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Abstract
Background: Promyelocytic leukemia (PML) as the main protein of PML nuclear bodies regulates various
physiological processes such as transcription, DNA repair, apoptosis, senescence, and several signaling
pathways in different cell types. It is well known that the PML protein is involved in the regulation of stem
cell properties by maintaining an open chromatin conformation for the regulatory regions of the Oct4
gene. However, there is no experimental evidence for the presence and function of PML protein in the
testis tissue.

Results: In this study, we show the presence of PML protein in the developing mouse testis and its co-
expression with the OCT4 protein. Immunohistochemical analysis of testis mirror sections shows that
PML is co-expressed with the OCT4 protein in the outermost cellular layer of seminiferous tubules, where
the spermatogonial stem cells are located.

Conclusions: Our �ndings suggest that the PML protein might be involved in the stemness of
spermatogonial stem cells at different stages of its development, even before earning the ability to
produce mature sperm. 

Background
Promyelocytic leukemia nuclear bodies (PML NBs), also known as PML oncogenic domain, nuclear
domain 10, or Kremer body (Dellaire and Bazett-Jones, 2004; Wang et al., 2004) are subnuclear protein
structures that are in close association with chromatin �bers (Bazett-Jones et al., 2008; Dehghani et al.,
2005a; Eskiw et al., 2004). They represent nuclear multiprotein complexes consisting of PML and
additional proteins such as Daxx, sp100, and SUMO-1 (Bernardi et al., 2008; Scherer et al., 2016). The
expression of the PML gene is essential for the formation of PML protein and nuclear bodies. The core
proteins of PML NBs are PML proteins that are generated by alternative splicing of the PML gene as
different isoforms. These isoforms are capable of binding and speci�c interactions with other cellular
components (Ivanschitz et al., 2015; Ohsaki et al., 2016). The C termini region of these proteins may be
responsible for speci�c interactions with other cellular components and constrain the subcellular
localization of PML protein (Block et al., 2006). The PML protein and PML NBs are dynamic subnuclear
compartments that are implicated in several cellular processes (Dellaire et al., 2006a), including gene
transcription (both activation and repression), viral pathogenicity, tumor suppression, proteasomal
degradation, cellular senescence, apoptosis, DNA repair, and pluripotency (Hadjimichael et al., 2017;
Lallemand-Breitenbach and de Thé, 2018).

It has been demonstrated that depending on the cell type, stage of the cell cycle, and environmental
conditions, PML NBs vary in size, number, and biochemical composition (Dellaire et al., 2006b, 2006c;
Hsu and Kao, 2018; Lallemand-Breitenbach and de Thé, 2010). PML bodies establish a physical
connection with the surrounding chromatin �bers, retain their position from a cell cycle to the next cycle,
and replicate during cell division (Bazett-Jones et al., 2008; Bernardi and Pandol�, 2007; Dellaire, 2006;
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Dellaire et al., 2006d). These bodies can be the right candidates to function as molecular crowding hubs
for the regulation of transcription of active genes and differential gene expression during cell
differentiation (Block et al., 2006). Experimental evidence shows that PML is involved in the regulation of
stem cell properties by maintaining an open chromatin conformation for the promoter region of the Oct4
gene (Chuang et al., 2011). It is well known that the OCT4, SOX2, NANOG, alkaline phosphatase, protein
kinase C, and other proteins, lncRNAs, and chromatin organization are important for stemness in different
physiological and cancer states (Ahmed et al., 2010; Chuang et al., 2011; Dehghani and Hahnel, 2005;
Dehghani et al., 2000, 2005b; Efroni et al., 2008; Es-haghi et al., 2016; O’Connor et al., 2008; Zare et al.,
2018). Dann et al. speci�cally investigated the role of OCT4 in spermatogonial stem cell (SSC) self-
renewal (Dann et al., 2008). Thus, the presence of PML NBs in spermatogonial stem cells might be critical
for the maintenance of stemness in these cells.

In the previous study, we have shown that mature sperm and oocyte cells do not contain PML nuclear
bodies (Ebrahimian et al., 2010). However, these bodies appear in the developmental stages of the newly
formed mouse embryo (Ebrahimian et al., 2010). This study aimed to clarify whether the PML protein is
expressed and PML NBs are present in the earlier stages of sperm formation in the mouse testis. Our
results indicate that the postnatal developing spermatogonial stem cells express PML proteins before
going through mitosis and generation of mature sperm.

