
temperature. Fluorescent signal was measured using a SpectraMax/
M5 fluorescence spectrophotometer plate reader (Molecular De-
vices Co., Sunnyvale, CA) in the bottomwell-scan mode where nine
readings were taken per well using 485 nm for excitation and
572 nm for emission spectra [30].

2.10.2. Oil Red-O staining for lipid droplets
Accumulated cytoplasmic lipid droplets were visualized by

staining with Oil Red-O in cells 14 days after supplementation of
adipogenic induction media. In brief, after washing cells grown in
24-well plates with PBS, the cells were fixed in 4% formaldehyde for
10min at room temperature and then rinsed once with 3% iso-
propanol and stained for 1 h with filtered Oil Red-O staining solu-
tion at room temperature (0.5 g Oil Red-O powder in 60%
isopropanol w/v). The cells were washed with PBS and visualized
under an inverted microscope.

2.10.3. Alizarin Red S (ARS) staining for detection of mineralized
matrix

Fourteen-day-old differentiated cells in 24-well plates were
and cumulus cells attached to the culture dish and formed outgrowths (empty black
cells after 24 h of the culture). b. RT-PCR analysis showing expression of pluripotency
r MYC. c. Embryoid body-like spheroids (EBs) formation after mechanical splitting and
nd day 5 of culture, respectively.
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washed with PBS and then fixed with 70% ice-cold ethanol for
1 h at �20 �C. The cell layer was rinsed with distilled water and
stained with 40 nM ARS (Sigma) pH 4.2 for 10min at room tem-
perature. Excess dye was washed off with water followed by awash
with PBS for few minutes to minimize nonspecific ARS stain. The
cells were then visualized under an inverted microscope.
2.11. Immunofluorescence for neurogenic markers (vimentin, b-
tubilin III, and MAP2)

Six days after the addition of retinoic acid, cells were fixed in 4%
paraformaldehyde (w/v) in PBS, pH 7.4, for 20min at room tem-
perature. After washing in PBS, the cells were permeabilized by
incubation in PBS containing 0.1% Triton-X100 and blocked by 1%
goat serum (Vector Laboratories, Burlingame, CA) for 1 h at room
temperature. Dilutions of primary antibodies (1:500 dilution)
(mouse mono-clonal) directed against vimentin (#BD-550513, BD
Biosciences, San Jose, CA, USA), b-tubilin III (TUJ-1, #ab14545,
Abcam, Cambridge, United Kingdom), and MAP2 (HM-2, #ab11267,
Abcam) were prepared in antibody diluent solution. Cells were
incubated in primary antibody solution for 1 h at room tempera-
ture, washed in PBS, then incubated with the secondary antibody
(FITC-conjugated goat anti-mouse IgG) (Jackson ImmunoResearch
lab. Inc. PA) diluted 1:500 in PBS for 1 h at room temperature before
washing with PBS. Cell nuclei were counterstained with 40, 60-
diamidino-2-phenylindole (DAPI) (Vector Lab. Inc., CA). Cumulus
cells not treated with retinoic acid were used as negative controls
and cells not treated with the primary antibodies were used as the
technical negative control.
Fig. 2. Targeted differentiation of camel cumulus cells into adipocytes. EBs were differen
without differentiation factors. b-c. Adipogenic differentiation on days 14 and 21, respectivel
Red fluorescence under the indicated treatment conditions was performed on days 14 a
comparable fluorescence as presented in histogram (asterisks indicate significant differenc
lipid droplets (arrow) and are shown as microscopic images (20�, magnification) for contr
2.12. Immunohistochemistry for a neurological marker (SOX2)

After serum blocking, cells were incubated in primary antibody
solution for 1 h at room temperature. Dilutions of primary antibody
(1:200) (goat poly-clonal) directed against SOX2 (#AF2018, R&D
Systems, Minneapolis, MN, USA) were prepared in antibody diluent
solution. After incubation, cells werewashed in PBS, then incubated
in biotinylated secondary antibody (rabbit anti-goat IgG (H þ L)-
HRP conjugate) (#1721034, Bio-Rad Lab. Hercules, CA, USA) for
30 min. The cells were then incubated in DAB solution for 10 min,
followed by washing in PBS. Positive brown reactions were visu-
alized using an inverted light microscope.

