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Aims and Scope: The "Cell Journal (Yakhteh)" is a peer review and quarterly English publication of Royan Institute of Iran. 
The aim of the journal is to disseminate information through publishing the most recent scientific research studies on exclu-
sively Cellular, Molecular and other related topics. Cell J, has been certified by the Ministry of Culture and Islamic Guidance 
since 1999 and also accredited as a scientific and research journal by HBI (Health and Biomedical Information) Journal Ac-
creditation Commission since 2000 which is an open access journal. This journal holds the membership of the Committee 
on Publication Ethics (COPE).

1. Types of articles 

The articles in the field of Cellular and Molecular can be considered for publications in Cell J. These articles are as below:

A. Original articles Original articles are scientific reports of the original research studies. The article consists of English 
Abstract (structured), Introduction, Materials and Methods, Results, Discussion, Conclusion, Acknowledgements, Author’s 
Contributions, and References (Up to 40).  Sample 

B. Review articles Review articles are the articles written by well experienced authors and those who have excellence in the 
related fields. The corresponding author of the review article must be one of the authors of at least three published articles 
appearing in the references. The review article consists of English Abstract (unstructured), Introduction, Conclusion, Author’s 
Contributions, and References (Up to 70). Sample

C. Systematic Reviews 

Systematic reviews are a type of literature review that collect and critically analyzes multiple research studies or papers. The Sys-
tematic reviews consist of English Abstract (unstructured), Introduction, Materials and Methods, Results, Discussion, Conclusion, 
Acknowledgements, Author’s Contributions, and References (Up to 70). Sample

D. Short communications Short communications are articles containing new findings. Submissions should be brief reports 
of ongoing researches. The short communication consists of English Abstract (unstructured), the body of the manuscript 
(should not hold heading or subheading), Acknowledgements, Author’s Contributions, and References (Up to 30). Sample

E. Case reports Case reports are short discussions of a case or case series with unique features not previously described 
which make an important teaching point or scientific observation. They may describe novel techniques or use equipment, or 
new information on diseases of importance. It consists of English Abstracts (Unstructured), Introduction, Case Report, Dis-
cussion, Acknowledgements, Author’s Contributions, and References (Up to 30).  Sample 

F. Editorial Editorial should be written by either the editor in chief or the editorial board.

G. Imaging in biology Images in biology should focus on a single case with an interesting illustration such as a photograph, 
histological specimen or investigation. Color images are welcomed. The text should be brief and informative. 

H. Letter to the editors Letter to editors are welcome in response to previously published Cell J articles, and may also include 
interesting cases that do not meet the requirement of being truly exceptional, as well as other brief technical or clinical notes of 
general interest.  Sample

I. Debate.

2. Submission Process

It is recommended to see the guidelines for reporting different kinds of manuscripts here. This guide explains how to pre-
pare the manuscript for submission. Before submitting, we suggest authors to familiarize themselves with Cell J format and 
content by reading the journal via the website (www.celljournal.com). The corresponding author ensures that all authors are 
included in the author list and agree with its order, and they must be aware of the manuscript submission.

A. Author contributions statements

It is essential for authors to include a statement of responsibility in the manuscript that specifies the contribution of every one 
of them. This participation must include conception and design of the manuscript, data acquisition or data analysis and inter-
pretation, drafting of the manuscript and/or revising it for critically important intellectual content, revision and final approval 
of the manuscript and statistical analysis, obtaining funding, administrative, technical, or material support, or supervision. 
Authors who do not meet the above criteria should be acknowledged in the Acknowledgments section.

B. Cover letter 

Each manuscript should be accompanied by a cover letter, signed by all authors specifying the following statement: "The 



manuscript has been seen and approved by all authors and is not under active consideration for publication. It has neither 
been accepted for publication nor published in another journal fully or partially (except in abstract form). I hereby assign the 
copyright of the enclosed manuscript to Cell J. Corresponding author must confirm the proof of the manuscript before online 
publishing. Also, is it needed to suggest three peer reviewers in the field of their manuscript.

C. Manuscript preparation

Authors whose first language is not English encouraged to consult a native English speaker in order to confirm his manuscripts 
to American or British (not a mixture) English usage and grammar. It is necessary to mention that we will check the plagia-
rism of your manuscript by iThenticate Software.  The manuscript should be prepared in accordance with the "International 
Committee of Medical Journal Editors (ICMJE)". Please send your manuscript in two formats Word and Pdf (including: title, 
name of all the authors with their degree, abstract, full text, references, tables and figures) and Also send tables and figures 
separately in the site. The abstract and text pages should have consecutive line numbers in the left margin beginning with the 
title page and continuing through the last page of the written text. Each abbreviation must be defined in the abstract and text 
when they are mentioned for the first time. Avoid using abbreviation in the title. Please use the international and standard ab-
breviations and symbols

It should be added that an essential step toward the integration and linking of scientific information reported in published lit-
erature is using standardized nomenclature in all fields of science and medicine. Species names must be italicized (e.g., Homo 
sapiens) and also the full genus and species written out in full, both in the title of the manuscript and at the first mention of an 
organism in a paper.

It is necessary to mention that genes, mutations, genotypes, and alleles must be indicated in italics. Please use the recommend-
ed name by consulting the appropriate genetic nomenclature database, e.g., HUGO for human genes. In another words; if it is 
a human gene, you must write all the letters in capital and italic (e.g., OCT4, c-MYC). If not, only write the first letter in capital 
and italic (e.g., Oct4, c-Myc). In addition, protein designations are the same as the gene symbol but are not italicized.

Of note, Cell J will only consider publishing genetic association study papers that are novel and statistically robust. Authors 
are advised to adhere to the recommendations outlined in the STREGA statement (http://www.strega-statement.org). The fol-
lowing criteria must be met for all submissions:

1. Hardy-Weinberg Equilibrium (HWE) calculations must be carried out and reported along with the P-values if applicable 
[see Namipashaki et al. 2015 (Cell J, Vol 17, N 2, Pages: 187-192) for a discussion].

2. Linkage disequilibrium (LD) structure between SNPs (if multiple SNPs are reported) must be presented.

3. Appropriate multiple testing correction (if multiple independent SNPs are reported) must be included.

Submissions that fail to meet the above criteria will be rejected before being sent out for review.

Each of the following manuscript components should begin in the following sequence:

Authors’ names and order of them must be carefully considered (full name(s), highest awarded academic degree(s), email(s), 
and institutional affiliation(s) of all the authors in English. Also, you must send mobile number and full postal address of the 
corresponding author). 

Changes to Authorship such as addition, deletion or rearrangement of author names must be made only before the manu-
script has been accepted in the case of approving by the journal editor. In this case, the corresponding author must explain the 
reason of changing and confirm them (which has been signed by all authors of the manuscript). If the manuscript has already 
been published in an online issue, an erratum is needed.

Title is providing the full title of the research (do not use abbreviations in title).

Running title is providing a maximum of 7 words (no more than 50 characters).

Abstract must include Objective, Materials and Methods, Results, and Conclusion (no more than 300 words).

Keywords, three to five, must be supplied by the authors at the foot of the abstract chosen from the Medical Subject Heading 
(MeSH). Therefore; they must be specific and relevant to the paper.

The following components should be identified after the abstract:

Introduction: The Introduction should provide a brief background to the subject of the paper, explain the importance of the 
study, and state a precise study question or purpose.

Materials and Methods:  It includes the exact methods or observations of experiments. If an apparatus is used, its 
manufacturer’s name and address should be stipulated in parenthesis. If the method is established, give reference but if the 
method is new, give enough information so that another author can perform it. If a drug is used, its generic name, dose, and 



route of administration must be given. Standard units of measurements and chemical symbols of elements do not need to be 
defined.

Statistical analysis: Type of study and statistical methods should be mentioned and specified by any general computer pro-
gram used.. 

Ethical considerations: Please state that informed consent was obtained from all human adult participants and from the par-
ents or legal guardians of minors and include the name of the appropriate institutional review board that approved the project. 
It is necessary to indicate in the text that the maintenance and care of experimental animals complies with National Institutes 
of Health guidelines for the humane use of laboratory animals, or those of your Institute or agency.

Clinical trial registration: All of the Clinical Trials performing in Iran must be registered in Iranian Registry of Clinical Tri-
als (www.irct.ir). The clinical trials performed abroad, could be considered for publication if they register in a registration site 
approved by WHO or www.clinicaltrials.gov. If you are reporting phase II or phase III randomized controlled trials, you must 
refer to the CONSORT Statement for recommendations to facilitate the complete and transparent reporting of trial findings. 
Reports that do not conform to the CONSORT guidelines may need to be revised before peer-reviewing.

Results: They must be presented in the form of text, tables, and figures. Take care that the text does not repeat data that are 
presented in tables and/or figures. Only emphasize and summarize the essential features of the main results. Tables and figures 
must be numbered consecutively as appeared in the text and should be organized in separate pages at the end of the manuscript 
while their location should be mentioned in the main text.

Tables and figures: If the result of your manuscript is too short, it is better to use the text instead of tables & figures. Tables 
should have a short descriptive heading above them and also any footnotes. Figure’s legend should contain a brief title for 
the whole figure and continue with a short explanation of each part and also the symbols used (no more than 100 words). All 
figures must be prepared based on cell journal’s guideline in color (no more than 6 Figures and Tables) and also in GIF or 
JPEG format.

Of Note: Please put the tables & figures of the result in the results section not any other section of the manuscript.

Supplementary materials would be published on the online version of the journal. This material is important to the understanding 
and interpretation of the report and should not repeat material within the print article. The amount of supplementary material 
should be limited. Supplementary material should be original and not previously published and will undergo editorial and 
peer review with the main manuscript. Also, they must be cited in the manuscript text in parentheses, in a similar way as when 
citing a figure or a table. Provide a legend for each supplementary material submitted.

Discussion: It should emphasize the present findings and the variations or similarities with other researches done by other 
researchers. The detailed results should not be repeated in the discussion again. It must emphasize the new and important 
aspects of the study.

Conclusion: It emphasizes the new and important aspects of the study. All conclusions are justified by the results of the study.

Acknowledgements: This part includes a statement thanking those who contributed substantially with work relevant to 
the study but does not have authorship criteria. It includes those who provided technical help, writing assistance and name 
of departments that provided only general support. You must mention financial support in the study. Otherwise; write this 
sentence "There is no financial support in this study". 

Conflict of Interest: Any conflict of interest (financial or otherwise) and sources of financial support must be listed in the Ac-
knowledgements. It includes providers of supplies and services from a commercial organization. Any commercial affiliation 
must be disclosed, regardless of providing the funding or not. 

References: The references must be written based on the Vancouver style. Thus the references are cited numerically in the text 
and listed in the bibliography by the order of their appearance. The titles of journals must be abbreviated according to the style 
used in the list of Journals Indexed in PubMed. Write surname and initials of all authors when there are six or less. In the case 
of seven or more authors, the names of the first six authors followed by "et al." must be listed. You can download Endnote file 
for Journal references style: endnote file

The reference of information must be based on the following order:

Article:

Surname(s) and first letter of name &middle name(s) of author(s) .Manuscript title. Journal title (abbr).publication date (year); 
Volume & Issue: Page number.

Example: Manicardi GC, Bianchi PG, Pantano S, Azzoni P, Bizzaro D, Bianchi U, et al. Presence of endogenous nicks in DNA 
of ejaculated human spermatozoa and its relationship to chromomycin A3 accessibility. Biol Reprod. 1995; 52(4): 864-867.



Book:

Surname(s) and first letter of name & middle name(s) of author(s).Book title. Edition. Publication place: publisher name; 
publication date (year); Page number.

Example: Edelman CL, Mandle CL. Health promotion throughout the lifespan. 2nd ed. ST Louis: Mosby; 1998; 145-163.

Chapter of book:

Surname(s) and first letter of name & middle name(s) of author(s).Chapter title. In: Surname(s) and first letter of name & mid-
dle name(s) of editor(s), editors. Book title. Edition. Publication place: publisher name; publication date (year); Page number.

Example: Phillips SJ, Whisnant JP. Hypertension and stroke. In: Laragh JH, Brenner BM, editors. Hypertension: pathophysi-
ology, diagnosis, and management. 2nd ed. New York: Raven Press; 1995; 465-478.

Abstract book:

Example: Amini rad O.The antioxidant effect of pomegranate juice on sperm parameters and fertility potential in mice. Cell 
J. 2008;10 Suppl 1:38.

Thesis:

Name of author. Thesis title. Degree. City name. University. Publication date (year).

Example: Eftekhari Yazdi P. Comparison of fragment removal and co-culture with Vero cell monolayers on development of 
human fragmented embryos. Presented for the Ph.D., Tehran. Tarbiyat Modarres University. 2004.

Internet References

Article:

Example: Jahanshahi A, Mirnajafi-Zadeh J, Javan M, Mohammad-Zadeh M, Rohani M. Effect of low-frequency stimulation 
on adenosineA1 and A2A receptors gene expression in dentate gyrus of perforant path kindled rats. Cell J. 2008; 10 (2): 87-92. 
Available from: http://www.celljournal.org. (20 Oct 2008).

Book:

Example: Anderson SC, Poulsen KB. Anderson’s electronic atlas of hematology.[CD-ROM]. Philadelphia: Lippincott Williams & 
Wilkins; 2002. 

D. Proofs Proofs are sent by email as PDF files and should be checked and returned within 72 hours of receipt. It is the authors’ 
responsibility to check that all the text and data as contained in the page proofs are correct and suitable for publication. We are 
requested to pay particular attention to author’s names and affiliations as it is essential that these details be accurate 
when the article is published.

E. Pay for publication:  Authors do not have to pay any Manuscript Processing Charge or Open Access Publication Fee. 
Before publishing author’s article, it would be the author’s responsibility to pay for the expenses, if the editor feels the 
level of English used in the manuscript requiresediting. 

F. Ethics of scientific publication: Manuscripts that have been published elsewhere with the same intellectual material will 
refer to duplicate publication. If authors have used their own previously published work or work that is currently under re-
view, as the basis for a submitted manuscript, they are required to cite the previous work and indicate how their submitted 
manuscript offers novel contributions beyond those of the previous work. Research and publication misconduct is considered 
a serious breach of ethics.

The Journal systematically employs iThenticate, plagiarism detection and prevention software designed to ensure the origi-
nality of written work before publication. Plagiarism of text from a previously published manuscript by the same or another 
author is a serious publication offence. Some parts of text may be used, only where the source of the quoted material is clearly 
acknowledged.

3. General information 

A. You can send your manuscript via online submission system which is available on our website. If the manuscript is not 
prepared according to the format of Cell J, it will be returned to authors. 

B. The order of article appearance in the Journal is not demonstrating the scientific characters of the authors.

C. Cell J has authority to accept or reject the manuscript.

D. The received manuscript will be evaluated by associate editor. Cell J  uses a single-blind peer review system  and if the 
manuscript suits the journal criteria, we select the reviewers. If three reviewers pass their judgments on the manuscript, it will 



be presented to the editorial board of Cell J. If the editorial board has a positive judgment about the manuscript, reviewers’ 
comments will be presented to the corresponding author (the identification of the reviewers will not be revealed). The execu-
tive member of journal will contact the corresponding author directly within 3-4 weeks by email. If authors do not receive 
any reply from journal office after the specified time, they can contact journal office. Finally, executive manager will respond 
promptly to authors’  request.

The Final Checklist 

The authors must ensure that before submitting the manuscript for publication, they have to consider the following parts:

1. Title page should contain title, name of the author/coauthors, their academic qualifications, designation & institutions they 
are affiliated with, mailing address for future correspondence, email address, phone, and fax number.

2. Text of manuscript and References prepared as stated in the "guide for authors" section.

3. Tables and figures should be uploaded separately except in the main manuscript. Figures must be sent in color and also in 
GIF or JPEG format with 300 dpi resolutions.

4. Cover Letter should be uploaded with signature of all authors.

The Editor-in-Chief: Ahmad Hosseini, Ph.D.

Cell Journal (Yakhteh),

P.O. Box: 16635-148, Iran

Tel/Fax: + 98-21-22510895

Emails: Celljournal@royaninstitute.org

info@celljournal.org
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Abstract
Specific developmental characteristics of the chicken make it an attractive model for the generation of transgenic 
organisms. Chicken possess a strong potential for recombinant protein production and can be used as a powerful 
bioreactor to produce pharmaceutical and nutritional proteins. Several transgenic chickens have been generated during 
the last two decades via viral and non-viral transfection. Culturing chicken primordial germ cells (PGCs) and their ability 
for germline transmission ushered in a new stage in this regard. With the advent of CRISPR/Cas9 system, a new phase 
of studies for manipulating genomes has begun. It is feasible to integrate a desired gene in a predetermined position of 
the genome using CRISPR/Cas9 system. In this review, we discuss the new approaches and technologies that can be 
applied to generate a transgenic chicken with regards to recombinant protein productions.  
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Introduction

The first genetically modified chicken was reported 
in 1989 (1, 2) and thereafter many other transgenic 
avian species have been generated, with special 
attention  to chicken and quail (2). These transgenic 
species possess a great potential for many purposes, 
including the poultry industry, medicine and drug 
manufacturing, developmental studies, research and 
investigation of disease susceptibility and creating 
biomedical models for different scientific purposes (2-
4). Many scientists around the world have focused on 
exploiting transgenic technology to generate transgenic 
chicken for a practice known as biopharming, since 
the chicken egg  is used as a preferential bioreactor 
to produce pharmaceutical and nutritional proteins (5, 
6). The most interesting aspect of this new technology 
is the potential to produce therapeutic recombinant 
proteins in large quantities. The market demand for 
some of these recombinant proteins (for example 
monoclonal antibodies) are high; so a high producing 
system is required (7). 