Results

PML expression in the outermost layer of seminiferous
tubules
Our immunohistochemical �ndings showed that PML protein is expressed in the outermost cells of the
seminiferous tubule, where developing spermatogonial stem cells are located (Fig. 1). This pattern of
expression was observed at different time points after birth and during the maturation of the testis tissue.
Immunocytochemistry on McCoy B �broblasts con�rmed the functionality of the antibodies, while
immunohistochemical analysis of liver tissue was used as a positive control experiment for the detection
of PML expression using �uorescence imaging. 

Oct4 and PML expression in the germinal epithelium of
seminiferous tubules
Since PML protein seemed to be expressed in the postnatal developing spermatogonial stem cells, we
analyzed the expression of OCT4 to evaluate the co-expression of these two proteins.
Immunohistochemical analysis of two mirror sections and H&E staining of the third serial section
revealed that OCT4 and PML proteins are co-expressed in developing spermatogonial stem cells during
the postnatal development of the testis (Fig. 2). The functionality of OCT4 and PML antibodies were
tested in P19 and STO cell lines, respectively.
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Discussion
In the present study, we investigated the expression pattern of PML protein in the seminiferous tubules of
the mouse testis during different stages of development after birth. In our previous study, the PML NBs
were invisible in the mature sperm cells. However, the PML NBs were detectable after fertilization in the 2-
cell stage embryo (Ebrahimian et al., 2010). Here we asked whether the PML protein is expressed and
PML NBs are present in the earlier stages of sperm formation in the mouse testis. We found that the
expression of PML protein is limited to the outermost cell layer of the seminiferous tubules from neonatal
into mature life (Fig. 1). In the mirror sections of the testis, we noticed that PML protein is co-expressed
with OCT4 (Fig. 2). Considering the anatomical location of these cells and since it is known that the OCT4
protein is expressed in and essential for the self-renewal of spermatogonial stem cells (Dann et al., 2008),
we can conclude that the expression of PML protein is limited to the population of developing
spermatogonial stem cells.

The role of PML protein in the self-renewal of leukemia cancer stem cells has been demonstrated (Wang
et al., 1998; Welch et al., 2011). However, other studies have revealed that PML is involved in the
maintenance of the hematopoietic and embryonic stem cells in physiological conditions (Chuang et al.,
2011; Ito et al., 2008, 2012). The PML protein is involved in chromatin remodeling of the Oct4 gene
promoter (Chuang et al., 2011). The nuclear receptor Tr2, as an activator for Oct4, is localized to and
probably activated in the PML NBs (Gupta et al., 2008). The function of PML is not limited to the
regulation of Oct4, and other stem cell maintenance factors including REST, Nanog, Stat3, and Myc
interact with PML (Park et al., 2007). Developmental studies have also provided valuable evidence for the
effect of PML on the fate of stem cells. For example, during the development of the mouse nervous
system, the neural progenitor cells located at the neocortex express PML, and with the deletion of PML,
the number of neural progenitor cells increases, causing the impairment of the cortex wall (Regad et al.,
2009). In another study, knock out of the PML gene resulted in the disruption of normal mammary
secretory epithelium development (Li et al., 2009).

Spermatogonial stem cells are a rare population of cells that are sorrounded by a complicated
environment. These cells have several molecular markers including PLZF, OCT4, SOX3, and NOTCH-1
(Hofmann et al., 2005; Meng et al., 2000; Pesce et al., 1998; Raverot et al., 2005; Von Schönfeldt et al.,
2004; Yoshida et al., 2004). It is well established that OCT4 is a key transcription factor in the embryonic
stem cells and together with SOX2 and NANOG creates the balance of self-renewal versus differentiation
(Botquin et al., 1998; Boyer et al., 2005; Chambers et al., 2003; Mitsui et al., 2003; Niwa et al., 2000). It has
been shown that the key stemness genes such as Nanog and Sox2 are associated with PML (Salmina et
al., 2010; Tang et al., 2016). Our �ndings show that the PML protein is present in developing
spermatogonial stem cells of developing mouse testis, even before earning the ability to produce mature
sperms (Fig. 3). Thus, this could an evidence for its role in the stemness and gene regulatory network
during postnatal development of the spermatogonial stem cells.
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Conclusions
In conclusion, we have shown that PML protein is co-expressed with OCT4 in the outermost cellular layer
of seminiferous tubules, where the spermatogonial stem cells are located during the development of
mouse testis. The spermatogonial stem cells originate from the primordial germ cells (PGCs) and
gonocytes which are tightly controlled by OCT4. Therefore, the next question would be whether PML is
present in PGCs. Further studies will be needed to reveal the function of PML in the stemness of these
cells.