2.13. Effect of oocyte on cumulus cells plasticity

COCs were individually distributed into 5 ml drops of handling
medium (TCM-199 with 5% FBS) using a micromanipulator (Nar-
ishige, Minamishiyama Setagaya-ku, Tokyo, Japan), overlaid with
mineral oil, held by holding pipette, and the ooplasmic contents
were aspirated using 20-mm (outer diameter) tapered needles.
Oocytectomized and control COCs (n¼ 20 each, 5 replicates) were
then washed three times with handling medium and washed in
culture medium. Culture medium (previously mentioned) was
replaced after every 2 days.

2.14. Single cell colony formation

This assay was performed according to previous studies [33,34]
with some modifications. Cumulus cells were shredded into small
clumps of few cells (less than ten cells) from the COCs (n¼ 10, 3
tiated into adipocyte using adipocyte induction medium. a. Control cells were cultured
y; cells showed enlarged volume with clear lipid droplet in the cytoplasm (arrows). Nile
nd 21 post-adipocyte induction. Control (d, f) and differentiated (e, g) cells showed
es, h). Cells were stained on day 21 using Oil Red O staining for adipocytes containing
ol (i), and adipocytically induced cells (j).



I.M. Saadeldin et al. / Theriogenology 118 (2018) 233e242 237
replicates) using two holding pipettes and a micromanipulator, and
were then captured with a glass micropipette, seeded into 4-well
tissue culture dishes (Falcon), and incubated for 2 days. Culture
medium (previously mentioned) was replaced after every 2 days.
Doubling time was calculated using an online program (http://
www.doubling-time.com/compute.php) by dividing the final and
initial cell concentration on day 10 of culture.

2.15. Statistical analysis

Cell proliferation and NR fluorescence were analyzed using
Student's t-test. Results of qPCR were analyzed using one-way
analysis of variance (ANOVA). P< 0.05 was considered statistically
significant.

3. Results

3.1. Transcript analysis in camel cumulus cells

Cumulus cells attached to the culture dishes grew rapidly and
outgrowths were observed 24 h after the initial culture (Fig. 1a).
qPCR analysis showed expression of POU5A1, KLF4, MYC, and SOX2
Fig. 3. Targeted differentiation of camel cumulus cells into osteoblasts. EBs were differe
Light microscopy images of control (non-induced) and (b) induced EBs on day 21 after induc
with control non-induced cells. c and d show mineralized calcium deposition (throughou
respectively. e and f. Images showing Alizarin staining of control and differentiated cells on
mRNA transcripts in cumulus cells compared to embryonic stem-
like cells isolated from camel embryos (Fig. 1b). Interestingly,
MYC expression did not differ between cumulus and ES-like cells.

3.2. Formation of EB-like spheroids

Primary cultured cumulus cells weremechanically passaged and
showed formation of EB-like spheroids (EBs) on day 2 of culture in
anti-adhesive poly-HEMA coated petri dishes (Fig. 1c). EBs were
also able to attach to polystyrene tissue culture dishes and formed
out growths (Fig. 1d) and colonies (Fig. 1e).