Overall, transgenic animals and transgenic chicken, 
in particular,  represent a great potential for production 
of therapeutic recombinant proteins, because they have 
the ability to produce very complex and active proteins 
while at the same time providing the appropriate 
posttranslational modifications (8, 9). An inability to 
provide the appropriate translational modifications is 
the most important drawback of bacterial bioreactors 

(10), the most cost-effective system. Transgenic 
animals are superior (9) to transgenic plants (11, 12) 
and insects which have a relatively slow production 
setup (9). With regard to production cost, a transgenic 
animal farm is much more cost-effective  than building 
a large-scale manufacturing facility for culturing 
mammalian cells (13, 14) which Dyck et al. (15) 
estimates would likely cost over five times more than 
that needed to produce transgenic animals. The time 
and expense needed for chicken to reach maturity 
and begin to produce target compounds is much less 
than those needed with other farm animals. Although 
chicken pose the risk of zoonotic diseases, the risk can 
almost be eliminated by using a closed rearing system 
and well established specific-pathogen-free (SPF) 
protocols. For the reasons covered above, chicken 
seems to be the best farm animal to be used as a 
transgenic bioreactor (16). 

Egg white provides a promising substrate where 
a protein of interest can be accumulated in large 
amounts and subsequently be easily harvested for 
purification. The ovalbumin promoter facilitates 
localized production of ovalbumin, the main protein in 
egg white. This promoter can be modified to regulate 
production of a gene of interest (GOI) in oviduct cells 
in which the egg white is produced (17). In this short 
review, we explain the possibility of applying these 
new technologies in generating transgenic chicken. 
At the end, we describe a promising new strategy for 
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generating a transgenic chicken which does not require 
insertion of an exogenous promoter in the construct.

Methods for introducing the gene construct
Traditionally, DNA microinjection into the pronucleus 

of a freshly fertilized egg is used as the method of 
choice in order to introduce the genes in mammalian 
transgenesis (18, 19). However, microinjection cannot 
be easily applied to chicken, because there are more 
than 50000 cells in a freshly-laid fertilized chicken 
egg (20, 21). For this reason, microinjection can only 
be used on early stage fertile embryos collected from 
sacrificed hens (22, 23). Using this method, Love et al. 
(22) were able to generate a mosaic transgenic rooster 
carrying the lacZ gene. However, the offspring never 
expressed the protein. Even though microinjection can 
be successful, it is a slow and inefficient method for 
creating transgenic chicken. In addition, every time 
microinjection is performed, a hen must be sacrificed 
to collect the fertilized eggs (21). Furthermore, even 
in cases of successfully generated  transgenic chicken, 
the desired protein production may not be achieved 
due to gene silencing or a positional effect of the gene 
(7, 24).

An alternative to microinjection is transfection of 
an exogenous gene done by using non-viral vectors or 
viral vectors.  In most cases using non-viral vectors, 
the DNA construct is lost after multiple cell divisions, 
because it is not integrated into the host chromosome 
(25). Applying viral vectors is the most successful 
method (7, 21, 26), because the DNA construct 
naturally integrates into the host chromosomes. In fact, 
avian retroviral vectors derived from avian retroviruses 
were used to generate the first genetically modified 
chicken. The retroviral vectors were injected adjacent 
to the blastoderm which led to somatic mosaicism in 
25% of samples and germinal transmission at rates 
of 1-11% (27). Since then, multiple scientific groups 
have applied different viral vectors to create transgenic 
chickens (1, 21). One drawback of this viral method 
is that the size of construct these vectors can carry is 
limited.

Modern retroviral vectors used to create transgenic 
chicken are replication-defective; the vector construct 
entails the least possible amount of viral sequence 
such as long terminal repeat (LTR) and a packaging 
signal, but not the viral genes essential for packaging 
gag, pol and env which are removed and replaced 
by the desired genetic sequences. To produce the 
virus particle, the vector containing the desired DNA 
construct is transfected into packaging cells such 
as HEK293 that produce gag/pol and env proteins. 
Subsequently, the virus particles are obtained from the 
culture supernatant. These viral particles can infect 
host cells and introduce their DNA along with the 
exogenous construct into the genome. However, in the 
absence of packaging genes, infection cannot create 

viral particles in the host cells. Thus, the integrated 
DNA will remain in the host genome and the transgene 
will probably have a stable expression (7). 

Similar to the other animals, genomes of the avian 
species are prone to gene silencing (24) which is 
mainly associated with DNA methylation and it is 
transmitted to progeny (28). Histone modification and 
presence of the other chromatin condensing proteins 
can also cause silencing (7). By changing the timing 
of viral infection, Kamihira et al. (26) were able to 
overcome this problem and achieve the desired gene 
expression. When using viral vectors, the position of 
gene integration is random. Consequently, there is a 
strong possibility that transgene may integrate into 
a location which causes gene silencing.  In addition, 
the gene integration may cause gene disruption in the 
host. As a result, there is a universal concern about the 
safety of this method (29). 

Primordial germ cells as the main target for 
transgenesis in chicken 

Primordial germ cells (PGCs) are gamete progenitor 
cells, a population of undifferentiated cells that is 
separated from all somatic cells during early development. 
Unlike the PGCs in other species, PGCs in avian and 
some reptilian species migrate to the genital ridge via 
blood circulation. In the genital ridge, these PGCs are 
subjected to a series of complex processes which results 
in  differentiation into functional spermatozoa or ova 
(30). PGCs have been the focus of researchers around the 
world and they have been widely used in manipulation 
of avian embryos (26, 31, 32). A conventional method to 
generate a transgenic chicken is to inject a high titer of the 
viral vectors into the subgerminal cavity of the embryos at 
stage X; so that the virus particles transfect the blastoderm 
cells along with PGCs (26, 31). In another method, the 
migrating PGCs are targeted by injecting a vector into the 
vascular system or directly injecting it into the heart of 
developing embryos after 50 to 60 hours of incubation 
(26). In fact, the first chimeric chicken was generated by 
Tajima et al. (33) by transplanting 100 chicken PGCs into 
a recipient embryo. Even though direct injection of PGCs 
successfully generated transgenic chicken, the process 
proved to be difficult, because it created a mosaic of PGCs 
in which only a small portion of them were transfected. 
Consequently, a time-consuming process is required to 
obtain a transgenic chicken. For this reason, researchers 
have spent a great deal of time trying to extract and 
enrich PGCs in vitro for subsequent manipulation. These 
enriched and transfected PGCs can be injected into a 
recipient embryo at the blastodermal stage or injected 
intravascularly between stages 13 and 16 thereby 
allowing them to migrate directly to the genital ridge 
(30, 31). Chicken PGCs were cultivated in vitro, for 
4 days, for the first time in 1995 by Chang et al. (34). 
Kuwana et al. (35), Naito et al. (36) developed a PGC 
culture using a KAv-1 medium. In 2006, Van de Lavoir 
et al. (37) successfully cultivated male chicken PGCs 
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in vitro and maintained the culture for over 100 days. 
In 2015, Whyte et al. (38) further improved culture 
conditions and proved that low osmotic pressure (up to 
250 mosm/kg) and low calcium concentrations (up to 
0.15 mM) were the best conditions for in vitro culture 
of chicken PGCs. This culture condition can maintain 
PGCs in vitro for a long period, so that the DNA 
manipulations can be achieved easily and transfected 
cells can be selected and enriched properly.

Surrogate egg shell creates two windows of opportunity 
to manipulate chicken embryo 

Different methods have been employed over the years 
to access the embryo in order to introduce foreign DNA: 
shell windowing, ex vivo embryo culturing and surrogate 
egg shell. In shell windowing a narrow window, about 20 
mm in diameter, is opened at the blunt end of the egg 
providing easy access to the embryo, so manipulation can 
be achieved. Afterward, the window can be sealed with 
cling-film wrap and thin ovalbumin as a paste (29, 39, 
40). 

Ex vivo embryo culturing is the external culturing of a 
chicken embryo in conditions similar to that of the natural 
environment inside an egg. The method is thoroughly 
explained by Nakamura (29).  In brief, the fertilized 
chicken egg and the thick surrounding albumin (8-16 ml) 
layer is collected from a hen and cultured in a sealed cup 
for one day at 41-42˚C (system I).  The cultured embryo 
is then transferred to a surrogate shell filled with thin 
ovalbumin and tightly sealed (system II). After three 
days, the embryo is transferred to a larger, actual host egg 
with an empty space above the embryo such as a turkey 
egg shell (system III). This method provides windows of 
opportunity in which embryo manipulation can be easily 
performed which makes creating a transgenic chicken 
more practical. 

In surrogate egg shell, the method includes two 
sequential transfers of the fertilized egg to different shells 
that correspond with system II and system III of the ex-
vivo embryo culturing method (21, 41-43).  In brief, the 
freshly laid fertile egg is transferred to an actual, slightly 
heavier egg shell (3-4 g), and the shell is filled with 
thin ovalbumin and sealed tightly with cling-film and 
ovalbumin paste (system II). After three days, the embryo 
is transferred to a bigger egg shell (fresh turkey or two 
yolk egg shell; 35-40 g), and the shell is sealed with 
cling-film and ovalbumin paste, while an empty space is 
provided above the embryo to expose the extra-embryonic 
membrane vascular system to the atmosphere. With this 
process, the embryo is accessible, but the system I of ex 
vivo embryo culturing process is not necessary, which 
makes it easier to perform.

Applying CRISPR/Cas9-mediated targeted genome 
editing to chicken transgenesis

As it was mentioned above, exploiting germ cells such 

as PGCs provides an opportunity to transfect these cells, 
select the transfected ones, enrich them and subsequently 
inject these cells into a recipient embryo to generate 
transgenic chickens. To render a high and stable expression 
of a transgene, it is very important to ensure that the gene 
construct integrates into a position in the host genome that 
avoids gene silencing. Previously, positional targeting 
was pursued  using homologous recombination vectors 
entailing homology regions of about 7-8 kb and worked 
with approximately 30% efficiency (32, 44). The problem 
with homologous recombination was the low efficiency 
of obtaining and cloning these long homology regions. 
Recent methods  applying site-specific endonucleases such 
as Zinc finger nucleases (ZFNs) (45) and transcription 
activator-like effector nucleases (TALENs) (2, 46) have 
improved efficiency of the targeting approaches and 
consequently made them more popular. Despite their high 
efficiency, these endonucleases have limited use, because 
the construct design is very difficult and acquiring the 
desired endonuclease is not feasible in many cases. 
Moreover, the off-target rates are high (47).

In contrast, a recently emerged system, the clustered 
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated (Cas) system, has rendered a high 
success rate (80%), with much simpler construct designs 
(48). In this system, CRISPR-associated protein 9 (Cas9), 
the DNA endonuclease enzyme, is guided by a 20 bp 
RNA (gRNA) which pairs with the target DNA site. Other 
than the gRNA, a short protospacer adjacent motif (PAM) 
is required to ensure the  complete interaction between 
Cas9 and the target DNA (49, 50). When the target DNA 
is complementary to the gRNA, Cas9 cleaves the DNA 
and creates a double-strand break (DSB) which can be 
repaired by either non-homologous end joining (NHEJ) 
or homology-directed repair (HDR). NHEJ may lead to 
small insertions/deletions whereas HDR is used when a 
template DNA complementary to the break site is present 
(51, 52) (Fig.1).

Oishi et al. (53) successfully applied CRISPR/Cas9 
technology and efficiently (>90%) created mutations 
in two egg white genes, ovalbumin and ovomucoid, 
in cultured chicken PGCs which were subsequently 
injected into recipient chicken embryos. Zuo et al. (54) 
demonstrated that gene knockouts can be induced in both 
chicken stem cells and chicken embryos using CRISPR/
Cas9 technology. Using the CRISPR/Cas9 system, 
researchers successfully inhibited the chicken embryonic 
stem cells differentiation (ESCs) into spermatogonial 
stem cells (SSCs) by Stra8 gene knockdown (55). In 
another study, Dimitrov et al. (32) reported a successful 
gene editing in chicken PGCs using the CRISPR/
Cas9 system and a donor vector for HDR of the DSB. 
Recently, many scientists have applied this technology 
to generate gene knock-in in mammalian cells (56-58). 
With the CRISPR/Cas9 system, it is now possible to 
introduce a large DNA construct, which can entail a 
transgene into a specific locus in different cell lines 
(47, 48, 58, 59).
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Fig.1: A schematic presentation of the double-strand break (DSB) repair. a. Non-homologous end joining (NHEJ) which directly ligates the DSB and can 
create insertions and deletions and b. Homology directed repair (HDR) in which a template DNA complementary to the break site is present.

Tissue-specific ovalbumin promoter: the best candidate 
for recombinant protein production in chicken

Chicken ovalbumin (OVA), the main protein in egg 
white, accounts for almost 55% of the total protein 
and is expressed strictly in oviduct cells. This gene is 
a well-known promoter with a very high expression 
ability which has been thoroughly studied as a model 
for tissue-specific expression (60, 61). Since the 
ovalbumin gene promoter is a tissue-specific promoter 
and is thought to have powerful production ability, it 
has been used to generate transgenic chickens with 
oviduct-specific production (5, 17, 62, 63). Four DNase 
I-hypersensitive sites (DHSs) have been identified in 
the 8.7 kb region between the ovalbumin gene and the 
Y gene, that is thought to be  the regulation elements of 
the ovalbumin promoter (61, 64). The region is difficult 
to include entirety in a vector construct, because it is 
a large DNA sequence.  As a result, researchers have 
investigated the role of DNase I hypersensitive sites, 
included fragments of the region as the promoter of 
choice (17, 43, 61), and reported oviduct tissue-
specific expression of the transgene. Lillico et al. (62) 
demonstrated that 2.8 kb of the ovalbumin promoter, 
which encompasses a steroid-dependent regulatory 
element (SDRE) and a negative regulatory element 
(NRE), can strongly drive the transgene expression in 
oviduct cells. Liu et al. (43) used the same promoter 
to drive transgene expression inserted in different 
locations in the chicken genome. Their results showed 
different levels of expression, all lower than those in 
the previous study. These studies showed that location 
of the inserted transgene can significantly affect the 
expression level thereby  emphasizing the importance 
of the positional effect of the insertion locus. They also 
indicated the necessity of the larger promoter region 
to maintain strong tissue-specific protein production, 

and that there may be other factors close to ovalbumin 
promoter contributing to its strong and tissue-specific 
expression.

Applying new approaches

The most effective approach to produce transgenic 
chicken is to transfect PGCs in vitro, select the transfect-
ed cells and enrich them. Next, inject the cells into the 
circulating blood of an embryo or directly into the blas-
todisc. Using the CRISPR/Cas9 system, it is possible to 
integrate the DNA construct entailing the transgene into 
a previously determined position in the genome that en-
sures availability of the transgene and its favorable ex-
pression. As mentioned above, the ovalbumin promoter 
is one of the most interesting promoters which can regu-
late gene expression in the oviduct cells and later to the 
egg white. By using the CRISPR/Cas9 system and pro-
viding the homologous arms to induce HDR in the break 
site, a gene knock-in can be achieved in vitro using 
PGCs as the host cell. In 2015, Rojas-Fernandez et al. 
(65), successfully integrated a gene construct (firefly lu-
ciferase cDNA) downstream of an endogenous promot-
er (promoter of the TGFβ-responsive gene PAI-1) and 
demonstrated that the firefly luciferase cDNA expression 
mimicked that of endogenous PAI-1 expression. Conse-
quently, it is feasible that an exogenous cDNA can be 
placed downstream of the endogenous ovalbumin pro-
moter. In a recent work conducted by Oishi et al. (66), 
human interferon beta was inserted into the chicken ov-
albumin locus. They created a CRISPR/Cas9-mediated 
knock-in of hIFN-β gene at the ovalbumin start codon 
located in exon 2 of the ovalbumin gene. The result dem-
onstrated a promising transgene production in the egg 
white. It is plausible that the exon 1 of ovalbumin gene 
is a good candidate position to integrate the transgene.
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Fig.2: A schematic presentation of the candidate position and required donor vector for targeted integration. a. The ovalbumin gene, ova promoter, exons 1 and 2, 
as well as intron 1 is showed with the location of candidate gRNA and b. A schematic presentation of the vector entailing GOI with Kozak sequence and selectable 
gene flanked by homologous arms complementary to the DNA break site that can be induced by CRISPR.

The ovalbumin gene consists of eight exons and 
seven introns, and the start codon is located in exon 2. 
Using E-CRISPR software (67) and CRISPOR online 
software (68) analysis of the ovalbumin gene reveals a 
number of potential gRNA sites. The most promising 
one is CTTTAGCACTCAAGCTCAAAAGG which 
shows a high target affinity, high efficiency and a 
low off-target score (Fig.2A). Moreover, this gRNA 
site is located within the exon 1 which is not part 
of final ovalbumin cDNA and is not translated, so 
integrating an exogenous sequence in this location 
probably would not disrupt the ovalbumin gene and its 
splicing process. With this gRNA, the Cas9 nuclease 
will cut the DNA between C and A nucleotides close 
to the PAM sequence (AGG). The flanking 5ˊ and 
3ˊ sequences around the break site can be used as 
homologous arms and add to corresponding terminals 
of the desired DNA construct (Fig.2B). Finally, adding 
a Kozak sequence (69) at the 5ˊ end of gene construct, 
before the translation start codon, will ensure mRNA 
translation of the transgene. With this approach of 
removing promoter from the gene construct, more 
DNA sequence can be added to the vector (Fig.2A). A 
reporter gene or a selectable marker gene can be added 
to the 3ˊ of the GOI using IRES sequence flanked by 
two LoxPs which can later be excised from the genome 
using Cre recombinase (70). Chicken PGCs can be 
transfected in vitro with a CRISPR/Cas9 vector and 
the DNA construct containing the GOI flanked with 
homologous arms and relative sequences. Transfected 
PGCs can be enriched and injected into chicken 
embryos to produce chickens with transgenic germ 
cells. Pure transgenic chickens producing the GOI in 
their egg white can then be achieved by breeding. 