Methods

Tissue samples
Adult male CD1 mice (weighing 200 g–250 g; 6 weeks of age) were purchased from the animal facility of
Mashhad University of Medical Sciences and housed in stainless steel cages. The experiment was
performed according to the guidelines for the Animal Care Committee of Ferdowsi University of Mashhad,
Mashhad, Iran. Mice were kept in a controlled environment at 25 ± 3 °C, the humidity of 40–65%, 12 h
light/dark cycle, and free access to food and drinking water. The testes from one-day, two-, four-, and six-
weeks old and adult (> 6 weeks of age) male mice were surgically removed and immediately placed in the
�xator solution.

Cell lines
McCoy B mouse �broblasts, mouse �broblast STO, and P19 mouse embryonal carcinoma cell lines were
were cultured in DMEM (Dulbecco's Modi�ed Eagle Medium; Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) supplemented with 10% FBS (fetal bovine serum; Invitrogen GmbH, Darmstadt, Germany) and
10,000 units penicillin and 10 mg streptomycin/ml (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany).
All three cell lines were maintained at 37 °C in an atmosphere of 5% CO2 in the air.

Immunocytochemistry
All three cell lines were cultured on sterile coverslips in the culture medium and subjected to the
immunocytochemical analysis. All stages of �xation, permeabilization, and immunolabelling were
performed on cells cultured on coverslips. Cells were washed in phosphate-buffered saline (PBS) and
were �xed in fresh 2% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, USA) in PBS
(pH, 7.50) for 10 minutes at room temperature (RT). Fixed cells were washed three times with 1x PBS,
permeabilized by 0.1% Triton X-100 in PBS for 5 min, and rinsed three more times with 1x PBS.
Permeabilized cells were labeled with the mouse anti-promyelocytic leukemia protein monoclonal
antibody (1:300; Chemicon/Millipore, Temecula, USA) for 2 hours at RT. After three washes with PBS, the
donkey anti-mouse IgG labeled with Cy3 (1:500, Jackson ImmunoResearch Laboratories, Inc. West Grove,
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USA) used as the secondary antibody. After three washes with PBS the immunolabelled cells were
mounted on the slide in drops of anti-fade (0.1M propyl gallate dissolved in 90% glycerol in PBS) plus
300 nM 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St Louis, USA). Slides were stored in 4 °C and
dark conditions before �uorescence imaging. Cells were imaged with a AH3-RFC �uresence microscope
(Olympus, Japan) equipped with D Plan Apochromat 20X UV and D Plan Apochromat 40X UV objectives
and a DP71 digital camera (Olympus, Japan).

For Immunocytochemistry based on horseradish peroxidase (HRP), mouse �broblast STO and P19
mouse embryonal carcinoma cell lines were quickly washed with 1x PBS and were �xed in fresh 2%
paraformaldehyde in PBS (pH, 7.50) for 10 minutes at RT. Fixed cells were washed three times with 1x
PBS and permeabilized with 0.5% Triton X-100 in PBS for 5 min. After washing with 1x PBS, 3% H2O2
was added to remove the activity of endogenous peroxidases. After another washing with 1x PBS, cells
were labeled with the mouse anti-promyelocytic leukemia protein monoclonal antibody (1:300;
Chemicon/Millipore, Temecula, USA) for overnight at 4 °C. After another wash with PBS, the goat anti-
mouse IgG-HRP secondary antibody (1:500) was added to the cells. After a wash with 1x PBS,
diaminobenzidine (DAB) as a peroxidase substrate was added. Cells were washed with 1x PBS and
rinsed three more times with pure ethanol and Xylen for 5 min. Finally, the cell samples were mounted
using Entellan (Sigma-Aldrich, St Louis, USA) and were imaged under a BX51 light microscope (Olympus,
Japan) equipped with UPlanSApo Plan Apochromat 20X and Plan C 40X/0.65na objectives, and a digital
camera (Olympus, Japan).