3.3. Adipogenic differentiation of cumulus cells

Cumulus cell EBs were targetedly differentiated into adipocyte
and showed clear morphological differences compared to control
cells (Fig. 2) 14 or 21 days after the addition of differentiation fac-
tors. Cells became larger in size, cuboidal or polygonal in shape, and
contained clearly visible lipid droplets (Fig. 2b and c). Adipogenic
differentiationwas confirmed by Nile Red fluorescence and showed
nearly 1.5-fold and 2-fold increase in fluorescence signals between
differentiated and control cells on day 14 and day 21, respectively
ntiated into osteoblasts (OS) using osteogenic induction mixture for 14 and 21 days. a.
tion showed differentiated cells with overlapping or mesh-like arrangement compared
t the field) after Alizarin Red S staining in control and differentiated cells on day 14,
day 21, respectively. Note the red staining of mineralization in differentiated cells.

http://www.doubling-time.com/compute.php
http://www.doubling-time.com/compute.php


I.M. Saadeldin et al. / Theriogenology 118 (2018) 233e242238
(Fig. 2deh). Oil Red O staining of differentiated cells showed pos-
itive staining of cytoplasmic lipid droplets on day 14 compared to
control cells (Fig. 2 i, j).

3.4. Osteogenic differentiation of cumulus cells

Cumulus cell EBs were targetedly differentiated into osteoblasts
and showed clear morphological differences with control cells
(Fig. 3) 14 or 21 days after the addition of specific differentiation
factors. Cells became intercalated and overlapping, showing mesh-
like appearance compared to non-differentiated cumulus cells on
day 14 of culture (Fig. 3a and b). Calcium and mineralized crystals
(red-stained) were clearly visualized via ARS staining of differen-
tiated osteoblasts (Fig. 3cef).

3.5. Neurogenic differentiation of cumulus cells

Clear morphological changes were observed after culturing
Fig. 4. Targeted differentiation of camel cumulus cells into neurons. EBs were cultured in
arrangement (white arrows) and some cells showed star-shaped morphology (black arrows
arrows), neuron-shaped, or star-shaped cells (black arrows). b. B# and B## differentiated
images, respectively. c. C# and C## represent immunofluorescence staining of b3-tubuli
showing the positive DAB reaction (brown color) in differentiated neurons and control (no
Supplemental Fig. 1.
cumulus cell EBs in serum-free culturemedium supplementedwith
retinoic acid. Cells showed linear arrangement (Fig. 4a) and some
cells showed axon formation or were neuron-shaped or star-
shaped. Immunofluorescence analysis showed that the differenti-
ated cells were vimentin- (Fig. 4b), b3-tubulin- (Fig. 4c), and SOX2-
positive (Fig. 4d). MAP2 immunofluorescence was observed, but
signals were weak in the differentiated cells (Supplemental Fig. 1).
3.6. Spontaneous differentiation

During primary and subsequent passaging of cumulus cells, we
observed spontaneous morphological changes in the normal
spindle morphology of cumulus cells; at 70% confluence, 50% of the
cultured wells (8 wells of total 16) showed different morphology
than the typical spindle-shaped cells, such as epithelium-like
morphology, axon-like connections, lipid droplet-engorged cells,
and fluid filled cyst-like structures (Fig. 5aed, respectively).
serum-free medium supplemented with retinoic acid for 6 days. A. Cells showed linear
). A# and A## represent a higher magnification of (a) showing axon formation (white
cells showing immunofluorescence staining of vimentin, DAPI staining, and merged

n, DAPI staining, and merged images, respectively. d. Immunohistochemical analysis
primary antibodies). Control negative images for immunofluorescence are shown in



Fig. 5. Spontaneous differentiation of camel cumulus cells. Primary cultured cumulus cells were incubated to continue developing outgrowths in DMEM/F12 culture medium
with 10% FBS in 4-well culture dishes and repeated four times (total¼ 16 wells). At 70% confluence, 50% cells showed morphology different from the typical spindle shaped cells (a,
white arrow) such as, epithelial-like morphology (2/16, A. black arrow), axon-like connections (3/16, b, arrows), lipid-engorged cells (1/16, c, arrow), and fluid filled cysts (2/16, d,
arrow).
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3.7. Effect of oocyte on cumulus cell plasticity

To examine the role of oocytes on cumulus plasticity, ooplasm
was aspirated through micromanipulation and oocytoectomized
COCs were compared to the controls. There was no difference in
cumulus cell attachment and growth or targeted neuronal differ-
entiation between the control and oocytoectomized COC-derived
cumulus cells (Fig. 6aef).