Conclusion
Transgenic chicken provides a great opportunity to 

produce therapeutic proteins in large-scale, in both a 
timely and cost effective manner. However, developing 
a practical procedure to generate transgenic chicken 
proved to be challenging due to specific developmental 

characteristics of birds. Unlike mammals, a fertilized 
avian egg cannot be accessed in order to introduce DNA 
via microinjection, because a freshly laid chicken egg 
already contains more than 50000 cells. Several alternative 
methods have been developed and improved over the last 
decades to produce transgenic chicken, however, few 
successful cases were reported. Successful culturing of 
PGCs created a promising opportunity to manipulate 
these cells in vitro. With the advent of CRISPR/Cas9 
system, it is now feasible to insert a GOI in a specific 
location of genome. Establishing a process to create 
transgenic chicken by inserting a foreign gene in a specific 
location where the exposure and expression of the gene 
are ensured, seems more possible than ever.  As a result, 
great progress has already been achieved towards the goal 
of producing pharmaceutical or nutritional proteins with 
the creation of transgenic chickens producing a GOI in 
their egg white.
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Abstract
Objective: Growth factors are key elements of embryonic stem cell (ESC) research. Cell line development in eukaryotes 
is a time-consuming procedure which usually takes 12-18 months. Here, we report an easy and fast method with which 
production of Chinese hamster ovary (CHO) cells that express and secrete recombinant Activin A, as a major growth 
factor in endo/mesoderm differentiation of embryonic stem cells is achieved within 3-4  weeks.  
Materials and Methods: In this experimental study, we cloned human Activin A into the pDONR/Zeo gateway entry 
vector using the BP reaction. Activin A was subcloned next into the pLIX_403 and pLenti6.3/TO/V5-DEST destination 
vectors by the LR reaction. The result was the production of constructs with which 293T cells were finally transfected 
for virus production. CHO cells were transduced using viral particles to produce a cell line that secretes the His6- Activin 
A fusion protein.            
Results: We developed a quick protocol which saves up to 3-4 weeks of time for producing recombinant proteins in 
CHO cells. The recombinant cell line produced 90 mg/L of functional Activin A measured in human ESC line Royan H5 
(RH5), during in vitro differentiation into meso-endoderm and definitive endoderm.                     
Conclusion: Our results showed no significant differences in functionality between commercial Activin A and the one 
produced using our novel protocol. This approach can be easily used for producing recombinant proteins in CHO. 

Keywords: Activin A, Cell Proliferation, CHO Cells, Embryonic Stem Cells, Recombinant Protein
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Introduction
Growth factors though play important roles in stem cell 

research, are regarded as one of the most expensive components 
of culture media. Activin A has a wide range of biological 
activities in hematopoietic mesoderm induction, reproductive 
physiology, bone remodeling, and most importantly, in neural 
cell differentiation (1-4). Activin A plays a critical role in the 
initial step of stem cells differentiation towards endoderm 
precursors such as lung cells, hepatocytes and pancreatic 
progenitors (5-7). Huge progress was made worldwide 
concerning the differentiation of stem cells towards insulin-
secreting beta-like cells. A highly efficient method of 
endoderm cell production is, therefore, necessary to gain 
high numbers of pancreatic progenitors and endocrine cells 
for further clinical applications (8, 9). Activin A, as a growth 
factor is a homo-dimeric polypeptide (27 kDa molecular 
weight) which is a member of the transforming growth factor 
(TGF)-β superfamily )10(. The precursor protein has 426 
amino acids but after completion of the maturation process, 
only 116 amino acids Gly311-Ser426 remain. amino acid 

Cys390 from the two chains attach each other by a disulfide 
bond to make a  homo-dimeric Activin A (11).

The emergence of induced pluripotent stem cells 
(iPSCs) and trans-differentiation have increased the hope 
for using recombinant transcription factors associated 
with cell-penetrating peptides to facilitate the conversion 
of different cell types toward specific cell types. In this 
regard, the following differentiation approaches has 
previously been reported: conversion of human embryonic 
stem cell (hESC) into cardiomyocyte using ISL1 protein 
(12), hESC into dopaminergic neurons using recombinant 
LMX1A factor (13), human fibroblasts into dopaminergic 
neural progenitor-like cells using recombinant Yamanaka 
factors (14) and  human fibroblasts toward cardiomyocyte-
like cells via recombinant Yamanaka factors (15); 
nevertheless, the growth factors are still key elements in  
the production of different cell types.

Recombinant growth factors are being commercially 
produced in both prokaryotes and eukaryotes. The 
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most popular protein expression systems are bacteria 
(E. coli), yeast (S. cerevisiae), insect or mammalian 
(HEK293 and CHO cells) systems. Factors like: 
time, amount of needed protein, ease of handling, 
disulfide bonds formation and type of post-translational 
modifications (PTM) determine the type of expression 
system and host used to produce recombinant proteins.  
Technically, production of recombinant proteins in E. coli 
is simpler and could be done in a significantly shorter 
period of time (16, 17). Expression of some proteins still 
needs to be done in eukaryotes because some expressed 
proteins in E. coli are not properly folded and they 
may require PTM such as glycosylation, lipidation, 
methylation and acetylation (18), or eukaryotic cells 
chaperons for correct folding (19) or tertiary/ quaternary 
structure formation despite its higher costs and longer time 
period requirement. Also, for protein-protein interaction 
(PPI) studies, recombinant proteins must be expressed 
in their original cell so the researchers will have a better 
understanding of proteins network (20). 

CHO cells were derived from a CHO about 61 years ago 
in Theodore Puck’s lab (21) and became the first choice 
for therapeutic and non-therapeutic recombinant proteins 
production in eukaryotic cells (22, 23). Nowadays, 
globally, hundreds of billions of Dollars are annually 
spent on the production of recombinant proteins in 
CHO cells (24). This further highlights the importance 
of producing recombinant proteins in CHO cells. One 
of the major steps in producing recombinant proteins in 
eukaryotic cells is the development of stable cell lines 
which produce sufficient amount of proteins. Typically, 
this step may take up to 6-12 months (25, 26). 

Here, we report the development of a quick protocol 
which takes 3-4 weeks to develop CHO cell line with 
acceptable yield. In addition, expression of functional 
human Activin A was measured by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE), western 
blotting, and MTS assay; and hESC differentiation into 
definitive endoderm was also investigated.

Materials and Methods
Isolation of Activin A cDNA 

In this experimental study, according to previously 
published data (27), 20 day old embryoid bodies (EB) 
derived from human ESCs express Activin A mRNA. EBs 
total RNA was isolated using TRIzol (Sigma- Aldrich, USA) 
according to the manufacturer’s protocol. The first strand 
of cDNA was synthesized using SuperScript III reverse 
transcriptase (Invitrogen, USA), an oligo dT primer, and 
2 µg of purified total RNA. For Activin A amplification, 
primers were designed to amplify nucleotides 931-1281 
(Accession # NM_002192.2) corresponding to Gly311-
Ser426 amino acids (Accession # P08476). Generated 
cDNA was amplified using below-mentioned primers:

AttB1-Ig κ1: 5´-GGG GAC AAG TTT GTA CAA AAA 
AGC AGG CTG CCG CCA CCA TGG AGA CAG ACA 
CAC TCC TGC TAT GGG TAC TGC TGC TCT GGG 

TTC CAG GTT CCA CTG GTG- 3´
Ig κ1-His: 5´- GTT CCA GGT TCC ACT GGT GAC 

CAT CAC CAC CAC CAT CAT-3´
His-Activin: 5´-CAT CAC CAC CAC CAT CAT GGC 

TTG GAG TGT GAT GGC-3´
AttB2-activin: 5´-GGG GAC CAC TTT GTA CAA 

GAA AGC TGG GTC TAT GAG CAC CCA CAC TC-3´
Primers contained Igκ1 signal peptide, 6 His tag, and 

gateway attachment site B1 (AttB1) and AttB2 sequences 
used for protein secretion, purification, and quick 
cloning, respectively. Also, a stop codon was included 
in the sequence to terminate the translation reaction. For 
fragment amplification, pfx DNA polymerase (Invitrogen, 
Carlsbad, CA, USA) and Mastercycler® Gradient PCR 
(Eppendorf Netheler-Hinz GmbH, Germany) were used. 
Amplification was done using 3 tandem PCR reactions 
as follows: The first polymerase chain reaction (PCR) 
included pre-incubation at 95˚C for 4 minutes; 10 cycles 
at 95˚C for 30 seconds, 60˚C for 30 seconds, and 68˚C for 
40 seconds with His-Activin and AttB2-activin primers; 
The second PCR was comprised of 10 cycles at 95˚C for 
30 seconds, 60˚C for 30 seconds, and 68˚C for 40 seconds 
with Ig κ1-His and AttB2-activin primers; and the third 
PCR included 30 cycles at 95˚C for 30 seconds, 60˚C for 30 
seconds, and 68˚C for 40 seconds, followed by incubation 
with AttB1-Ig κ1 and AttB2-activin primers at 68˚C for 8 
minutes. PCR products were analyzed by electrophoresis 
on a 1% agarose gel, stained with ethidium bromide and 
examined under ultraviolet (UV) light. 

Construction of the pENTER/Activin A entry clone

The resultant PCR product was cloned into the pDONR/
Zeo gateway entry vector using the BP clonase according to 
the supplier’s directions (Invitrogen, USA). The recombinant 
pENTER/Activin A entry clone was transferred into Library 
Efficiency® DH5α™ Competent Cells (Invitrogen, USA) 
by the heat shock method as described by the manufacturer. 
Clones were cultured in Luria-Bertani (LB) broth overnight 
and plasmid extraction was performed using the AccuPrep® 
Plasmid Mini Extraction Kit (Bioneer, Korea). Recombinant 
vectors were examined by PCR using the M13-F and Activin 
-R primers which generated an amplicon of about 650 bp. 
DNA sequencing of the inserted segment was done using 
M13-F: 5´-GTA AAA CGA CGG CCA GT-3´ and
R: 5´-AGC GGA TAA CAA TTT CAC ACA GGA-3´primers.

Construction of the pLIX_403/Activin A and pLenti6.3/
TO/V5-DEST/Activin A expression vectors

A pENTER /Activin A entry clone construct with correct 
direction and sequence was chosen for the LR reaction in 
which, Activin A was transferred from the entry clone into 
the pLIX_403 and pLenti6.3/TO/V5-DEST destination 
vectors according to the manufacturer’s instructions 
(Gateway® Technology, Invitrogen, Carlsbad, CA, USA). 
Products of LR reaction were transferred into Library 
Efficiency® DH5α™ Competent Cells (Invitrogen, 
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Carlsbad, CA, USA) by the heat shock method as described 
by the manufacturer and recombinant expression vectors 
were confirmed by PCR. Also, we cloned the GFP and 
RFP markers in pLenti6.3/TO/V5-DEST and pLIX_403, 
respectively to test the transduceability of CHO cells as 
well as vectors’ elements proper function. 

Viral particle preparation
Viral particle preparation was performed as described 

previously (28). The 293T cells were seeded in 10-cm cell 
culture dishes. Once cells reached 70% confluency, they 
were transfected with Lipofectamine 3000 according to 
the supplier’s manual. Recombinant lentiviral particles 
were harvested every 24 hours for 2 days, filtered, 
aliquoted and kept at -80˚C for future uses.

Activin A-secreting cell line establishment
The CHO- DG44 cells were grown in Dulbecco’s modified 

Eagle’s medium/F12 (DMEM-F12) medium (Gibco, USA) 
with 1% fetal bovine serum (FBS, Gibco, USA). Cells were 
seeded in T25 culture dishes and the frozen viruses were 
added to culture medium. Addition of viral particles was 
repeated 24 hours later while exchanging the medium. Cells 
were kept for another 24 hours and then, replated at a ratio 
of 3:1 in new T25 dishes for antibiotic selection and stable 
cell line development. Antibiotics, blasticidin, and puromycin 
were used for pLenti6.3 TO V5-DEST and pLIX_403, 
respectively, for 10 days. 

Recombinant Activin A expression and secretion 

As both pLenti6.3 TO V5-DEST and pLIX_403 are 
Tet-on vectors, 5-10 µg/ml doxycycline was applied to 
the culture medium for inducing Activin A expression in 
generated cell lines. To increase the yield, the temperature 
was set at 32˚C. Culture medium was refreshed every 
day and finally collected and stored at -80˚C for protein 
purification. 

Recombinant fusion protein purification

The cell debris was precipitated by centrifugation at 
14,000 g for 5 minutes, and the supernatant was used for 
purification. Recombinant His6-Activin A was purified by 
the Ni-NTA Fast Start Kit (Qiagen, USA). The column 
was washed with 10 ml of washing buffer [20 mM Tris-
HCl (pH=8.0), 150 mM NaCl and 25 mM imidazole] to 
remove non-specifically bound proteins. His6-Activin A 
that remained on the column was eluted using 1 ml elution 
buffer which contained 250 mM imidazole in 3 separate 
fractions. In each step, 20 µl sample was preserved for 
further analysis by SDS-PAGE. 

The concentration of the purified protein was determined 
by the Bradford method. Recombinant Activin A was 
dissolved in a proper storage buffer, filter-sterilized (0.2 µm), 
distributed into vials (10 µg per vial), lyophilized, and stored 
at -80˚C for future functional bioassays. The recombinant 
Activin A was named "homemade Activin A".

SDS-PAGE and mass spectrometry analysis 
Identical volumes of different elution fractions were 

mixed with 5:1 volume of 5X loading buffer [1 M Tris-
HCl (pH=6.8), 10% w/v SDS, 0.05% w/v bromophenol 
blue, 50% glycerol, and 200 mM β-mercaptoethanol] 
and heated at 95˚C for 5 minutes before analysis by 
SDS-PAGE using a 12% (w/v) separating gel followed 
by staining with 0.1% Coomassie brilliant blue R-250. 
Bands of interest were excised from the SDS-PAGE gel 
and samples were analyzed by liquid chromatography 
coupled with tandem mass spectrometry (LC-MS/MS) at 
Sydney University. 

Western blotting
Western blot analysis was performed as described 

previously (29). Briefly, proteins were separated by 12% 
SDS-PAGE electrophoresis at 100 V for 2 hours using 
a Mini-PROTEAN 3 electrophoresis cell (Bio-Rad, 
Hercules, CA, USA) then transferred to a polyvinylidene 
difluoride (PVDF) membrane by wet blotting (Bio-Rad, 
Hercules, CA, USA). Membranes were blocked for 1 hour 
using 5% bovine serum albumin (BSA, Sigma- Aldrich, 
USA), and incubated for 1.5 hours at room temperature 
(RT) (30) with the following primary antibodies [anti- 
His6 (provided with Ni-NTA Fast Start Kit (Qiagen, USA) 
1:5000]. Membranes were rinsed 3 times (15 minutes 
each) with Phosphate-buffered saline  Tween-20 (PBST, 
0.05%) and incubated with the peroxidase-conjugated 
secondary antibody [anti-mouse (Millipore, 1:6000)], 
for 1 hour at RT. The blots were visualized using Sigma 
detection reagents (Sigma- Aldrich, USA) and films were 
scanned by a densitometer (GS-800, Bio-Rad, USA). 

Biological analysis of homemade Activin A by MTS 
assay

Biological analysis was performed using the method 
described by Phillips and colleagues (31). For Activin 
A, examination of dose-dependent inhibition of the 
proliferation of mouse plasmacytoma cell line (MPC-11) 
which is routinely employed by companies like Sigma 
and thermo fisher for testing recombinant Activins, was 
done. In this assay, rates of inhibition of cell proliferation 
were assessed using the Cell Titer 96 Non-Radioactive 
Cell Proliferation MTS Assay Kit (Promega, UK) 
according to manufacturer’s manual. Briefly, after testing 
the viability of the cell lines, cells were plated in 96-
well, flat-bottom plates and allowed to attach for a few 
hours. Serial dilutions of recombinant homemade Activin 
A and commercial Activin A from Sigma (0-10 ng/ml) 
were prepared in 96-well flat-bottom plate in SFM. For 
the control group, the cells were cultured in the absence 
of Activin A. Subsequently, the cells were added to the 
wells of a 96-well plate and incubated for 3 days at 37˚C 
in a humidified, 5% CO2 atmosphere. After this period, 
cells viability was assessed by 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS). In this assay, 20 µl of the MTS 
reagent was added into each well and cells were incubated 
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at 37˚C for 3 hours. The absorbance was detected at 490 
nm by a microplate reader. All the experiments were 
repeated three times.

Human embryonic stem cell culture
hESC line RH5 (passage 36) was obtained from the 

Royan Stem Cell Bank (Royan Institute, Iran) and cultured 
in ES cell maintenance medium, on Matrigel (Sigma-
Aldrich, USA)-coated plates as previously reported (32, 
33). ES cell maintenance medium contained DMEM-F12 
plus GlutaMAX (Gibco, USA) supplemented with 20% 
knockout serum replacement (KoSR, Invitrogen, USA), 
1% insulin-transferrin-selenium (ITS, Invitrogen, USA), 
0.1 mM non-essential amino acids (NEAAs, Invitrogen, 
USA), 1% penicillin/streptomycin (Invitrogen, USA), 
0.1 mM β-mercaptoethanol (Sigma-Aldrich, USA), and 
100 ng/ml basic fibroblast growth factor (bFGF, Royan 
Biotech, Iran). Human ES cells were grown in 5% 
CO2 atmosphere with 95% humidity. The medium was 
changed every other day. For maintenance of the cells, 
they were passaged every 7 days at a 1:4-1:6 split ratio 
using collagenase IV (0.5 mg/ml, Invitrogen, USA): 
dispase (1 mg/ml, Invitrogen, USA) at a ratio of 1:1.