Histological preparations and immunohistochemistry
Testes from neonatal (postnatal day 1), juvenile (day 14 and 4 weeks old) and adult (> 6 weeks of age)
mice were dissected and �xed in 4% PFA in PBS for 2 hours (for neonatal testes), or overnight (for juvenile
and adult testes) at RT. Fixed tissues were processed for para�n embedding. For each testis tissue, three
4 µm serial sections were cut from para�n-embedded blocks. Sections were depara�nized in xylene (two
times, 15 min each), rehydrated in graded ethanol series (2 × 100% for 10 min, 1 × 95% for 5 min, 1 × 80%
for 5 min, 1 × 70% for 5 min, 1 × 50% for 5 min) and rinsed in PBS (2 × 10 min). Then slides were
incubated in the sodium citrate antigen retrieval buffer (10 mM Sodium Citrate, pH, 6.00) for 20 min at
97.5 °C and allowed to cool at room temperature. After rinsing twice in water and 1x PBS, non-speci�c
binding sites were blocked by incubation with the blocking buffer (1 × PBS containing 1% bovine serum
albumin) for 1 h at RT. Primary antibodies including mouse anti-PML and mouse anti-OCT4 (1:300) were
diluted in the blocking buffer and added to tissue sections for an overnight incubation at 4 °C in a humid
chamber. After two times washing in 1x PBS for 5 min, the sections were treated with 0.3% H2O2 for
15 min at RT to block the endogenous peroxidase activity. Both desired proteins, PML and OCT4, from
each mouse were incubated with the secondary antibodies (goat IgG or donkey IgG) conjugated with HRP
(1:500) for 30 min at room temperature. Sections were washed two times with PBS for 5 min and treated
with DAB. Also, one section from each mouse was stained by hematoxylin and eosin (H&E) which was
used to evaluate testicular morphology. The slides were sealed in the mounting medium and studied
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under a BX51 light microscope (Olympus, Japan) equipped with UPlanSApo Plan Apochromat 20X and
Plan C 40X/0.65na objectives, and a digital camera (Olympus, Japan).

For Immuno�uorescence staining, the dissected testes were embedded immediately in the OCT medium
(Miles Scienti�c, Elkhart, USA) in the cryostat chamber (-30 °C). This system provided cut sections with
5 µm thickness which mounted on the poly-L-lysine (Sigma-Aldrich, St Louis, USA) coated slides. Before
staining, the slides were warmed at RT for 30 minutes and �xed in 4% PFA for 20 minutes. Then, they
were air-dried for 30 minutes. After washing with 1x PBS (2 × 10 min), permeabilization was performed in
0.1% Triton X-100 in PBS at RT for 10 min, which was followed by two rinses of 1x PBS. Nonspeci�c
binding sites in tissue sections were blocked by incubation with the blocking buffer for 1 h at RT. The
mouse anti-PML (1:300) primary antibody was diluted in the blocking buffer and added to tissue sections
for overnight incubation at 4 °C in a humid chamber. After incubation, the slides were washed two times
(10 min each) in 1x PBS. The secondary antibody labeling was performed using the donkey anti-mouse
IgG-labelled cy3 (1:500, Jackson ImmunoResearch Laboratories, Inc. West Grove, PA, USA) for 30 min at
RT. Then, slides were washed two times (10 min each) in PBS. Drops of anti-fade plus DAPI was added to
the immunolabelled slides. The edges of the coverslips were sealed with the nail polish and allowed to
air-dry. Slides were kept in the cold (4 °C) and dark conditions before �uorescence imaging. Imaging was
performed using an AH3-RFC �uresence microscope (Olympus, Japan) equipped with D Plan Apochromat
20X UV and D Plan Apochromat 40X UV objectives and a DP71 digital camera (Olympus, Japan).
Photomicrographs were analyzed using DP controller software.