3.8. Single cell proliferation and colony formation

The cumulus cell mass showed rapid growth and colony for-
mation (Fig. 7a and b) and reached confluence after 7 days of cul-
ture (mean diameter of the colony¼ 4.2± 0.7mm), which fully
covered the surface area of the 4-well dish on day 10 of culture.
Doubling time was 16.02± 1.2 h.

4. Discussion

Stem cell research holds promise for regenerative medicine and
personalized cell therapy for traumatic, injured, or fractured elite
and genetically superior camels used for show, racing, ormilking. In
this regard, we recently isolated camel embryonic stem-like cells.
In this study, we demonstrated that cumulus cells are an easy
source of multipotent stem cells that can differentiate into adipo-
cytes, osteoblasts, and neurons, which can be used for regenerative
medicine and might provide a model for studying ovarian diseases
associated with metaplasia or transdifferentiation.

Cumulus cells expressed mRNAs of genes associated with plu-
ripotency at a level comparable to those of ES-like cells except for
MYC (Fig. 1B). Reports show that MYC activation is associated with
increased cell growth [35,36], which might explain the higher
doubling time reported in our study (Fig. 6). Moreover, the
expression of stem cell markers and the multipotency of granulosa
cells were confirmed in human mature ovarian follicular cells by
examining the ability to differentiate into neuron-like cells, chon-
drocytes, adipocytes, hepatocytes, and osteoblasts [10e17]. The
expression of different stem cell markers such as POU51A, high
telomerase activity, and the ability to differentiate into different cell
types underline the stem cell characteristics of granulosa cells [13].

Results showed that cumulus cells were able to form embryoid
body-like spheroids (EBs), which coincides with those reported in
the adult ovarian-derived stem cells [37e40].

Additionally, follicular granulosa cells derived from pig ovary
can transdifferentiate into osteoblasts [41]. Moreover, the osteo-
genic regenerative potential of ovarian granulosa cells was
confirmed in vitro. These cells also participated in new bone for-
mation in vivo, thus confirming their therapeutic and regenerative
potential [42]. Our results showed clear morphological differences
between the control and differentiated cumulus cells 6 days post-
retinoic acid addition (for neuronal differentiation), and 14 days
after expression of adipogenic and osteogenic differentiation
factors.

Interestingly, cultured granulosa cells derived from human
ovarian preovulatory follicles showed certain neurogenic proper-
ties, produced acetylcholine, and expressed functional muscarinic
acetylcholine receptors, a system speculated to increase prolifera-
tion, disrupt gap junctional communication, and alter intracellular
calcium levels and the expression of transcription factors [43,44].

The differentiated cells showed neural markers such as vimen-
tin, b3-tubulin, MAP2, and SOX2. Vimentin is often used as a
marker of astrocyste or radial glia cells [45,46] and also as a marker
for mesenchymally-derived cells or cells undergoing an epithelial-
to-mesenchymal transition (EMT) during embryoid development
[47]. Additionally, b3-tubulin is a class of tubulin, the expression of
which is limited to neurons and is used to label immature neurons
[48,49]. Moreover, SOX2 is a transcription factor required for neural
plate formation [50]. It is also expressed in proliferating cells and
those that acquire glial fates, but is downregulated in post-mitotic
neurons [51]. In contrast, microtubule-associated protein 2 (MAP2)



Fig. 6. Effect of oocytes on cumulus cell plasticity. a. The procedure for oocytectomy is presented. b. The oocytectomized COCs are shown. Culture of control (c) and oocytec-
tomized (d) COCs showed normal growth. Subsequent subculture of cumulus cells from control (e) and oocytectomized (f) COCs showed no difference in the ability to form neuron-
like projections or shuttle connections between the two colonies (f. arrows, ~1.5mm length), after retinoic acid supplementation in the medium.