Generation of human embryonic stem cell-derived 
endoderm

Human ESC-derived definitive endoderm differentiation of 
stem cell colonies began on day 4 of stem cell culture. In the 
first step, to achieve the meso-endoderm, the hES medium 
was changed to RPMI-1640 plus GlutaMAX (Invitrogen, 
USA) supplemented with 1% penicillin/streptomycin, 0.1 
mM NEAAs, 0.5% BSA, 2 μM Chir99021 (Stemgent, USA) 
and 100 ng/ml Activin A (Sigma-Aldrich, USA) for the 
control group, or 25, 50,100 and 200 ng/ml homemade Activin 
A for the 4 experimental groups. After 24 hours, in order to 
reach the definitive endoderm, Chir99021 was removed and 
the cells were treated for 48 hours with 50 mM ascorbic 
acid, 5 ng/ml bFGF and 100 ng/ml Activin A for the control 
group, or 25, 50,100 and 200 ng/ml homemade Activin A for 
the experimental groups. Before each differentiation step, 
cultured cells were washed in Dulbecco’s phosphate-buffered 
saline with calcium and magnesium (DPBS, Gibco, USA). 
It must be mentioned that all the experimental groups were 
treated with homemade Activin A lot 111 and 112 batches.

Immunocytostaining analysis
Immunocytofluorescence staining was performed using a 

previously described method (34). Briefly, cells were fixed 
with 4% paraformaldehyde (PFA, Sigma-Aldrich, USA) for 
20 minutes, permeabilized using 0.1% Triton X-100 for 10 
minutes, blocked with 10% secondary antibody host serum in 
0.5% BSA for 1 hour at 37˚C, and finally incubated with goat 
anti-human SOX17 antibody (R&D Systems, USA) diluted 
1:200 in 0.5% BSA, at 4˚C overnight. For negative controls, 
primary antibodies were omitted and a similar staining 
procedure was followed. Cells were subsequently washed 
with PBST and incubated with diluted (1:700) donkey anti-
goat IgG-Alexa Fluor® 546 antibody (Invitrogen, USA) 

for 1 hour. Cell nuclei were stained with 4´, 6-diamidino-
2-phenylindole (DAPI, Sigma-Aldrich, USA) for 1 minute 
and afterward observed under a fluorescence microscope 
(BX51, Olympus, Japan) equipped with Olympus DP72 
digital camera for imaging. For each group, six 40X frames 
were captured and the percentage of positive cells observed in 
these frames was calculated by ImageJ. The percentage was 
expressed as mean ± standard deviation (SD). 

Results
Cloning of Activin A cDNA and construction of the 
entry clones and the expression vectors

The 499-bp Activin A /Ig κ1/His tag/AttB1&2 gene was 
amplified (Fig.1A) from hESC cDNA and subsequently 
cloned in a pDONR/Zeo gateway entry vector using the 
BP reaction to produce a pENTER/Activin A entry clone. 
The recombinant entry clone was transferred into Library 
Efficiency® DH5α™ Competent Cells and as a result, 
tens of clones appeared on the next day. Since the gateway 
cloning method has low false-positive results, all clones 
were confirmed by PCR analysis and five clones were 
randomly selected for further analysis (Fig.1B). DNA 
sequencing results showed that four out of five clones had 
no mutation; a clone with no mutation was used for further 
LR reactions with pLIX_403 (Fig.1C) and pLenti6.3 TO V5-
DEST (Fig.1D). The pENTER/Activin A entry clone 1 and 
pLenti6.3/TO/V5-DEST and pLIX_403 destination vectors 
were separately used for constructing the expression clone 
using the LR reactions and were transferred into Library 
Efficiency® DH5α™ Competent Cells. Five clones out of 
tens of clones were randomly tested by colony PCR for both 
destination vectors. We observed that all clones were positive 
for Activin A insertion, indicating that the LR reactions were 
100% efficient. For both expression vectors, a similar clone 
was selected for virus production and cell line establishment.

More than 50% of purified homemade Activin A 
showed dimer form

The CHO pLIX_403/Activin A (Fig.1C) or pLenti6.3/
TO/V5-DEST/Activin A (Fig.1D) stable cell lines were 
grown in DMEM-F12 medium and induced by addition 
of 5-10 µg/ml doxycycline. Media were collected every 
day and expressed fusion proteins were purified by 
immobilized metal affinity chromatography (IMAC) 
on a nickel 2+ column using 25 mM imidazole, which 
eliminated the majority of contaminating proteins in 
the flow and through the washing steps. The fusion 
protein was obtained in the 250 mM imidazole fractions 
(Fig.1E). The identities of the purified fusion proteins 
were confirmed by trypsin digest and LC/MS/MS. The 
MS results indicated that our fusion proteins matched the 
Activin A protein (Accession No. NP_999193.1; data not 
shown). Western blotting under non-reduced conditions 
showed 13 and 26 kD proteins indicating monomer and 
dimer homemade Activin A, respectively (Fig.1F). This 
result confirms that at least 50% of the secreted Activin A 
is in dimer form and are most likely folded correctly. 
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Fig.1: Activin A cloning and expression confirmation. PCR analysis of amplified Activin A, SDS-PAGE analysis and western blotting of produced Activin A. A. 
The expected 499-bp product of Activin A was amplified by PCR using primers that added Ig κ1/His tag/AttB1 to 5ˊend and AttB2 to 3ˊend, B. Colony PCR 
products of Activin A for five clones (C1-C5), C, D. pLIX_403/Activin & pLenti6.3/TO/V5-DEST/Activin constructs map, E. SDS-PAGE analysis of produced 
Activin A. Recombinant his-tag-Activin A was successfully expressed, secreted and purified. The purified proteins showed the expected size band (13 kD), 
and F. Western blotting of Activin under non-reduced condition. Here, 13 and 26 kD proteins show monomer and dimer forms of Activin, respectively. 
These results confirm that at least 50% of secreted Activin is in dimer form and possibly folded correctly. M; Size marker, C-; Negative control, C+; Positive 
control, PCR; Polymerase chain reaction, and SDS-PAGE; Sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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pLenti6.3/TO/V5-DEST/GFP and pLIX_403/RFP 
vectors could express high levels of recombinant protein 

As mentioned earlier, pLenti6.3/TO/V5-DEST/GFP and 
pLIX_403/RFP were used to test the proper function of the 
vector, viral particle preparation protocol and also, CHO 
cells transfect ability. Fluorescent microscopy imaging 
results (Fig.2) showed that both pLenti6.3/TO/V5-DEST/
GFP and pLIX_403/RFP expression vectors could express 
high levels of inserted genes. In addition, both vectors were 
functional in CHO cells and viral particles produced in 
293T cells could transduce CHO cells very efficiently.

Homemade Activin A could inhibit the proliferation of 
MPC-11 cells

The biological activity of the recombinant Activin A 
with respect to its ability to dose-dependently inhibit the 
proliferation of MPC-11 was assessed by MTS assay. 
The results shown in Figure 3A indicated that Activin A at 
concentrations up to 20 ng/ml, can inhibit the proliferation 

of MPC-11 cells in a dose-dependent manner. The activity of 
homemade Activin A is about 70% of that of the commercial 
Activin’s (Gibco and R&D).

Homemade Activin A-treated human embryonic stem 
cells expressed high levels of SOX17 

To evaluate the efficiency of endoderm induction by 
homemade Activin A, the expression of definitive endoderm 
marker, SOX17, was analyzed on differentiation day 4 in 
human ESCs (RH5 cell line). Immunofluorescent staining 
showed the expression of SOX17 in both control and treated 
groups (Fig.3B). The control group treated with commercial 
Activin A, markedly expressed SOX17 marker (76.3%), 
while the groups treated with homemade Activin A expressed 
lower percentages of the endodermal marker. The cells treated 
with homemade Activin A lot 111 at concentrations of 25, 50, 
100 and 200 ng/ml showed 13, 23, 35 and 43% of SOX17 
expression, respectively. Cells treated with 25, 50, 100 and 
200 ng/ml homemade Activin A lot 112 revealed 30, 37, 20 
and 33% of SOX17 expression, respectively. 

Fig.2: Fluorescent microscopy imaging results confirm that viral particles produced by pLenti6.3/TO/V5-DEST/GFP and pLIX_403/RFP expression 
vectors, can efficiently transduce CHO cells and express high levels of inserted genes (scale bar: 200 µm).

A
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Fig.3: The biological activity of the homemade Activin confirmed it is comparable with commercial Activin’s. A. Dose-dependent inhibition of MPC-11 
proliferation assessed by MTS. The results indicated that Activin A at concentrations up to 20 ng/ml, can inhibit the proliferation of MPC-11 cells in a dose-
dependent manner and its activity is about 70% of that of the commercial Activin’s (Gibco and R&D) and B. Differentiation of human ES cell into definitive 
endoderm cells. The cells treated with 25, 50, 100 and 200 ng/ml homemade Activin lot 111 showed 13, 23, 35 and 43% SOX17 expression, respectively 
while cells treated with Activin A from Sigma, expressed 76% SOX17 marker (scale bar: 200 µm).
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Discussion
In the present study, we cloned a cDNA encoding 

human Activin A into the pDNOR/Zeo gateway entry 
vector using the BP reaction, then, into pLIX_403 and 
pLenti6.3/TO/V5-DEST destination vectors by using the 
LR reaction. We used Gateway Technology as it is a rapid, 
highly-efficient technique and suitable for cloning and 
sub-cloning of several target genes simultaneously. This 
technology provides a wide range of destination vectors for 
different applications. Also any vector could be converted 
into gateway compatible destination vectors with single 
step ligation reaction.  The pLIX_403 and pLenti6.3/TO/
V5-DEST vectors have a strong promoter which allows 
production of high levels of recombinant proteins under 
the control of doxycycline and has tight control over the 
expression induction under desired conditions. We used 
CHO cells which are the prominent eukaryotic cells used 
for protein expression. CHO cells glycosylation pattern is 
highly similar to that observed in humans. 

As previously shown by several studies (35), routine 
and standard approaches take about 12-18 months for cell 
line development, while our experiment was completed 
within 3-4 weeks. This allows researchers to test tens of 
variables to get the optimum conditions and elements 
needed for best protein expression and possibly industrial 
applications. The produced recombinant Activin A 
had correct folding with no inclusion body and its 
production was markedly cost-effective. We assessed the 
functionality of homemade Activin A during hES cell line 
RH5 differentiation into meso-endoderm and definitive 
endoderm. We also demonstrated that homemade Activin 
A that was used in this study is of high quality compared 
with commercial Activin A. This paves the way for cost-
effective commercial production of homemade Activin A 
and substantial reduction in experimental costs especially 
in the fields of stem cell research and cell therapy. 

Conclusion
Our results indicated a little difference in functionality 

between in-house generated and commercialized Activin 
A where, this shortcoming could be addressed in future. 
The availability of large quantities of recombinant Activin 
A would greatly facilitate mouse and human pluripotent 
stem cell differentiation cultures. 
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Abstract
Objective: Regarding that undifferentiated mesenchymal stem cells, as donor cells, require less epigenetic 
reprogramming, possibility of using bovine adipose tissue-derived stem cells (BASCs) with low level of DNMTs and 
HDACs expression was evaluated.  
Materials and Methods: In this experimental study, we examined gene expression of epigenetic modifiers including 
DNA methyltransferases (DNMT1, DNMT3A and DNMT3B) and histone deacetylases (HDAC1-3), as well as protein 
levels of histone H3 acetylation at lysine 9 (H3K9ac) and POU5F1 (also known as OCT4) at two stages of preimplantation 
development among in vitro fertilization (IVF), parthenogenetic activation (PA) and somatic cell nuclear transfer (SCNT) 
groups.            
Results: The results revealed that developmental competence of IVF embryos was higher than SCNT embryos 
(P<0.05). In the PA and SCNT groups, DNMT1, HDAC2 and HDAC3 mRNA were overexpressed (P<0.05), and proteins 
levels of H3K9ac and POU5F1 were reduced at 6-8 cells and blastocyst stages compared to IVF (P<0.05). The mRNA 
expression of DNMT1 and HDAC1 and proteins levels of POU5F1 and H3K9ac were significantly different between 
SCNT and PA groups (P<0.05) in both developmental stages (except HDAC1 in blastocyst stage).                      
Conclusion: The SCNT embryos derived from BASCs have endured considerable nuclear reprogramming during early 
embryo development. Comparison of PA and SCNT blastocysts demonstrated that HDAC1 and DNMT1 may attribute to 
developmental competence variability of bovine embryos.  
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Introduction
Although several cloned mammals have been created 

following somatic cell nuclear transfer (SCNT) in a number 
of animals, less than 5% of them resulted in live birth. 
One of the reasons for this failure is using differentiated 
cells as donor cells that are unable to undergo a suitable 
epigenetic reprogramming, as a necessary point for better 
developmental competence in the cloned embryos (1). 

Abnormal epigenetic marks of DNA and histone, 
including disruption of imprinted gene expression and 
high levels of global DNA methylation in the SCNT 
embryos, are suggested to be the cause of aberrant gene 
expression during early embryonic development (2). In 
cloned embryos, global DNA demethylation of CpG sites 
(except imprinted gene), occurring soon after fertilization, 
undergoes extensive changes during early embryonic 
developmental stage (3).

DNA methyltransferase 1 (DNMT1) is responsible for 

the maintenance of methylation of CpG dinucleotides in 
the daughter strand of DNA during replication (4). During 
cleavage-stage, DNMT1 levels in the nucleus remain low. 
Nevertheless, DNMT3A and DNMT3B have a pivotal 
role in de novo methylations which are considerably 
increased at the 8-16 cells stage in bovine embryos. 
Unlike bovine IVF-derived embryos, DNA demethylation 
in the SCNT embryos is not occurred after the 2 cells 
stage (3). Previous studies have found that using donor 
cells with low levels of DNMT1 mRNA for SCNT caused 
higher developmental competence than those with high 
levels (5, 6). 

Other epigenetic marks of chromatin, including post-
translational modification of histone tails by methylation 
or acetylation, closely associate with DNA methylation 
(7). Generally, histone marks are subject to dynamic 
changes during preimplantation development. In the case 
of histone H3, lysine acetylation occurs at the lysine sites 
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of 14, 23 18, and 9, in order (8). Acetylation of histone 
is modulated by histone acetyltransferases (HATs) and 
deacetylases (HDACs) (9). HDAC also negatively 
regulates DNMT1 expression by inhibition of DNMT1 
promoter activity (10).

Studies have shown that Trichostatin A (TSA), a 
HDAC inhibitor, can improve histone marks in the SCNT 
embryos derived from various mammalian species. This 
results in higher developmental competence of the related 
embryos (2, 11-13). Therefore, it seems necessary to 
identify normal pattern of histone acetylation to ameliorate 
potential development of SCNT embryos.

A considerable body of evidences has indicated that 
success in the SCNT outcome is closely related to the 
origin of donor cells. As adult stem cells (ASCs), such as 
mesenchymal stem cells (MSCs), are more differentiated 
than ESCs, they require additional reprogramming with 
SCNT (14). Undifferentiated embryonic stem cells 
(ESCs), as donors, require less epigenetic reprogramming 
than a differentiated somatic cell, and they show better 
preimplantation development (15, 16).

Improvement in our understanding of epigenetic 
reprogramming events will give us insight to the potential 
of SCNT for various agricultural and biomedical 
applications. To achieve this goal, bovine adipose 
derived stem cells (BASCs) were used as donor cells, and 
dynamic changes of histone H3 acetylation at lysine 9 
(H3K9ac) and POU5F1 (also known as OCT4) as well as 
gene expression of HDACs and DNMTs were evaluated in 
two different stages of embryo development in the SCNT, 
parthenogenetic activation (PA) and in vitro fertilization 
(IVF) derived embryos.

Materials and Methods
All chemicals and reagents were purchased from Sigma 

Chemical Co. (USA) and Gibco (USA) unless otherwise 
specified.

Oocyte collection and in vitro maturation
In this experimental study, local abattoir-derived bovine 

ovaries were collected and transported to the laboratory 
at 27-30˚C. Cumulus-oocytes complexes (COCs) were 
retrieved from antral follicles (3-8 mm). The COCs with 
several layers of intact cumulus cells and uniformly 
granulated cytoplasm were selected and cultured in the 
groups of 10, at 38.5˚C in 50 μl maturation medium tissue 
culture medium (TCM)-199 supplemented with 10% 
fetal bovine serum (FBS), 10 ng/ml epidermal growth 
factor (EGF), 1 µg/ml 17-β estradiol, 10 µg/ml follicle 
stimulating hormone (FSH), 10 μg/ml luteinizing hormone 
(LH) and 24.2 mg/l sodium pyruvate) in a humidified 5% 
CO2 for 22-24 hours under mineral oil. Matured oocytes 
were randomly assigned into three groups, as follows: IVF 
(n=350), PA (n=443) and SCNT (n=130). All procedures 
were approved by the Institutional Ethical Committee 
of the Shahid Beheshti University of Medical Sciences 
(Tehran, Iran).