Abbreviations
PML: promyelocytic leukemia

PML NBs: Promyelocytic leukemia nuclear bodies

PGCs: primordial germ cells

SUMO: Small Ubiquitin-like Modi�er

DAXX: Death domain-associated protein

Oct-4: octamer-binding transcription factor 4

SOX2: SRY-Box Transcription Factor 2

DAPI: 4′,6-diamidino-2-phenylindole

PBS: Phosphate-buffered saline

DMEM: Dulbecco's Modi�ed Eagle Medium

FBS: fetal bovine serum
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HRP: horseradish peroxidase

DAB: 3,3'-Diaminobenzidine

H&E: hematoxylin and eosin

RT: room temperature

Declarations

Ethics approval and consent to participate
The ethical approval for this study was issued by the Committee on Research Ethics of the Ferdowsi
University of Mashhad, based on the Ethical Guidelines of Research from The Ministry of Science,
Research and Technology of Iran, and following the Declaration of Helsinki.

Consent for publication
No identifying patient information is included in this report.

Availability of data and material
The data used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Competing interests
The authors declare that they have no con�ict of interest.

Funding
This study was �nancially supported by Ferdowsi University of Mashhad, Iran.

Authors’ contributions
Conceived and designed the experiments: HD and AT. Performed the experiments: AT. Analyzed the data:
AT and HD. Supervised the experiments: HD. Wrote the manuscript: AT and HD. All authors read and
approved the �nal manuscript.



Page 9/15

Acknowledgments
Authors would like to thank Mrs. Mahnaz Kohanghadr for technical assistance throughout the project
and Mrs. Safoura Soleymani for writing assistance.  

References
1. Ahmed, K., Dehghani, H., Rugg-Gunn, P., Fussner, E., Rossant, J., and Bazett-Jones, D.P. (2010). Global

chromatin architecture re�ects pluripotency and lineage commitment in the early mouse embryo.
PLoS One 5, e10531–e10531.

2. Bazett-Jones, D.P., Li, R., Fussner, E., Nisman, R., and Dehghani, H. (2008). Elucidating chromatin and
nuclear domain architecture with electron spectroscopic imaging. Chromosom. Res. 16, 397–412.

3. Bernardi, R., and Pandol�, P.P. (2007). Structure, dynamics and functions of promyelocytic leukaemia
nuclear bodies. Nat. Rev. Mol. Cell Biol. 8, 1006–1016.

4. Bernardi, R., Papa, A., and Pandol�, P.P. (2008). Regulation of apoptosis by PML and the PML-NBs.
Oncogene.

5. Block, G.J., Eskiw, C.H., Dellaire, G., and Bazett-Jones, D.P. (2006). Transcriptional Regulation Is
Affected by Subnuclear Targeting of Reporter Plasmids to PML Nuclear Bodies. Mol. Cell. Biol.

�. Botquin, V., Hess, H., Fuhrmann, G., Anastassiadis, C., Gross, M.K., Vriend, G., and Schöler, H.R. (1998).
New POU dimer con�guration mediates antagonistic control of an osteopontin preimplantation
enhancer by Oct-4 and Sox-2. Genes Dev. 12, 2073–2090.

7. Boyer, L.A., Tong, I.L., Cole, M.F., Johnstone, S.E., Levine, S.S., Zucker, J.P., Guenther, M.G., Kumar,
R.M., Murray, H.L., Jenner, R.G., et al. (2005). Core transcriptional regulatory circuitry in human
embryonic stem cells. Cell.

�. Chambers, I., Colby, D., Robertson, M., Nichols, J., Lee, S., Tweedie, S., and Smith, A. (2003).
Functional expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells.
Cell 113, 643–655.

9. Chuang, Y.-S., Huang, W.-H., Park, S.W., Persaud, S.D., Hung, C.-H., Ho, P.-C., and Wei, L.-N. (2011).
Promyelocytic leukemia protein in retinoic acid-induced chromatin remodeling of Oct4 gene
promoter. Stem Cells 29, 660–669.

10. Dann, C.T., Alvarado, A.L., Molyneux, L.A., Denard, B.S., Garbers, D.L., and Porteus, M.H. (2008).
Spermatogonial Stem Cell Self-Renewal Requires OCT4, a Factor Downregulated During Retinoic
Acid-Induced Differentiation. Stem Cells.

11. Dehghani, H., and Hahnel, A.C. (2005). Expression pro�le of protein kinase C isozymes in
preimplantation mouse development. Reproduction 130, 441–451.