I.M. Saadeldin et al. / Theriogenology 118 (2018) 233e242240
is a neuron-specific protein that promotes assembly and stability of
the microtubule network; although its expression is weak in
neuronal precursors, the expression increases during neuronal
development. Hence, MAP2 is commonly expressed in mature
neurons [52e54]. Collectively, the neuron-specific expression of
MAP2 supports our results because the neuro-differentiated cells
Fig. 7. Single cell culture of cumulus cells. During the micromanipulation of COCs, few cel
cultured individually in four-well dishes. a. Cells showed rapid growth and colony form
ony¼ 4.2± 0.7mm), and fully covered the surface area of the four-well dish (diameter is 1
expressed vimentin, b3-tubulin, and SOX2, but showed weakMAP2
expression, which might indicate the immaturity of these differ-
entiated cells.

Additionally, cumulus cells showed considerable spontaneous
differentiation (Fig. 5). This might reflect the stemness criteria and
may vary according to animal age, previous health condition, or the
ls (less than 10 cells) were detached from the holding pipette by hydraulic suction and
ation (b), reached confluence after 7 days of culture (mean diameter of the col-
cm) on day 10 of culture.
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expression of reasonable amounts of other pluripotency markers
(POU5A1, KLF4, SOX2, andMYC). Most importantly, thismight reflect
the existence of either very small embryonic-like (VSELs) cells,
which was confirmed recently [37], or epithelial cells with multi-
potency criteria [17] that have spontaneous differentiation capa-
bilities (reviewed in Refs. [16,55]). Moreover, granulosa stem cells
survived when transplanted into immunodeficient mice and
formed tissues of mesenchymal origin [11]. Interestingly, putative
ovarian stem cells isolated from ovarian epithelium formed col-
onies consisting of different types of cells, including a small pro-
portion of cells expressing certain markers of pluripotency [39,40],
which agree with our results.

The paracrine or juxtacrine modes of communication with oo-
cytes and the transcriptomes and endocrine functions of mural and
cumulus granulosa cells vary even though both are derived gran-
ulosa cells [56e60]. Moreover, cumulus cells behave differently
frommural granulosa cells in their response to gonadotrophins and
the IGF-I analogue [61]. Additionally, follicular fluid aspiration may
injure the follicular wall layers and result in mixed cell types such
as theca or cumulus together with mural granulosa cells in the
contents of aspirated follicular fluid. Hence, we used cumulus cells
to confirm the selection of one type of cells in this current study.

Interestingly, the oocyte showed no effect on growth and dif-
ferentiation or plasticity of the cumulus cells. This raises a question:
how did the cumulus cells acquire stemness? There are two hy-
potheses; first, it might originate from the mesonephros or from
the cycling progenitor cells on the surface epithelium of the ovary,
at least throughout the initial waves of follicle formation after germ
cell migration during embryogenesis [10,14]. Alternatively, the
stemness-related transcripts might be acquired through the gap
junctions and juxtacrine communicationwith oocytes in the earlier
follicular development. Connexins mediate cell-to-cell transfer of
mRNAs and short interfering RNAs by gap junctions [62e65]. Other
studies showed that cumulus cells themselves or their conditioned
medium are potent enhancers of pluripotent stem cell growth,
which indicates a positive cross-talk between pluripotent cells and
the cumulus cells and supports our hypothesis [66,67].

Our results, together with the findings from other studies,
support the involvement of cumulus cells in the pathogenesis of
ovarian diseases associated with metaplasia and trans-
differentiation, such as ovarian osseous metaplasia and ovarian
adipoma [10,11,15,21,23].

5. Conclusions

The discovery that cumulus cells possess exceptional plasticity
among somatic ovarian cells definitely demands attention. Our
results show that cumulus cells from COCs that are routinely dis-
carded during the in vitro embryo production programmight be an
interesting subject to be researched and used in regenerative
medicine in the future. Moreover, the current results provide a
potential model for studying transdifferentiation in mammalian
ovary, which is still poorly understood, thereby making cumulus
cells interesting from the perspective of both human and veterinary
medicine.
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