Nuclear donor cell preparation
BASCs, obtained from subcutaneous fat of Holstein 

cows, immediately after slaughter at a commercial abattoir, 
were used as nuclear donors. Briefly, fat pieces of 1-2 mm 
were washed twice in phosphate-buffered saline (PBS-) 
supplemented with 1% penicillin-streptomycin (P/S), and 
they were digested by 0.5% collagenase type II in 5% CO2 
at 39˚C for 3 hours in high glucose Dulbecco’s modified 
Eagle medium (DMEM). Isolated cells were cultured at 
39˚C, 5% CO2 in DMEM supplemented with 10% FBS, 
1% P/S. In order to evaluate differentiation potential, 
the isolated cells at passage three were treated with 
osteogenic or adipogenic media. The adipogenic media 
consisted of DMEM supplemented with 5% FBS, 1% 
P/S, 0.5 mM isobutyl methylxanthine (IBMX), 250 nΜ 
dexamethasone and 50 μM indomethacin. Osteogenesis 
was induced using DMEM with 5% FBS, 1% P/S, 50 μg/
ml L-ascorbic acid biphosphate, 10-7 M dexamethasone 
and 10 mM beta-glycerophosphate. After 21 days, the 
cells were fixed in 4% paraformaldehyde solution and 
stained with alizarin red and oil red for osteogenic and 
adipogenic differentiation assessment, respectively.

In vitro fertilization, parthenogenetic activation and 
somatic cell nuclear transfer

The matured oocytes were used for IVF, PA and SCNT. 
For IVF, groups of 15-20 oocytes were transferred to 
100 μl IVF-TALP (Tyrode’s albumin lactate pyruvate) 
medium containing 114 mM NaCl, 3.2 mM KCl, 0.4 mM 
NaHPO4, 0.5 mM MgSO4, 25 mM NaHCO3, 2.6 mM 
CaCl2, 10 mM lactate, 0.25 mM pyruvate, 10 μg/ml P/S, 
10 μg/ml heparin and 6 mg/ml bovine serum albumin 
(BSA). Frozen bull semen was thawed at 37˚C for 30 
seconds. The  motile spermatozoa were harvested from 
Percoll gradient (90 and 45% Percoll). Approximately 
1×106 sperm/ml were added to IVF-TALP medium 
containing expanded COCs and co-incubated for 16 
hours at 38.5˚C in a humidified atmosphere of 5% CO2. 
Cumulus cells were removed by 1 mg/ml hyaluronidase 
and vortexing for 4 minutes. The denuded presumptive 
zygotes were cultured in CR1 medium supplemented with 
10% FBS, 2% essential amino acids (EAAs) and 1% non-
essential amino acids (NEAAs) at 38.5˚C in a humidified 
atmosphere of 5% CO2, 5% O2 and 90% N2. 

For PA, cumulus cells were removed from mature MII 
oocytes using 1 mg/ml hyaluronidase and vortexing for 
4 minutes. The denuded oocytes were randomly divided 
into two groups: PA and SCNT. In the PA group, oocytes 
were incubated in 5 μM Ionomycin for 5 minutes followed 
by 4 hours exposure to 2 mM 6DMAP in HTCM medium 
at 38.5˚C and 5% CO2 in air. After washing for three 
times, presumptive parthenotes were cultured in CR1 as 
described for IVF. 

For SCNT, mature denuded oocytes were treated with 
0.5 µg/ml demecolcine for 30 minutes and they were 
placed in the manipulation medium supplemented with 
7.5 µg/ml cytochalasin B and subsequently enucleation 
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was performed using a Nikon TE2000U inverted 
microscope (Nikon, USA) equipped with Narishige 
micromanipulators at the room temperature. The polar 
body and MII chromosomes were removed by an 18 µm 
(internal diameter) glass pipette. The fifth passage of 
BASCs with the lowest level of chromatin condensation 
was used as donor cells for SCNT. A single donor cell 
was placed into the perivitelline space of each enucleated 
oocyte through the same hole made previously in the 
zona pellucida during  enucleation. The couplets were 
electrically fused using two direct current pulses of 150 
V/mm for 50 miliseconds in a buffer composed of 0.3 M 
mannitol, 0.15 mM calcium, 0.15 mM magnesium and 
0.01% polyvinyl alcohol (PVA). After one hour, couplets 
were activated by ionomycin and 6DMAP as described 
for PA embryos. 

For all three groups, cleavage and blastocyst rates 
were evaluated on day 2 and 8 after insemination or 
activation, respectively. Seven replicates per group were 
evaluated. 6-8 cells and blastocysts were collected in 
order to evaluate DNMTs and HDACs gene expression 
using quantitative reverse transcription polymerase chain 
reaction (qRT-PCR), and perform immunostaining for 
POU5F1 and H3K9ac.

RNA extraction, cDNA synthesis and quantitative 
reverse transcription polymerase chain reaction

Embryos at the 6-8 cells (embryonic genome activation) 

and blastocyst stages of development, in all groups 
(IVF, PA and SCNT) were removed from CR1 medium 
and washed in PBS. RNA extraction was performed as 
previously described (17). Briefly, 30 embryos in three 
biological replicates (10 embryos for each replicate per 
group) were transferred into 0.2 ml nuclease-free tubes 
containing 1.5 μl lysis buffer plus 2 μl poly N and 5 μl 
nuclease free water. The tubes were placed in a Thermal 
Cycler (Applied Bio-Rad, USA) at 75˚C for 5 minutes, 
followed by adding 5 μl RT Buffer (5X), 1 μl RT Enzyme 
(200 U), 3 μl dNTP (10 mM) and 0.25 μl RNase inhibitor 
(10 U) to each tube. cDNA synthesis program for each 
embryo pool (6-8 cells and blastocyst) was as follows: 
25˚C for 10 minutes, 37˚C for 15 minutes, 42˚C for 45 
minutes and 72˚C for 10 minutes.

In order to evaluate gene expression pattern of DNMTs 
(DNMT1, DNMT3A and DNMT3B) and HDACs (HDAC1, 
HDAC2 and HDAC3) at two stages of preimplantation 
development, qRT-PCR was performed in the Rotor 
Gene Q instrument (Qiagen, Germany). PCR reaction 
was performed in a final volume of 13 μl consisting of 
6.5 μl of 2X SYBR Green master mix (Quanta, USA) 
and 1 μl mixed primer (10 pmol/μl), and 1 μl cDNA. At 
least three biological replicates were used for each group. 
GAPDH was used as a reference gene for normalization 
of the comparisons within the same developmental stage. 
Relative gene expression was then calculated using the 
2-∆∆Ct method (18). The primers used for qRT-PCR are 
listed in Table 1.

Table 1: Details of primers used for quantitative reverse transcription polymerase chain reaction

Gene Nucleotide sequences (5′–3′) Fragment size (bp) Accession number

DNMT1 F: CGGAACTTCGTCTCCTTC 114 NM_182651.2

R: CACGCCGTACTGACCAG

DNMT3A F: TTACACAGAAGCATATCCAGG 143 NM_001206502.1

R: GAGGCGGTAGAACTCAAAG

DNMT3B F: ATCTTGTGTCGTGTGGGG 140 NM_181813.2

R: CTCGGAGAACTTGCCATC

HDAC1 F: AGAGAAGAAAGAAGTCACAGAAG 135 NM_001037444.2

R: GGATAAAGGTAGGGATTTGG

HDAC2 F: GGCGGTCGTAGAAATGTG 162 NM_001075146.1

R: TTCTGATTTGGCTCCTTTG

HDAC3 F: GATGACCAGAGTTACAAGCAC 193 NM_001206243.1

R: CCAGTAGAGGGATATTGAAGC

GAPDH F: GTCGGAGTGAACGGATTC 176 NM_001034034.2

R: TTCTCTGCCTTGACTGTGC
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Immunofluorescent staining of embryos

Presence of POU5F1 and H3K9ac was assessed 
by immunofluorescence staining at two stages of 
preimplantation development (6-8 cells and blastocyst), 
as previously described (19). Briefly, embryos were 
washed in washing buffer (PBS- containing 0.1% 
Tween-20 and 1% BSA), and fixed for 20 minutes in 
4% paraformaldehyde. After three times washing, the 
embryos were permeabilized with 0.5% Triton X-100 
in washing buffer for 40 minutes and incubated with 
blocking buffer containing 0.1% Triton X-100 and 
10% normal goat serum in washing buffer for 60 
minutes. The embryos were then incubated in either 
rabbit polyclonal anti H3K9ac (1:200; Abcam, UK) or 
rabbit polyclonal anti OCT4 antibody (1:200, Abcam, 
UK) in blocking buffer overnight at 4˚C. After several 
times washing, the embryos were incubated in goat 
anti-rabbit IgG fluorescein conjugated (1:500, Abcam, 
UK) for 60 minutes. Following DNA staining by 1 µg/
ml 4,6-diamino-2-phenylindole (DAPI), the embryos 
were mounted on slides, and imaged by fluorescence 
microscope (Olympus, Japan). Images were quantified 
by ImageJ software (v. 1.48, National Institute of 
Mental Health, USA). Briefly, the average gray value 
was measured by manually outlining the nuclear 
intensity of blastomeres and corrected based on the 
mean gray value of five different cytoplasmic areas, 
as a background.

Statistical analysis

Normality of data was evaluated, and all data was 
verified for homogeneity of variances by Levene’s Test. 
Data were analyzed by one-way ANOVA as well as 
duncan’s post-hoc test for multiple comparison of groups, 
using IBM SPSS statistics for windows, version 20.0 
(SPSS Inc. Chicago, IL, USA). P<0.05 were considered 
statistically significant.

Results
Nuclear donor cell preparation

Multipotent differentiation potential of BASCs 

was verified by differentiation into the osteogenic 
and adipogenic lineages. DNA methyltransferases 
(DNMT1, DNMT3A and DNMT3B) and histone 
deacetylases (HDAC1, HDAC2 and HDAC3) mRNA 
expression were evaluated at the third, fifth and 
seventh passages. The results indicated that DNMTs 
and HDACs were significantly downregulated at the 
fifth passage (P<0.05). The highest levels of H3K9ac 
and POU5F1 were also detected at this passage 
(P<0.05). Regarding the upregulation of stemness and 
downregulation of chromatin condensation at the fifth 
passage, the cells at this passage were considered as 
donor cells for SCNT.

Effect of different in vitro embryo production 
procedures on developmental competence 

Nine hundred and twenty-three bovine oocytes in 
seven replicates were matured and randomly divided 
into three groups of IVF, PA and SCNT. As shown in 
Table 2, the rate of embryo cleavage among the three 
groups was not significantly different. The blastocyst 
development rate in the IVF and PA groups (39.11 
± 2.36 and 34.41 ± 3.54 for IVF and PA groups, 
respectively) was significantly higher (P<0.001) than 
SCNT group (14.19 ± 2.43).

Expression of DNMTs and HDACs in bovine 
preimplantation embryos derived from IVF, PA and 
SCNT

Transcript abundance of DNA methyltransferases 
(DNMT1, DNMT3A and DNMT3B) and histone 
deacetylases (HDAC1, HDAC2 and HDAC3) was 
evaluated for each group at the 6-8 cells and blastocyst 
stages. The highest and lowest level of DNMT1 
transcript was found at both stages of 6-8 cell and 
blastocyst in the respectively SCNT and IVF groups 
(P<0.05, Fig.1A, B).

Although there was no significant difference between these 
groups for the expression level of DNMT3A and DNMT3B 
at the 6-8 cells stage, the expression level was significantly 
lower in SCNT than IVF group at blastocyst stage. In addition, 
DNMT3B mRNA level was lower in PA group compared to 
IVF group at blastocyst stage (P<0.05, Fig.1B).

Table 2: Effect of three different bovine embryo production on developmental competence

Group Number of oocytes Cleavage (% ± SEM) 8-16 cells (% ± SEM) Blastocyst (% ± SEM)

IVF 350 73.69 ± 2.88 46.72 ± 2.19a 39.11 ± 2.36a

PA 443 81.09 ± 2.96 47.01 ± 4.49a 34.41 ± 3.54a

SCNT 130 77.34 ± 4.70 35.67 ± 3.02b 14.19 ± 2.43b

IVF; In vitro fertilization, PA; Parthenogenetic activation, SCNT; Somatic cell nuclear transfer, and a, b; Within each column, superscript letters represent 
statistically significant differences between groups (P<0.05).
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Fig.1: Analysis of DNA methyltransferase gene expression among the three groups. Transcript abundance of DNMT1, DNMT3A and DNMT3B at the A. 6-8 
cells and B. Blastocyst stages in bovine embryos derived from IVF, PA and SCNT. Different superscripts (a, b, c) indicate a significant difference between 
groups (P<0.05). Data are expressed as mean ± standard error mean (SEM). IVF; In vitro fertilization, PA; Parthenogenetic activation, and SCNT; Somatic 
cell nuclear transfer.

Fig.2: Analysis of histone deacetylase gene expression among the three groups. Transcript abundance of HDAC1, HDAC2 and HDAC3 at the A. 6-8 cells and 
B. Blastocyst stages in bovine embryos derived from IVF, PA and SCNT. Different superscripts (a, b) indicate a significant difference between the groups 
(P<0.05). Data are expressed as mean ± SEM. IVF; In vitro fertilization, PA; Parthenogenetic activation, and SCNT; Somatic cell nuclear transfer.

We found the highest level of HDAC1 in SCNT 
embryos at the 6-8 cells stage (P<0.05, Fig.2A), not 
the blastocyst stage (Fig.2B). In PA and SCNT groups, 
the expression level of HDAC2 and HDAC3 was higher 
than IVF group at the 6-8 cells and blastocyst stages 
(P<0.05, Fig.2A, B).

Effect of in vitro embryo production on POU5F1 and 
acetylation of H3K9 in bovine embryos 

The fluorescence intensity of H3K9ac and POU5F1 
were not significantly different between inner cell 

mass (ICM) and trophectoderm (TE, data not shown). 
Thus, ICM and TE blastomers, both were used to 
evaluate the fluorescence intensity. Figures 3 and 4 
reveal the H3K9ac and POU5F1 protein contents in 
the experimental groups at two different stages of 
preimplantation development. In the SCNT group, the 
fluorescence intensity of H3K9ac and POU5F1 were 
lower than the IVF and PA groups in both the 6-8 cells 
and blastocyst stages (P<0.05). Additionally, there 
was statistically significant difference between PA and 
IVF groups (P<0.05).

A

A

B

B
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Fig.3: Comparison of H3K9ac fluorescence intensity among the three groups. Immunofluorescent staining of H3K9ac at the A. 6-8 cells and B. Blastocyst 
stages in bovine embryos derived from IVF, PA and SCNT. Different superscripts (a, b, c) indicate a significant difference between groups (P<0.05) (scale bar: 
50 µm). Data are expressed as mean ± SEM. IVF; In vitro fertilization, PA; Parthenogenetic activation, and SCNT; Somatic cell nuclear transfer.

Fig.4: Comparison of POU5F1 fluorescence intensity among the three groups. Immunofluorescent staining of POU5F1 at the A. 6-8 cells and B. Blastocyst 
stages in bovine embryos derived from IVF, PA and SCNT. Different superscripts (a, b, c) indicate a significant difference between the groups (P<0.05) (scale 
bar: 50 µm). Data are expressed as mean ± SEM. IVF; In vitro fertilization, PA; Parthenogenetic activation, and SCNT; Somatic cell nuclear transfer.
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Discussion
Results of this study showed a reduction in the 

blastocyst rate of SCNT group with high levels of 
DNMT1 and HDAC2-3 transcript abundance and less 
fluorescence intensity of H3K9ac and POU5F1 at the 6-8 
cells and blastocyst stages in comparison with IVF group. 
DNMT3A and B mRNA level was low at blastocyst stage 
and HDAC1 was high at the 6-8 cells stage in SCNT group 
compared to IVF group. Data also indicated an increasing 
in the level of DNMT1 and HDAC2-3 and a reduction in 
the fluorescence intensity of H3K9ac and POU5F1 in PA 
embryos at the 6-8 cells and blastocyst stages. 

Since the creation of Dolly as the first successful SCNT 
in sheep, various somatic cells have been used as donors 
for SCNT (20, 21). Previous studies have demonstrated 
that the differentiation and methylation state of donor 
cells can affect efficiency of SCNT process (1, 22). Based 
on the previous studies, showing that donor cells with low 
levels of DNMT1 mRNA as well as inhibition of HDACs 
could improve developmental competence in the SCNT 
embryos (2, 5, 6, 11, 13), in the present study, for first 
time, BASCs were used as donor cell at passage five with 
the lowest levels of DNMTs (DNMT1, DNMT3A and 
DNMT3B) and HDACs (HDAC1, HDAC2 and HDAC3) 
genes. 

A considerable body of evidences indicates the incomplete 
demethylation and early remethylation of cloned embryos 
derived by SCNT (3, 23). Thus, we conducted this study 
aiming to investigate whether using a donor cells with 
low mRNA levels of DNA methyltransferases (DNMT1, 
DNMT3A and DNMT3B) would modulate epigenetic 
status of resultant cloned embryos at the 6-8 cells and 
blastocyst stages. Our findings revealed that at the 6-8 
cells embryos, the DNMT1 mRNA level was more than 
three-times greater in the SCNT group compared to IVF 
group. Moreover, embryos derived from PA, which almost 
were female, showed higher mRNA levels of DNMT1 
compared to IVF group. This pattern of gene expression 
was also maintained by the blastocyst stage. 

De novo methyltransferases were evaluated in the three 
groups and data showed similar level of expression for 
both DNMT3A and DNMT3B mRNA at the 6-8 cells 
embryos which is consistent with Golding et al. (24) 
study. At the blastocyst stage, however, DNMT3A and 
DNMT3B expressions in the SCNT group were lower than 
IVF group. This is in contrast with the previous study that 
did not find any significant difference in the de novo DNA 
methyltransferases expression among the three groups of 
IVF, PA and SCNT. In another study performed by Wang 
et al. (25), Dnmt3a expression was found to be lower 
in bovine SCNT blastocysts compared to IVF, whereas 
the Dnmt3b was higher in the SCNT group versus IVF. 
These differences between different studies might be 
related to the epigenetic status, differentiation level of 
donor cells, and/or in vitro culture conditions. Bakhtari 
and Ross (26) suggested that protection of at least one 
pronucleus from DNA demethylation may be required for 

normal preimplantation development. On the other hand, 
another study reported that treatment of donor cells with 
5-aza-20-deoxycytidine (5-aza-dC), a DNA methylation 
inhibitor, could not ameliorate developmental competence 
of bovine SCNT embryos (27). In contrast, treatment 
of early SCNT embryos with TSA, a HDAC inhibitor, 
showed similar blastocyst rate compared to IVF group (11, 
27). Therefore, we proposed that histone reprogramming 
might be more important than establishment of normal 
DNA modification in the cloned embryos.