12. Dehghani, H., Narisawa, S., Millán, J.L., and Hahnel, A.C. (2000). Effects of disruption of the
embryonic alkaline phosphatase gene on preimplantation development of the mouse. Dev. Dyn. 217,
440–448.



Page 10/15

13. Dehghani, H., Dellaire, G., and Bazett-Jones, D.P. (2005a). Organization of chromatin in the interphase
mammalian cell. Micron 36, 95–108.

14. Dehghani, H., Reith, C., and Hahnel, A.C. (2005b). Subcellular localization of protein kinase C delta
and epsilon affects transcriptional and post-transcriptional processes in four-cell mouse embryos.
Reproduction 130, 453–465.

15. Dellaire, G. (2006). Mitotic accumulations of PML protein contribute to the re-establishment of PML
nuclear bodies in G1. J. Cell Sci. 119, 1034–1042.

1�. Dellaire, G., and Bazett-Jones, D.P. (2004). PML nuclear bodies: Dynamic sensors of DNA damage
and cellular stress. BioEssays 26, 963–977.

17. Dellaire, G., Ching, R.W., Ahmed, K., Jalali, F., Tse, K.C.K., Bristow, R.G., and Bazett-Jones, D.P. (2006a).
Promyelocytic leukemia nuclear bodies behave as DNA damage sensors whose response to DNA
double-strand breaks is regulated by NBS1 and the kinases ATM, Chk2, and ATR. J. Cell Biol. 175,
55–66.

1�. Dellaire, G., Eskiw, C.H., Dehghani, H., Ching, R.W., and Bazett-Jones, D.P. (2006b). Mitotic
accumulations of PML protein contribute to the re-establishment of PML nuclear bodies in G1. J. Cell
Sci. 119, 1034–1042.

19. Dellaire, G., Ching, R.W., Dehghani, H., Ren, Y., and Bazett-Jones, D.P. (2006c). The number of PML
nuclear bodies increases in early S phase by a �ssion mechanism. J. Cell Sci. 119, 1026–1033.

20. Dellaire, G., Eskiw, C.H., Dehghani, H., Ching, R.W., and Bazett-Jones, D.P. (2006d). Mitotic
accumulations of PML protein contribute to the re-establishment of PML nuclear bodies in G1. J. Cell
Sci. 119, 1034–1042.

21. Ebrahimian, M., Mojtahedzadeh, M., Bazett-Jones, D., and Dehghani, H. (2010). Transcript isoforms
of promyelocytic leukemia in mouse male and female gametes. Cells Tissues Organs 192, 374–381.

22. Efroni, S., Duttagupta, R., Cheng, J., Dehghani, H., Hoeppner, D.J., Dash, C., Bazett-Jones, D.P., Le
Grice, S., McKay, R.D.G., Buetow, K.H., et al. (2008). Global transcription in pluripotent embryonic stem
cells. Cell Stem Cell 2, 437–447.

23. Es-haghi, M., Soltanian, S., and Dehghani, H. (2016). Perspective: Cooperation of Nanog, NF-κΒ, and
CXCR4 in a regulatory network for directed migration of cancer stem cells. Tumor Biol. 37.

24. Eskiw, C.H., Dellaire, G., and Bazett-Jones, D.P. (2004). Chromatin Contributes to Structural Integrity of
Promyelocytic Leukemia Bodies through a SUMO-1-independent Mechanism. J. Biol. Chem. 279,
9577–9585.

25. Gupta, P., Ho, P.-C., Huq, M.M., Ha, S.G., Park, S.W., Khan, A.A., Tsai, N.-P., and Wei, L.-N. (2008).
Retinoic acid-stimulated sequential phosphorylation, PML recruitment, and SUMOylation of nuclear
receptor TR2 to suppress Oct4 expression. Proc. Natl. Acad. Sci. U. S. A. 105, 11424–11429.

2�. Hadjimichael, C., Chanoumidou, K., Nikolaou, C., Klonizakis, A., Theodosi, G.I., Makatounakis, T.,
Papamatheakis, J., and Kretsovali, A. (2017). Promyelocytic Leukemia Protein Is an Essential
Regulator of Stem Cell Pluripotency and Somatic Cell Reprogramming. Stem Cell Reports.



Page 11/15

27. Hofmann, M.C., Braydich-Stolle, L., and Dym, M. (2005). Isolation of male germ-line stem cells;
In�uence of GDNF. Dev. Biol.