HDACs are commonly expressed in the various tissues 
and different stages of preimplantation development 
and they play a pivotal role in the modulation of gene 
expression (28). In our study, HDAC1-3 expression 
levels were compared among IVF, PA and SCNT groups 
during 6-8 cells and blastocyst stages. The results showed 
that HDAC1 mRNA level at the 6-8 cells, but not at the 
blastocyst stage, was significantly affected by SCNT 
process. Transcript abundance of both HDAC2 and 
HDAC3 was higher in the PA and SCNT groups at the 
6-8 cells and blastocyst stages in comparison with IVF. 
Beyhan et al. (29) indicated that increasing mRNA level 
of HDACs in the SCNT embryos at the morula stage 
might be required to promote transcriptional silencing in 
order to reprogram the somatic cells nuclei. However, in 
our study, HDAC1 mRNA level in the SCNT blastocysts 
is comparable to IVF and PA groups. Ma and Schultz 
(30) demonstrated that Hdac1 is the main Hdac transcript 
in the preimplantation of mouse embryos. On the other 
hand, in our experiment, the PA group which had a normal 
HDAC1 expression level showed the same blastocyst 
formation rate compared to IVF group. Thus, it seems that 
HDAC1 is more important than HDAC2 and HDAC3 in 
preimplantation development of bovine embryos. In this 
study, one reason for the similar level of HDAC1 expression 
among these three groups and reduction of blastocyst rate 
in the SCNT group might be due to undesirable effects 
of the HDAC1 transcript overexpression for the normal 
development up to blastocyst stage. Thus, regulation 
of HDAC1 transcription may play an important role in 
improvement of bovine SCNT embryo developmental 
competence. It is likely that SCNT blastocysts were 
rescued from gene suppressing, by HDAC1. Previous 
study demonstrated that DNMT1 is associated with 
histone deacetylase activity and it has a transcriptional 
repressor domain which can interact with the HDAC1 
(31). Suppression of the DNMT1 expression in the 6-8 
cells stage embryos might be due to the upregulated 
expression of HDAC1. 

Acetylation of histone tail residues is an important 
process resulting in chromatin unfolding and allow access 
to the regulatory transcriptional factors (32). In this study, 
we assessed the rate of H3K9ac during 6-8 cells and 
blastocyst stages, using immunofluorescence staining. 
Our finding showed that the value of acetylated H3K9 
in the SCNT group was less than IVF and PA groups. 
Regarding the impact of HDACs on the acetylation of 
H3K9 (33), reduction of H3K9ac in the PA and SCNT 
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groups might be resulted from overexpression of HDACs.
Since Pou5f1 is the earliest expressed gene to encode 

a transcription factor in mouse embryos, and it plays 
a critical role in the self-renewal of undifferentiated 
embryonic stem cells (34), we evaluated the level of this 
protein at the 6-8 cells and blastocyst stages. Results 
showed that in the SCNT group, this level was less than 
that of the other groups. In addition, a significant difference 
of POU5F1 was found between IVF and PA groups which 
is consistent with the previous study indicating that the 
POU5F1 and DNMT3A genes were downregulated in the 
PA (35) and SCNT embryos (29) versus IVF embryos. 
It has been demonstrated that HDAC1 and HDAC2 as a 
multiprotein complex are associated with POU5F1 gene 
expression (36). Thus, HDAC1-2 overexpression may 
result in reduction of POU5F1 expression level in the 
resultant embryos.

Conclusion
The results of this study demonstrated that i. The rate of 

blastocyst formation in the cloned bovine SCNT embryos 
derived from BASCs with low mRNA levels of DNMT1 
and HDACs (except HDAC1 in blastocyst stage), was less 
than that of the IVF group, ii. Different values of H3K9ac 
and POU5F1, detected among the groups and over the 
different developmental stages, may be related to the 
overexpression of HDACs in the PA and SCNT groups, 
and iii. Despite various aberrant epigenetic modifications 
in preimplantation development of both PA and SCNT 
groups, normal blastocyst rate of the PA compared to 
SCNT embryos may be related to the improving role of 
HDAC1 and DNMT1 in the developmental competence of 
bovine embryos.
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Abstract
Objective: Transforming growth factor beta/single mothers against decapentaplegic (TGFβ/SMAD) signaling pathway 
plays important roles in various biological processes. It acts as a tumor suppressor during the early stages of cancer 
progression. Discovering the regulators of this pathway provides important options for therapeutic strategies. Here, 
we searched for candidate microRNAs (miRNAs) that potentially target the critical components of the TGFβ signaling 
pathway.  
Materials and Methods: In the current experimental study, we first predicted miRNAs that target TGFβ components 
using a bioinformatics software. After that, quantitative real-time polymerase chain reaction (RT-qPCR) was used to 
detect the expression of miR-587, TGFBR2, SMAD4, p21, CCND1 and c-MYC genes in transfected HEK293T and 
HCT116 cells. Dual Luciferase assay was performed to analyze the interactions between miRNAs and the target genes. 
Propidium iodide flow cytometry was used to determine cell cycle progression in HEK293T and HCT116 cells under 
hsa-miR-587 (miR-587) overexpression circumstances.            
Results: Multiple miRNA responsive elements (MREs) were predicted for miR-587 within the 3’UTRs of the TGFBR2 
and SMAD4 genes. Overexpression of miR-587 in HEK293T and HCT116 cells resulted in downregulation of 
TGFBR2 and SMAD4 genes. In addition, a downstream target gene of TGFβ/SMAD signaling, P21, was significantly 
downregulated in the HCT116 cells overexpressing miR-587. Dual luciferase assay analysis provided evidence that 
there is a direct interaction between miR-587 and the 3’UTR sequences of TGFBR2 and SMAD4 genes. Moreover, 
miR-587 overexpression in HEK293T and HCT116 cells resulted in reducing the SubG1 cell populations in both cell 
lines, as detected by flow cytometry.                      
Conclusion: Altogether, our data revealed an important role for miR-587 in regulating TGFβ/SMAD signaling and promoting 
cell cycle progression. These characteristics suggest that miR-587 is an important candidate for cancer therapy research.  
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Introduction
Transforming growth factor beta/single mothers against 

decapentaplegic (TGFβ/SMAD) signaling plays crucial 
roles in various cellular processes, cell development, and 
carcinogenesis (1). TGFβ is a member of the superfamily 
of multifunctional cytokines that binds to the TGFBR1 
and TGFBR2 receptor serine/threonine kinases. Binding 
of TGFβ to TGFBR1 and TGFBR2 leads to direct 
phosphorylation and activation of receptor-regulated 
SMAD (R-SMAD) proteins, SMAD2 and SMAD3. 
Activated R-SMADs form a heteromeric complex with 
the Co-SMAD protein, SMAD4. Once fully formed, the 
SMAD complex is translocated into the nucleus, where it 
associates with other transcriptional regulators to activate 
or suppress the transcription of specific target genes (2, 3). 
Although TGFβ signaling is known to induce apoptosis and 
cell cycle arrest during the early stages of carcinogenesis, 
it has been also shown to promote cancer progression and 
metastasis in the advanced stages of cancer (4, 5).

MicroRNAs (miRNAs) are small (18-24 nucleotides) 
non-coding RNAs that control gene expression post-
transcriptionally (6). They are involved in the regulation 
of several biological processes. miRNAs generally bind to 
the 3ˊuntranslated region (3ˊUTR) of their target mRNAs 
leading to their degradation or translational repression (7). 
Dysregulation of miRNA expression has been observed 
in various human tumors (8, 9). Interestingly, miRNAs 
are implicated in the process of carcinogenesis by acting 
as either tumor suppressors or oncogenes (10, 11). In 
addition, miRNAs play important roles in modulating 
signaling pathways by regulating the expression of their 
components. Various miRNAs have been reported to 
control core components of the TGFβ/SMAD signaling 
pathways (12-16).

Here, we demonstrated that miR-587 likely has a negative 
effect on the expression of TGFβ/SMAD signaling 
components. Bioinformatics analysis showed that miR-
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587 has multiple recognition sites within the 3’UTRs 
of two essential components of the TGFβ pathway, the 
TGFBR2 and SMAD4 genes. Overexpressing miR-587 in 
HEK293T and HCT116 cells (TGFβ pathway-active cells) 
resulted in the downregulation of TGFBR2 and SMAD4 
expression. Furthermore, dual luciferase assay results 
suggested a direct interaction between miR-587 and the 
two target genes. Moreover, overexpression of miR-587 
resulted in reducing the SubG1-phase cellular population 
of HEK293T and HCT116 cells. The results of the current 
study suggest miR-587 as an important regulator of TGFβ 
signaling pathway.

Materials and Methods
Bioinformatics tools

Prediction of miRNAs that target components of the 
TGFβ pathway was performed using the Targetscan (17), 
DIANA MicroT-CDS (18, 19) and miRmap (20) web 
servers. TargetScan predicts miRNA targets by searching 
for the presence of sites that match the seed region of each 
miRNA (17). DIANA MicroT-CDS has the potential to 
predict miRNA responsive elements (MREs) located in 
both the 3ˊ-UTRs and coding sequence (CDS) regions 
(18, 19). miRmap uses thermodynamic, evolutionary, 
probabilistic, or sequence-based features in its prediction 
process (20). The phylogenetic conservation of the 
predicted MREs of miR-587 within the 3´UTRs of its 
target genes was evaluated using the UCSC genome 
browser (21). 

Plasmid construction

The miR-587 precursor was polymerase chain 
reaction (PCR)-amplified using a pair of specific 
primers (Table 1), and the PCR product was cloned 
into the multiple cloning site of the pmR-mCherry 
expression vector (Clontech, USA). The resulting 
construct was transformed and amplified into the 
DH5-Alpha E.coli bacterial strain and later extracted 
by mini-prep kit (Qiagen, Germany) and sequenced to 
verify the absence of any mutations.

Cell culture

HEK293T and HCT116 cells were cultured in Dulbecco’s 
Modified Eagle Medium:Nutrient Mixture F-12 (DMEM/
F12) or RPMI media, respectively (Invitrogen, USA), 
supplemented with 100 U/ml penicillin, 100 μg/ml 
streptomycin (Sigma, USA), and 10% fetal bovine serum 
(Invitrogen, USA), and incubated at 37˚C with 5% CO2. 
HEK293T and HCT116 cells were obtained from Pasteur 
Institute (Tehran, Iran).

Transfection 

HEK293T or HCT116 cells were seeded in 12-well 
plates (12×104 cells per well). Transfection was performed 
using Lipofectamine 2000 reagent according to the 
manufacturer’s instructions (Invitrogen, USA).

Table 1: Primers used in the study

Primer Primer sequence (5ˊ-3ˊ)

Anchored Oligo dT GCGTCGACTAGTACAACTCAAG
GTTCTTCCAGTCACGACGT18N

U48 TGACCCCAGGTAACTCTGAGTGTGT

miR-587 GGCGCTTTCCATAGGTGATGAGT

Anchored reverse GCGTCGACTAGTACAACTCAAG

Pre-miR-587 F: TCAGCTCAGACCACATTTCATCA

R: ATGAGGACAGCCATGAGACAGAT

GAPDH F: GCCACATCGCTCAGACAC

R: GGCAACAATATCCACTTTACCAG

CCND1 F: CAGAGTGATCAAGTGTGACCC

R: CGTCGGTGGGTGTGCAAGC

c-MYC F: CTCCTACGTTGCGGTCACAC

R: CGGGTCGCAGATGAAACTCT

SMAD4-3ˊUTR F: AAGTAATGGCTCTGGGTTGGG

R: TCAAACAGCAGAACAAAGATAAGGAA

TGFBR2-3ˊUTR F: TTTGGATGGTGGAAGGTCTC

R: GCAACAGCTATTGGGATGGT

K-RAS-3ˊUTR F: GTGAGGGAGATCCGACAATACAGA

R: GCCGCGCTGCTGCTACCTTTGGGC

RNA extraction, cDNA synthesis and quantitative 
real-time polymerase chain reaction

Total RNA was extracted using Trizol reagent according 
to the manufacturer’s instructions (Invitrogen, USA). 
Genomic DNA was removed by DNaseI treatment as the 
following: DNase I treatment (Takara, Japan) at 37˚C for 
30 minutes, followed by heat and EDTA inactivation of 
the enzyme for 10 minutes. cDNA was synthesized using 
Prime Script II reverse transcriptase (Takara, Japan) 
according to the manufacturer’s instructions. For miRNA 
detection, polyA tailing was performed before cDNA 
synthesis using the E. coli Poly (A) Polymerase kit (NEB, 
England). Real-time PCR was performed according 
to standard protocols by StepOne™ system (Applied 
Biosystems, USA). GAPDH and U48 expression levels 
were used to normalize the real-time PCR results.

Western blot

Total cellular proteins were extracted from RiboX-
precipitated cell extracts according to a recently reported 
protocol (22). The extracted protein concentrations were 



          Cell J, Vol 22, No 2, July-September (Summer) 2020 160

miR-587 Regulates TGFβ/SMAD Signaling and Cell Cycle 

determined using Bradford assay (23). 40 µg of each 
protein sample were separated by polyacrylamide gel 
electrophoresis and transferred to a polyvinylidene 
difluoride (PVDF) membrane. Primary antibodies 
against cyclin D1 protein (Santa Cruz, USA), β-actin 
(Santa Cruz, USA) and goat anti-mouse secondary 
antibody (BIORAD, USA) were diluted according to 
the manufacturers’ instructions. The expression levels 
of CCND1 protein was normalized against β-actin 
protein expression.

Luciferase assay
The desired fragments of the 3ˊUTRs of TGFBR2 and 

SMAD4 genes in addition to a similar-sized fragment of 
the K-RAS_3ˊUTR (off target) were cloned downstream 
of the Renilla luciferase gene of the PSI-CHECK2 
plasmid. The resulting constructs were co-transfected 
with the pmR-mCherry/pre-miRNA or pmR-mCherry 
vectors in HEK293T cells. 48 hours after transfection, 
dual luciferase assay was performed using Dual-Glo 
luciferase assay kit (Promega, USA).

Cell cycle analysis
HEK293T or HCT116 cells transfected with miR-

587 or mock were collected 36 hours after transfection, 
centrifuged at 1200 rpm for 5 minutes and washed twice 
with phosphate buffered saline (PBS). Subsequently, 
cells were fixed in 1 ml of 70% ethanol for at least 30 
minutes. For each sample, 500 μl propidium iodide 
staining solution was added to each sample and incubated 
for 30 minutes at room temperature. Cell cycle analysis 
was performed by the FACSCalibur flow cytometer (BD 
Biosciences, USA).

Statistical analysis
The relative expression of the desired genes was 

calculated according to the 2−ΔΔCt method. Real-time 
PCR results were normalized against the endogenous 
expression of the U48 or GAPDH genes. GraphPad 
Prism 7 (GraphPad software, USA) was used to perform 
statistical tests (t test) and graph construction. Results 
with P<0.05 were considered statistically significant. All 
experiments were performed in triplicates.

Results
Bioinformatics analysis suggests miR-587 as an 
inhibitor of TGFβ signaling

A set of miRNAs was predicted by the utilized 
software to target important genes implicated in the 
TGFβ signaling pathway. For instance, hsa-let-7f-5p 
and hsa-miR-4458 were predicted to target TGFβR1, 
hsa-miR-302a-3p, hsa-miR-302d-3p and hsa-miR-587 
were predicted to target TGFβR2 and hsa-miR-548g-
5p, hsa-miR-4288 and hsa-miR-587 were predicted to 
target the SMAD4 gene. To select one of the candidate 
miRNAs for experimental validation, we focused 
on the miRNAs that can target more than one gene 

of the TGFβ signaling components at the same time. 
In addition, the scores obtained by the software used 
were taken into consideration and led to the final 
selection of miR-587 as a potential candidate. In 
terms of its possible role, miR-587 was predicted to 
potentially target two important genes related to the 
TGFβ signaling pathway, the TGFBR2 and SMAD4 
genes (Fig.1A). Our bioinformatics predictions 
showed that each of the 3ˊUTRs of the TGFBR2 
and SMAD4 genes contains more than one MRE for 
miR-587. Additionally, the seed sequence of miR-587 
showed high-scored base pairing with the targets’ 
MREs (Fig.1B).

Fig.1: Predicted miRNA responsive elements (MREs) of miR-587 within the 
3ˊUTRs of TFFBR2 and SMAD4 genes. A. The positions of miR-587 binding 
sites within the 3ˊUTRs of TGFΒR2 and SMAD4 transcripts. The numbers 
indicate the position of the first nucleotide of each MRE with respect to 
the transcription initiation site and B. Schematic representation of the 
base-pairing status between the miR-587 seed sequence and the MREs of 
the target genes. One MRE is presented for each target gene.