2�. Hsu, K.S., and Kao, H.Y. (2018). PML: Regulation and multifaceted function beyond tumor
suppression. Cell Biosci.

29. Ito, K., Bernardi, R., Morotti, A., Matsuoka, S., Saglio, G., Ikeda, Y., Rosenblatt, J., Avigan, D.E., Teruya-
Feldstein, J., and Pandol�, P.P. (2008). PML targeting eradicates quiescent leukaemia-initiating cells.
Nature 453, 1072–1078.

30. Ito, K., Carracedo, A., Weiss, D., Arai, F., Ala, U., Avigan, D.E., Schafer, Z.T., Evans, R.M., Suda, T., Lee,
C.H., et al. (2012). A PML-PPAR-δ pathway for fatty acid oxidation regulates hematopoietic stem cell
maintenance. Nat. Med.

31. Ivanschitz, L., Takahashi, Y., Jollivet, F., Ayrault, O., Bras, M. Le, and De Thé, H. (2015). PML IV/ARF
interaction enhances p53 SUMO-1 conjugation, activation, and senescence. Proc. Natl. Acad. Sci. U.
S. A.

32. Lallemand-Breitenbach, V., and de Thé, H. (2010). PML nuclear bodies. Cold Spring Harb. Perspect.
Biol.

33. Lallemand-Breitenbach, V., and de Thé, H. (2018). PML nuclear bodies: from architecture to function.
Curr. Opin. Cell Biol.

34. Li, W., Ferguson, B.J., Khaled, W.T., Tevendale, M., Stingl, J., Poli, V., Rich, T., Salomoni, P., and Watson,
C.J. (2009). PML depletion disrupts normal mammary gland development and skews the
composition of the mammary luminal cell progenitor pool. Proc. Natl. Acad. Sci. U. S. A.

35. Meng, X., Lindahl, M., Hyvönen, M.E., Parvinen, M., De Rooij, D.G., Hess, M.W., Raatikainen-Ahokas, A.,
Sainio, K., Rauvala, H., Lakso, M., et al. (2000). Regulation of cell fate decision of undifferentiated
spermatogonia by GDNF. Science (80-. ).

3�. Mitsui, K., Tokuzawa, Y., Itoh, H., Segawa, K., Murakami, M., Takahashi, K., Maruyama, M., Maeda, M.,
and Yamanaka, S. (2003). The homeoprotein Nanog is required for maintenance of pluripotency in
mouse epiblast and ES cells. Cell 113, 631–642.

37. Niwa, H., Miyazaki, J.I., and Smith, A.G. (2000). Quantitative expression of Oct-3/4 de�nes
differentiation, dedifferentiation or self-renewal of ES cells. Nat. Genet.

3�. O’Connor, M.D., Kardel, M.D., Ios�na, I., Youssef, D., Lu, M., Li, M.M., Vercauteren, S., Nagy, A., and
Eaves, C.J. (2008). Alkaline Phosphatase-Positive Colony Formation Is a Sensitive, Speci�c, and
Quantitative Indicator of Undifferentiated Human Embryonic Stem Cells. Stem Cells 26, 1109–1116.

39. Ohsaki, Y., Kawai, T., Yoshikawa, Y., Cheng, J., Jokitalo, E., and Fujimoto, T. (2016). PML isoform II
plays a critical role in nuclear lipid droplet formation. J. Cell Biol.

40. Park, S.W., Hu, X., Gupta, P., Lin, Y.-P., Ha, S.G., and Wei, L.-N. (2007). SUMOylation of Tr2 orphan
receptor involves Pml and �ne-tunes Oct4 expression in stem cells. Nat. Struct. Mol. Biol. 14, 68–75.

41. Pesce, M., Wang, X., Wolgemuth, D.J., and Schöler, H.R. (1998). Differential expression of the Oct-4
transcription factor during mouse germ cell differentiation. Mech. Dev.



Page 12/15

42. Raverot, G., Weiss, J., Park, S.Y., Hurley, L., and Jameson, J.L. (2005). Sox3 expression in
undifferentiated spermatogonia is required for the progression of spermatogenesis. Dev. Biol.

43. Regad, T., Bellodi, C., Nicotera, P., and Salomoni, P. (2009). The tumor suppressor Pml regulates cell
fate in the developing neocortex. Nat. Neurosci.