Downregulation of TGFBR2 and SMAD4 following 
the overexpression of miR-587

In order to validate the prediction results, miR-
587 was overexpressed in HEK293T and HCT116 
cells. Overexpression of miR-587 was performed by 
transfecting the cells with the pmCherry/pre-miR-587 

construct or empty pmCherry as a control. Significant 
overexpression of miR-587 was detected in both cell 
lines transfected by pre-miR-587 in comparison to the 
controls (Fig.2A, B). As a result, RT-qPCR analysis 
indicated that TGFBR2 and SMAD4 expression levels 
decreased significantly in both cell lines (HEK293T 
and HCT116) overexpressing miR-587 compared 
to the controls (Fig.2C, D). Moreover, the P21 gene 
showed a significant downregulation in the HCT116 
cells overexpressing miR-587 compared to the 
controls, while CCND1 and c-MYC genes showed a 
significant upregulation in the same samples (Fig.2E). 
In addition, western blot analysis confirmed these 
results and showed a significant upregulation of the 
CCND1 protein level in comparison to the control 
samples (Fig.2F).
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Fig.2: Effect of miR-587 overexpression on the expression of its predicted target genes. A, B. HEK293T and HCT116 cells transfected with the pmCherry/
pre-miR-587 construct or empty pmCherry control. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis indicated more than 
25-fold overexpression of miR-587 in HEK293T cells and ~7-fold in HCT116 cells following the transfection of the pmCherry/pre-miR-587 construct in 
comparison to controls (P=0.0002 and 0.0064, respectively), C, D. Following the overexpression of miR-587, the expression levels of TGFBR2 and SMAD4 
reduced significantly in both HEK293T and HCT116 cell lines, E. Overexpressing of miR-587 in HCT116 cells resulted in the downregulation of p21 gene 
expression, and upregulation of CCND1 and c-MYC genes, and F. Western blot analysis showed a significant upregulation in the CCND1 protein level in the 
HCT116 cells overexpressing miR-587 compared to control. RT-qPCR results were normalized according to the endogenous expression of U48 and GAPDH 
genes. Western blot results were normalized according to the endogenous expression of β-actin protein. *; 0.01<P<0.1, **; P≤0.01 and ***; P≤0.001.
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Interaction between miR-587 and the 3ˊUTRs of the 
TGFBR2 and SMAD4 genes

In order to examine a direct interaction between miR-
587 and the 3ˊUTRs of TGFBR2 and SMAD4 genes, a dual 
luciferase assay was performed. HEK293T cells were 
co-transfected with PSI-CHECK2/TGFBR2_3ˊUTR, 
PSI-CHECK2/SMAD4_3ˊUTR or PSI-CHECK2/K-
RAS_3ˊUTR constructs and pmCherry/pre-miR-587 

or mock. PSI-CHECK2/K-RAS_3ˊUTR was used 
as an off-target. Dual luciferase analysis indicated a 
significant reduction in the luciferase activity of the 
cells co-transfected with miR-587 and its target genes 
3ˊUTRs in comparison to the controls (Fig.3). These 
results suggest a direct interaction between miR-587 
and the 3ˊUTRs of TGFBR2 and SMAD4 genes.

The effects of miR-587 overexpression on cell cycle 
progression

We used propidium iodide flow cytometry analysis 
to investigate the effects of miR-587 overexpression on 
HEK293T and HCT116 cell cycle progression. The obtained 
results showed a significant reduction in the SubG1-
phase and G2-phase populations of the HEK293T cells 
overexpressing miR-587 compared to the controls (Fig.4A). 
In addition, a significant increase in the S-phase population 
of the HEK293T cells compared to the controls was observed 
(Fig.4). In HCT116 cells, on the other hand, overexpression 
of miR-587 resulted in a significant reduction of the SubG1-
phase population of the cells, but no significant variations in 
cells in other cell cycle phases were observed in comparison 
to the controls (Fig.4B). These results suggest a role for miR-
587 in arresting the progression of the cell cycle.

Fig.3: Direct interaction between miR-587 and the 3ˊUTRs of TGFBR2 and SMAD4. A significant luciferase activity reduction was 
detected in the HEK293T cells co-transfected with PSICHECK-2/TGFBR2_3ˊUTR or PSICHECK-2/SMAD4_3ˊUTR (P=0.02 and 0.0007, 
respectively), and pmCherry/pre-miR-587 construct, compared to mock or off-target (PSICHECK-2/K-RAS_3ˊUTR) controls. *; P≤0.05 
and ***; P≤0.001.
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Fig.4: Hsa-miR-587 overexpression effect on cell cycle status. A. Flow cytometry analysis indicated that the overexpression of miR-587 in HEK293T 
cells resulted in a significant increase of the S-phase cell population (~1.5-folds, P=0.019), and a significant decrease in the SubG1-phase and G2-phase 
populations of cells (~1.5-folds, P=0.02 and 0.005, respectively) and B. Overexpression of miR-587 in HCT116 cells resulted in a significant increase of the 
SubG1-phase cell population (~1.7-folds, P=0.01), but no significant variation was observed in the populations of the other cell cycle phases in comparison 
to the control. *; P≤0.05 and **; P≤0.01.

Discussion
TGFβ/SMAD signaling pathway represents a complex 

network that effectively controls fundamental cellular 
processes. The activation of this pathway causes an 
arrest in the cell cycle of normal cells and early tumors. 
Mutational inactivation or dysregulated expression of the 
TGFβ/SMAD signaling components has been observed in 
human cancers (4, 24). TGFβ signaling has been shown 
to play a dual role in the course of cancer progression. 
It exhibits a tumor suppressive role in the early stages 
of the carcinogenesis process by inhibiting cell cycle 
progression and promoting apoptosis (5, 25). However, 
in the late stages, it exerts tumor-promoting effects by 
increasing tumor invasiveness and metastasis (4, 5).

Previous studies described TGFβ/SMAD signaling 
as an important inhibitor of cellular proliferation (26). 
TGFβ/SMAD signaling downregulates the expression 
of a set of genes resulting in the inhibition of cell cycle 
transition from G1 to S phase (27, 28). In the current 
study, in silico and experimental tools showed that miR-
587 targets important components of the TGFβ/SMAD 
signaling pathway. Moreover, overexpressing miR-587 
in HEK293T cells resulted in increasing the S-phase cell 
population, and reducing the SubG1-phase population. 
While in HCT116 cells, overexpressing this miRNA 
resulted in reducing the SubG1-phase only, without 
exerting any effect on the other cell cycle phases. This 
variation may be due to the differences between the 
two cell line origins, identities and status. However, the 
common effect exerted on the two cell lines at the SubG1-
phase, indicates that miR-587 plays a role in the arrest of 
the cell cycle at this phase.

The dbDEMC 2.0 database that presents differentially 
expressed miRNAs in human cancers, has provided 

important evidence about the expression of miR-587 
in a set of human cancer samples (29). The available 
expression data showed that miR-587 expression is 
upregulated in colon and breast tumors in comparison 
to normal tissue, and downregulated in high-grade colon 
tumors in comparison to low-grade tumors (5). These data 
provide an evidence about the function of this miRNA and 
its regulatory effects on the TGFβ signaling pathway that 
is downregulated in early tumor stages and upregulated 
during the late stages (30).

Conclusion
In the current study, we demonstrated a regulatory role 

for miR-587 against TGFβ/SMAD signaling. In addition, 
our results showed that miR-587 promotes cell cycle 
progression. 
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Abstract
Objective: Multiple sclerosis (MS) is a chronic disorder involving both inflammatory and neurodegenerative responses. 
Long non-coding RNAs (lncRNAs) have been had an emerging role as the biomarkers of different disorders, including 
autoimmune diseases. Previous studies have shown that NR_003531.3 (MEG3a), AC000061.1_201, and AC007182.6 
play a role in the pathogenesis of human autoimmune diseases. However, the potential significance of these lncRNAs, 
as the diagnostic biomarkers of MS, has not been studied yet. We aimed to quantitatively evaluate the expression 
levels of NR_003531.3, AC000061.1_201, and AC007182.6 in peripheral blood samples of MS patients in comparison 
with healthy controls. 
Materials and Methods: In this case-control study, the blood samples from 20 MS patients and 10 healthy controls 
were collected. Total RNA was extracted, and the expression levels of three selected lncRNAs were quantitatively 
measured using the quantitative real time-polymerase chain reaction (qRT-PCR) method.               
Results: We detected a significant down-regulation in the expression of NR_003531.3 in MS patients, while no marked 
changes were observed in the expression of AC000061.1_201 and AC007182.6 in patients compared with controls. 
Based on the receiver operating characteristic (ROC) curve analysis, NR_003531.3 could discriminate MS patients 
from healthy subjects effectively. Regarding the prognosis of MS patients, NR_003531.3 is significantly and inversely 
correlated with the expanded disability status scale (EDSS).                        
Conclusion: The potential role of NR_003531.3 lncRNA as a diagnostic biomarker to distinguish MS patients is proposed. 
Prognostically, NR_003531.3 correlates with lower disability rates in MS patients.  

Keywords: Autoimmune Disease, Gene Expression Profiling, Long Non-coding RNA, Multiple Sclerosis, 
Neurodegenerative Disease
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Introduction
Multiple sclerosis (MS) is a chronic disorder 

involving both inflammatory and neurodegenerative 
responses. The origins of MS have been summarized 
as the environmental, genetic, and hormonal factors. 
Dramatic changes in human lifestyle have triggered 
a pervasive vitamin D deficiency worldwide. This 
phenomenon has elevated MS incidence (1). Along 
with vitamin D deficiency, estrogen hormone in 
females has synergistically worsened the immune 
tolerance and increased the number of MS cases (2). 

Although the precise etiology of MS is still unrevealed, 
multiple genetic pathways have been identified to 
participate in the pathogenesis of MS, including HLA-
DQB1*0602, HLA-DQA1*0102, HLA-DRB1*1501, 
and HLA-DRB5*0101 (3), as well as some microRNAs 
namely, miR-326 and miR-26a (4). MS disease is 
an inflammatory response with infiltrated activated 
monocytes, B and T cells into the central nervous 
system (5). Among them, T helper-17 (Th-17) plays 
a pivotal role in MS pathogenesis. Th-17 is a CD4+ T 
helper cell originated from Naïve CD4+ cells upon the 

https://www.sciencedirect.com/topics/neuroscience/vitamin-d
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expression and activation of interleukin-23 (IL-23), 
IL-6 and transforming growth factor-beta (TGF-β) (6-
8). Increased level of Th-17 cells has been reported 
in various human autoimmune diseases including MS 
(9), systemic lupus erythematosus (10), psoriasis (11), 
and rheumatoid arthritis (12). Th-17 cells impose 
their degenerative impact via up-regulating different 
cytokines such as granulocyte/macrophage colony-
stimulating factor (GM-CSF), IL-21, IL-17, and IL 22, 
which in turn, leads to the tissue injuries. 

Several studies have identified numerous potential 
biomarkers that can predict the MS disease, as well 
as its progression. Among the applicable biomarkers, 
long non-coding RNAs (lncRNAs) contribute to the 
pathogenesis of many disorders such as MS (13). 
lncRNAs are >200-nucleotide non-coding transcripts 
expressed ubiquitously from the genome. AC007182.6 
has been recently shown to be involved in Th-17 
differentiation. This lncRNA is co-expressed with its 
nearby gene, BATF, which has a significant role in 
determining the naïve cell fate to be differentiated into 
Th-17 cells (14).

Furthermore, the overexpression of Homo sapiens 
maternally expressed 3a (MEG3a), also known as 
NR_003531.3, has been reported in the development of 
CD4+ T cells in autoimmune diseases. This excessive 
expression is strongly linked to the lowered percentage 
of Th-17 cells (15). The fundamental role of another 
lncRNA, named AC000061.1-201, has been revealed 
in rheumatoid arthritis. This lncRNA is significantly 
overexpressed in the peripheral blood mononuclear 
cells of these patients and tightly associated with the 
serum level of IL-6 and tumor necrosis factor-alpha 
(TNF-α) (16). Albeit these lncRNAs have substantial 
roles in the pathogenesis of autoimmune disorders, 
mainly through regulating the population of Th-17 
cells, no study has been conducted to evaluate their 
significance in MS disease.  Therefore, we aimed 
to quantitatively study the expression levels of 

NR_003531.3, AC000061.1-201, and AC007182.6 in 
the peripheral blood samples of the patients with MS 
disease. This study may help nominate the lncRNA(s), 
differentially expressed in MS patients, as prognostic 
molecules especially in MS subclinical cases.	

Material and Methods
Patients and samples	

The case-control study was carried out to compare 
lncRNA expression levels in 20 Iranian relapsing-
remitting MS (RRMS) patients who had not taken 
any kinds of MS drug. The diagnosis of RRMS has 
been made based on the revised McDonald’s criteria 
(17). The control group comprised of 10 healthy sex-
matched volunteers whose neurological disorders were 
ruled out. Both groups of men and women, with the 
age range of 10 to 55, who signed the written informed 
consent, were included in the study. The participants 
with the history of autoimmune and/or neurological 
diseases, as well as diabetes mellitus, were excluded 
from the investigation. The characteristics of RRMS 
patients are summarized in Figure 1. In this research, 
5 ml of peripheral blood was collected from all 
participants in EDTA-containing tubes.

All procedures performed in studies involving 
human participants were in accordance with the 
ethical standards of the Ethics Committee of Tehran 
University of Medical Sciences, Iran, and with the 
1964 Helsinki declaration and its later amendments or 
comparable ethical standards. All participants signed 
the informed consents.

RNA extraction
Total RNA was isolated with GeneAll Hybrid-RTM 

blood RNA extraction kit. The RNA concentration was 
estimated using Nanodrop Spectrophotometer (ND-1000, 
ThermoFisher, MA, USA).  Purified RNA was stored at 
-80˚C for further steps. 

Fig.1: The characteristics of multiple sclerosis (MS) patients. The number of individuals as well as their gender, age, and the Expanded Disability Status 
Scale (EDSS) scores is illustrated.  
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cDNA synthesis and quantitative real time-polymerase 
chain reaction 

RNA was treated with DNase I prior to cDNA 
synthesis. The cDNA was performed using cDNA 
Synthesis Applied by Universal cDNA Synthesis 
Kit (ParsGenome, Iran) based on the manufacturer’s 
protocol. The synthesized cDNAs were stored at 
-20˚C until the polymerase chain reaction (PCR). The 
Oligo 7 software (Molecular Biology Insights, Inc., 
CO, USA) was employed for designing the specific 
primers, which are listed in Table 1. Quantitative real 
time- polymerase chain reacttion (qRT-PCR) reactions 
were performed on the ABI PRISM 7500 instrument 
(Applied Biosystems, USA). All reactions were 
carried out in triplicate. qRT-PCR data were assessed 
according to the 2-ΔΔCT method (18). The corresponding 
lncRNA Ct values were normalized against GAPDH, 
as a reference gene. 

  Table 1: The sequence of the primers

lncRNA Primer sequence (5´-3´)

NR_003531.3 F: TGGCATAGAGGAGGTGAT

R: GGAGTGCTGTTGGAGAATA

AC000061.1_201 F: ATGCTGCTATGCTTCCC

R: GCTTCTGTAGTTCGGTCTT

AC007182.6 F: TGTGTTACTCAGCGTCCTA

R: CGTATTGAGAGCGTGTGTT

lncRNA; Long non-coding RNA.

Statistical analysis
Statistical analyses were performed by the GraphPad 

Prism 7 (CA, USA). The Mann-Whitney U test was 
carried out to analyze the quantitative expression level 
of lncRNAs between patients and healthy groups. 
Spearman’s rank correlation test was performed to 
evaluate the possible correlation between the relative 
expression levels of lncRNAs and the clinical data. The 

P<0.05 were considered statistically significant.

Results
Expression levels of lncRNAs in RRMS patients and 
controls

The expression levels of three lncRNAs including 
NR_003531.3, AC000061.1-201, and AC007182.6 were 
quantitatively assessed using the qRT-PCR method in 
MS and healthy groups. Statistical analyses showed that 
there was a significant down-regulation in the expression 
of NR_003531.3 in RRMS patients, while no significant 
difference was observed concerning the expression levels 
of AC000061.1-201 and AC007182.6 in patients as 
compared to controls (Fig.2). 

NR_003531.3 discriminated MS patients from healthy 
controls   

To assess the potential of NR_003531.3, as a 
diagnostic biomarker for distinguishing the health/
disease status, the expression level of this lncRNA 
was analyzed by the receiver operating characteristic 
(ROC) analysis in both groups. The ROC curve 
analysis indicated that NR_003531.3 could effectively 
discriminate RRMS patients from healthy individuals 
with an area under the curve (AUC) of 0.90 (P=0.0019) 
(Fig.3). This finding may propose the NR_003531.3 as 
a potential screening tool.

NR_003531.3 expression level is negatively correlated 
with the expanded disability status scale

In order to explore the prognostic value of 
NR_003531.3, the correlation between NR_003531.3 
and the level of disability caused by MS disease was 
investigated. To this aim, the expression level of 
NR_003531.3 was evaluated based on the EDSS scores 
among 20 RRMS patients. It was demonstrated that 
there was a significant negative correlation between 
NR_003531.3 expression levels and the EDSS scores, 
r=-0.669 (P=0.0013). It implies that the higher 
expression of NR_003531.3 lncRNA was linked with 
the lowered disability rate in MS patients (Fig.4).

Fig.2: Expression level of NR_003531.3 (***; P=0.0003), AC000061.6-201 (P=0.99), and AC007182.6 (P=0.1619) in multiple sclerosis (MS) and 
healthy groups. While the previous long non-coding RNA (lncRNAs) had no significant differences, NR-003531.3 expression shows a significant 
increase in MS patients as compared to healthy controls. 
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Fig.3: The receiver operating characteristic (ROC) curve of healthy/
patients analyzed for the expression level of NR-003531.3. NR-003531.3 
is adequately potent to discriminate between healthy subjects and MS 
patients with the area under the curve (AUC) of 0.91 (P=0.0019). 