44. Salmina, K., Jankevics, E., Huna, A., Perminov, D., Radovica, I., Klymenko, T., Ivanov, A., Jascenko, E.,
Scherthan, H., Cragg, M., et al. (2010). Up-regulation of the embryonic self-renewal network through
reversible polyploidy in irradiated p53-mutant tumour cells. Exp. Cell Res. 316, 2099–2112.

45. Scherer, M., Otto, V., Stump, J.D., Klingl, S., Müller, R., Reuter, N., Muller, Y.A., Sticht, H., and
Stamminger, T. (2016). Characterization of Recombinant Human Cytomegaloviruses Encoding IE1
Mutants L174P and 1-382 Reveals that Viral Targeting of PML Bodies Perturbs both Intrinsic and
Innate Immune Responses. J. Virol.

4�. Von Schönfeldt, V., Wistuba, J., and Schlatt, S. (2004). Notch-1, c-kit and GFRα-1 are developmentally
regulated markers for premeiotic germ cells. Cytogenet. Genome Res.

47. Tang, H., Jin, Y., Jin, S., Tan, Z., Peng, Z., and Kuang, Y. (2016). Arsenite inhibits the function of
CD133+ CD13+ liver cancer stem cells by reducing PML and Oct4 protein expression. Tumor Biol.

4�. Wang, J., Shiels, C., Sasieni, P., Wu, P.J., Islam, S.A., Freemont, P.S., and Sheer, D. (2004).
Promyelocytic leukemia nuclear bodies associate with transcriptionally active genomic regions. J.
Cell Biol.

49. Wang, Z.G., Delva, L., Gaboli, M., Rivi, R., Giorgio, M., Cordon-Cardo, C., Grosveld, F., and Pandol�, P.P.
(1998). Role of PML in cell growth and the retinoic acid pathway. Science (80-. ).

50. Welch, J.S., Yuan, W., and Ley, T.J. (2011). PML-RARA can increase hematopoietic self-renewal
without causing a myeloproliferative disease in mice. J. Clin. Invest.

51. Yoshida, S., Takakura, A., Ohbo, K., Abe, K., Wakabayashi, J., Yamamoto, M., Suda, T., and
Nabeshima, Y.I. (2004). Neurogenin3 delineates the earliest stages of spermatogenesis in the mouse
testis. Dev. Biol.

52. Zare, K., Shademan, M., Ghahramani Seno, M.M., and Dehghani, H. (2018). CRISPR/Cas9 Knockout
Strategies to Ablate CCAT1 lncRNA Gene in Cancer Cells 06 Biological Sciences 0604 Genetics. Biol.
Proced. Online.

53. Zhou, W., Cheng, L., Shi, Y., Ke, S.Q., Huang, Z., Fang, X., Chu, C. wei, Xie, Q., Bian, X. wu, Rich, J.N., et
al. (2015). Arsenic trioxide disrupts glioma ste

Figures



Page 13/15

Figure 1

PML expression in the outermost layer of seminiferous tubules at different time points after birth and
during maturation. The expression of PML protein was evaluated by immunocytochemistry in the nucleus
of the McCoy B cell as a positive control. PML expression was identi�ed as red immuno�uorescence in
the outermost layer of seminiferous tubules during development. For positive controls and each
developmental stage, DAPI-stained nuclei and merged images are shown.
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Figure 2

Expression of PML and OCT4 in the germinal epithelium of seminiferous tubules at different time points
after birth and during maturation. The expression of OCT4 and PML proteins were detected in positive
control P19 and STO cell lines, respectively. Mirror sections of mouse postnatal development were
stained by H&E and immunohistochemistry for PML and OCT4 to identify the position of seminiferous
tubular cells and to observe the co-expression of these signals in the testicular tissue.
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Figure 3

An infographic depiction of PML expression and formation of PML NBs during mouse spermatogenesis,
and early embryonic development. This image summarizes our �ndings in a previous study (Ebrahimian
et al., 2010) and this study showing that the developing spermatogonial stem cells in seminiferous
tubules contain PML NBs, while mature sperm and oocyte do not show PML NBs, even after fertilization
in the 1-cell-stage embryo. The �rst appearance of PML NBs is in the 2-cell-stage embryo.