Fig.4: The correlation study. NR_003531.3 is negatively associated with 
the Expanded Disability Status Scale (EDSS) in multiple sclerosis (MS) 
patients. 

Discussion
Non-coding RNAs have critical indications in a variety of 

human disorders including cancer (19-21), cardiovascular 
diseases (22), diabetes (23), and autoimmune diseases 
(24). LncRNAs are the emerging type of non-coding 
RNAs, playing crucial roles in the pathogenesis of human 
autoimmune diseases, especially MS (13). In this study, 
we screened the expression levels of three lncRNAs 
with implications in other human autoimmune diseases, 
in order to understand whether they are differentially 
expressed in MS versus healthy subjects. 

NR_003531.3 is known to inhibit the miR-125a-5p 
expression in CD4+ T cells which, in turn, results in the lower 
percentage of Th-17 cells in immune thrombocytopenic 
purpura (15). More importantly, NR_003531.3 has been 
reported to be critical as a functional lncRNA, which 

plays a significant role as a competing endogenous 
RNA (ceRNA). NR_003531.3, indeed, competes with 
programmed cell death 4 (PDCD4) mRNA thereby 
binding to miR-21. The ultimate consequence of this 
phenomenon is ischemic neuronal death (25). It has been 
shown that NR_003531.3 is normally expressed in the 
nucleus accumbens of normal human brain tissue, while it 
shows a drastic up-regulation in the brain of heroin abusers 
(26), which may cause a neurodegenerative condition. All 
these data support the notion that NR_003531.3 might be 
necessary for the regulation of the pathway, thought to 
be involved in the modulation of the immune system and 
central nervous system.

In this study and for the first time, we have demonstrated 
the expression level of three lncRNAs including 
NR_003531.3, AC000061.1-201, and AC007182.6 in 
MS patients. The evaluation of extensive alterations that 
occur in the expression of lncRNAs during the immune 
response could result in designing novel diagnostic and 
therapeutic approaches for MS patients. Based on the 
analysis, NR_003531.3, but not other lncRNAs, showed a 
significant down-regulation in RRMS patients. It strongly 
suggests that NR_003531.3 could decrease the risk of 
developing MS by reducing the percentage and activity 
of Th-17 cells.

Additionally, the ROC curve analysis showed that 
NR_003531.3 is effectively capable and potent to 
distinguish between RRMS and healthy individuals. 
These findings suggest that NR_003531.3 might be 
considered a novel potential biomarker for the diagnosis 
of MS patients. However, since MS patients are mainly 
diagnosed by the clinical and imaging findings, the 
applicability of NR_003531.3 would be useful when its 
altered expression is assessed in relapse/acute phase of 
the disease in comparison with the remission stage. This 
hypothesis can be examined by the determination of the 
expression level of NR_003531.3 in MS patients when 
they experience the relapse phase in comparison with 
those at the remission stage. 

The correlation analyses between NR_003531.3 
lncRNA expression levels and EDSS scores of MS 
patients revealed a significant negative correlation 
between NR_003531.3 levels and the EDSS, denoting 
that the lower expression of NR_003531.3 is associated 
with the higher disability rate in MS patients. This finding 
highlights the prognostic value of NR_003531.3 in MS 
disease.

As NR_003531.3 has a differential expression in MS 
patients, as compared to controls, this lncRNA might be 
participating in the pathogenesis of MS. This hypothesis 
could be expanded by  in vitro and in vivo studies using 
NR_003531.3 expression plasmid and/or specific siRNAs. 
As modulating the percentage of Th-17 cells might be 
the main function of NR_003531.3, incorporating the 
quantitative studies to analyze the population of Th-17 
cells, downstream of NR_003531.3, could gain an insight 
on the mechanistic role of this lncRNA in MS disease.   
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A number of altered lncRNAs in MS have been reported. 
Based on the microarray analysis in MS patients, Zhang et al. 
(27) have shown that ENSG00000231898.3, XLOC_009626, 
and XLOC_010881 underwent up-regulation, while 
ENSG00000233392.1, ENSG00000259906.1, and lncRNA 
XLOC_010931 exhibited a lower amount in MS patients. 
Eftekharian et al. (13) revealed that PVT1 and FAS-AS1 
lncRNAs had lower expression as compared with healthy 
individuals, whereas THRIL had significantly higher 
expression in RRMS patients. Moreover, a lncRNA PCR 
array-based study showed the down-regulation of NRON 
and TUG1 in MS patients (28). Unlike the latter study, TUG1 
along with NEAT1 and PANDA has been reported to be 
overexpressed in MS patients (29), reflecting the significance 
of validating the results at least for TUG1 lncRNA. Besides, 
Pahlevan Kakhki et al. (30) indicated that HOTAIR lncRNA 
underwent up-regulation in MS patients. In contrast to these 
studies, we have evaluated the diagnostic and prognostic 
values of lncRNAs that were earlier mentioned. 

In brief, we have demonstrated the down-regulation of 
NR_003531.3 in MS patients. Based on the ROC curve 
analysis, this lncRNA is capable of discriminating the MS 
patients effectively. Prognostically, the lower expression 
of NR_003531.3 is linked with a poorer prognosis in MS 
disease.  

This study lacked sufficient sample size. Therefore, to 
confirm the results, further studies are required to examine 
the expression level of NR_003531.3 in a larger population 
of MS and control groups, as well as a separate group 
of MS patients to test whether the disease stage (relapse/
remission) influence the expression of NR_003531.3. 
Moreover, animal models of MS could be employed to 
corroborate the results of our study. As shown in our study 
that NR_003531.3 is downregulated in MS patients, the 
overexpressing this lncRNA would affect the onset or the 
prognosis of MS in murine models.

Conclusion
NR_003531.3 is significantly downregulated in the 

peripheral blood of MS patients. This lncRNA can discriminate 
MS patients from healthy controls. These findings propose 
the potential diagnostic value of NR_003531.3 lncRNA. 
Moreover, NR_003531.3 is inversely correlated with 
disability scores of MS patients, suggesting the potential 
prognostic role of this lncRNA on MS disease course.
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Abstract
Objective: We aimed to examine the expression levels of the VASA gene and protein in testis sections of neonate and 
adult mice as well as testicular cell cultures.  
Materials and Methods: In this experimental study, in order  to investigate the expression of this germ cell marker 
gene in more detail, we analyzed the expression of VASA by immunocytochemistry, immunohistochemistry and fluidigm 
reverse transcription-polymerase chain reaction (RT-PCR).               
Results: The immunohistochemical assays showed that the VASA protein was exclusively expressed in germ cells 
in the seminiferous tubules of the neonate and adult testis and not in somatic cells. VASA was not detectable in 
PLZF positive spermatogonial stem cells (SSCs), was weakly expressed in proliferating spermatogonia, and became 
abundant in spermatocytes and round spermatozoa. Counting VASA-positive cells in the seminiferous tubules of the 
neonate and adult testis depicted significant higher expression (P<0.05) of VASA in the adult testis in comparison 
to its neonate counterpart. SSC colonies were established in vitro after digestion of the testis and characterized by 
immunocytochemistry for CD90 and stage-specific embryonic antigens 3 (SSEA3). Immunocytochemistry confirmed 
that in contrast to the not detectable signal in vivo, VASA protein was strongly localized in the cytoplasm of both 
neonate and adult mouse SSCs under in vitro conditions. The results of Fluidigm RT-PCR revealed a significant higher 
expression of the germ cell gene VASA in adult SSCs in comparison to neonate SSCs in cell culture (P<0.05).                        
Conclusion: The VASA protein is, therefore, an extremely specific marker of testicular germ cell differentiation in vivo and 
mostly expressed in the adult testis in spermatocytes and round spermatids. The immunohistochemical signal in spermatogonia 
is very low. So, PLZF positive SSCs are negative for VASA in vivo, while in contrast, once isolated from the testicular niche 
VASA is also strongly expressed in SSCs under in vitro conditions.   
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Introduction
In most animal species germ cells go through two complex 

stages of development. In the first stage, which takes place 
throughout early embryogenesis, primordial germ cells are 
generated and actively migrate to the gonadal anlage, which 
is supposed to comprise all of the somatic components 
necessary to establish the mature gonads (1, 2). During the 
second stage of germline development, the germ cells are 
provided with appropriate cues from the gonadal somatic 
environment and recruit one of two separate developmental 
programs of either oogenesis or spermatogenesis to form sex-
specific gametes (1, 3). Spermatogonial stem cells (SSCs) are 
the unipotent adult stem cells of the testis that participate in 
spermatogenesis and can proliferate under certain cell culture 
conditions (4, 5). The amount of undifferentiated Oct4-
positive SSCs in the adult mouse testis section is very low 
(4). In the germline epithelium, SSCs are located directly in 
the stem cell compartment above the basement membrane of 
the seminiferous tubules enclosed by Sertoli cells. Patches 
of Leydig cell islands, blood vessels, and macrophages are 
localized in the peritubular space. These kinds of somatic 
cells in combination with the peritubular fibrocytes and 
intratubular Sertoli cells secrete factors that regulate the 
self-renewal and differentiation of SSCs (6). In the testicular 
niche, extrinsic and intrinsic factors regulate the maintenance 

of SSCs. At least some extrinsic factors, such as glial cell-
derived neurotrophic factor (GDNF) (4, 7) and KIT ligand 
(KITL) (8), are produced and delivered by Sertoli cells. 
Intrinsic factors-genes essential for regulating the mitotic 
phase of spermatogenesis - include transcription regulators 
such as the Zinc finger and the BTB domain containing 16 
(ZBTB16/PLZF) (7, 9), ETS variant gene 5 (ETV/ERM) 
(10), Taf4b (11), Atm (12); Bcl6b (13); Pin1 (14), Pou5f1, 
Nrg1, Nanog and Gja1  (15) and the GDNF receptor complex 
Gfra1, RET (16).

The VASA gene has been firstly found to be essential for the 
development of female germ stem cells (GSCs) in Drosophila 
(17). In mice with systematic genetic deletions of the VASA 
gene, males exhibit a reproductive deficiency with a loss of 
sperm production. The male GSCs die at the zygotene step 
of meiosis phases, whereas the ovarian function appears to 
be normal (18). It has been observed that VASA is localized 
in PGCs in mice from embryonic day 12.5 onwards directly 
after entering the gonadal anlage (18-20).   

In the current study, we have extended our research on the 
expression of VASA in the neonate and adult testis sections 
and testicular culture to determine if VASA has the same 
pattern of expression in testicular germ cells both in vivo and 
in vitro. 

http://purl.org/commons/record/ncbi_gene/14573
http://purl.org/commons/record/ncbi_gene/17311
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Materials and Methods
Tissue digestion and culture of testicular cells 

In this experimental study, animal experiments were 
approved by Amol University of Special Modern 
Technologies Ethical Committee (Ir.ausmt.rec.1398.03.07). 
Testis cells from 6 day- to 12 week-old mice from the 
C57BL/6 strain were isolated by a one-step enzymatic 
digestion solution, which contained collagenase IV (0.5 
mg/ml, Sigma Aldrich, USA), DNAse (0.5 mg/ml, Sigma 
Aldrich, USA) and Dispase (0.5 mg/ml, Sigma Aldrich, 
USA) in a Hank’s Balanced Salt Solution (HBSS) buffer with 
Ca++ and Mg++ (PAA, USA) (21). The suspension of digested 
testis cells was plated in  SSCs medium, which contained  
StemPro-34 medium, 1% N2-supplement (Invitrogen, USA), 
6 mg/ml D+ glucose (Sigma Aldrich, USA), 5 µg/ml bovine 
serum albumine (Sigma Aldrich, USA), 1% L-glutamine 
(PAA, USA), 0,1% ß-mercaptoethanol (Invitrogen, USA), 
1% penicillin/streptomycin (PAA, USA), 1% MEM vitamins 
(PAA, USA), 1% non-essential amino acids (PAA, USA), 30 
ng/ml estradiol (Sigma Aldrich, USA), 60 ng/ml progesterone 
(Sigma Aldrich, USA), 20 ng/ml epidermal growth factor 
(EGF, Sigma Aldrich, USA), 10 ng/ml fibroblast growth 
factor (FGF, Sigma Aldrich, USA), 8 ng/ml GDNF (Sigma 
Aldrich, USA), 100 U/ml human leukemia inhibitory factor 
(LIF, Millipore, USA), 1% ES cell qualified FBS, 100 µg/ml 
ascorbic acid (Sigma Aldrich, USA), 30 µg/ml pyruvic acid 
(Sigma Aldrich, USA) and 1 µl/ml DL-lactic acid (Sigma 
Aldrich, USA) at 37˚C and 5% CO2 (4). 

Gene expression analyses on the Fluidigm Biomark 
system 

Measurements of the expression of the gene DEAD 
(Asp-Glu-Ala-Asp) box polypeptide 4 (DDX4 or VASA) 
Mm00802445_m1 in the neonate and adult SSCs were analyzed 
with Dynamic Array chips (Fluidigm). A housekeeping 
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
Mm99999915_g1 was used for normalization, in different types 
of cultured cells. SSCs were picked with a micromanipulator, 
lysed with a lysis buffer solution containing 9 μl RT-PreAmp 
Master Mix (5.0 μl Cells Direct 2× Reaction Mix) (Invitrogen, 
USA), 2.5 μl 0.2× assay pool, 0.2 μl RT/Taq Superscript III 
(Invitrogen, USA) and 1.3 μl TE buffer. The number of RNA-
targeted transcripts was measured using TaqMan PCR assays 
on the BioMark Real-Time quantitative PCR (qPCR) system. 
Each sample was analyzed in two technical repeats. The Ct 
values were examined using GenEx software from MultiD for 
analysis (4, 5).

Immunocytochemical staining 
In this experimental study, samples were fixed with 4% 

paraformaldehyde (PFA)/phosphate buffered saline (PBS) 
and permeabilized with 0.1% Triton/PBS solution. Samples 
were blocked with 1% bovine serum albumin (BSA)/PBS 
buffer and incubated overnight with the primary antibody 
against VASA (Abcam, USA), PLZF (Millipore, USA), 
CD90 (Abcam, USA) and SSEA3 (R&D, USA). This step 
was followed by incubation with secondary antibodies. We 
diluted the primary and secondary antibodies at 1: 200. The 
labeled cells were counterstained with 0.2 µg/ml DAPI (4’, 
6-diamidino-2-phenylindole) (Sigma, USA). Fluorochrome 

positive cells were studied with a Zeiss LSM 700 confocal 
microscope (Zeiss, Germany), and images were acquired 
with a Zeiss LSM-TPMT camera (Zeiss, Germany) (4, 22).

Tissue processing for immunohistofluorescence staining
Testis tissue samples were selected from neonate and 

adult male animals, washed twice in PBS buffer, and fixed 
in 4% PFA. The testis tissue samples were dehydrated and 
embedded in Paraplast Plus. The tissue samples were then 
cut with a microtome at a thickness of approximately 10 µm. 
The tissue sections were mounted on super frost plus slides 
and kept at room temperature. Before staining, sections were 
deparaffinized in xylene and rehydrated in a graded ethanol 
series. Following heat induced epitope retrieval (using a 
microwave), non-specific binding of antibodies and other 
detection agents were blocked with 10% serum/0.3% Triton 
in PBS, and ICC staining continued as described above (4).

Statistical analysis
The experiments were replicated at least three times. The 

average number of VASA-positive cells in groups were 
evaluated using the one-way analysis of variance (ANOVA), 
followed by Tukey’s posthoc test. The expression of VASA 
was compared with non-parametric Mann-Whitney’s test. The 
variation between neonate and adult groups was considered 
statistically reliable if a value of P<0.05 had been acquired. 
All statistical testes were performed using Statistical Package 
for the Social Sciences (SPSS) software.

Results
In the first step, we examined the expression of VASA 

in the neonate (Fig.1A1, A2) and adult testis (Fig.1B1, B2) 
through immunohistochemistry. Immunohistochemistry with 
confocal microscopy revealed that the VASA protein was 
expressed in the seminiferous tubules of both the neonate 
and adult testis but with different localizations. In the neonate 
testis, VASA-positive cells were located in the center of the 
seminiferous tubules, while in the adult testis sections, the 
cells were distributed through spermatogonia, spermatocytes, 
and spermatids with the exclusion of SSCs located in the 
cell layer directly connected to the base membrane of the 
seminiferous tubule and were also abundant in sperm. The 
staining of the spermatogonia, directly in contact with the 
basement membrane, was weak while the PLZF protein was 
clearly expressed in this region (Fig.1(. Counting of VASA-
positive cells in the seminiferous tubules of the neonate and 
adult testis showed that about 8% of the cells in the neonate 
and 57% of the cells in the adult testis were positive. Therefore, 
a higher number of VASA-positive cells were observed in the 
adult testis (Fig.2. P<0.05). In the next step, we evaluated 
the expression level of VASA in neonate and adult SSCs. 
Analysis of immunocytochemistry images revealed that the 
generated SSCs were positive for the CD90 and SSEA3 
markers (Fig.3). Quantitative PCR analysis using single 
cells revealed that the expression of VASA mRNA in adult 
SSCs was significantly higher than in neonate SSCs (P<0.05, 
expression fold change of VASA mRNA analyzed on MEF 
feeder cells). Following immunocytochemistry, we observed 
no difference in the expression of VASA at the protein level in 
neonate and adult SSCs (Fig.4). The characterization of SSCs 
was conducted as designated in our former study (4). 
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Fig.1: Immunocytochemical characterization in testis sections. A. Immunohistochemistry for the expression of VASA in the cross-section of the neonate testis, A1. 
Red fluorescence for VASA, A2. Merged image for red fluorescence for VASA and blue fluorescence for DAPI, B. Immunohistochemistry for the expression of VASA in 
the cross-section of the Adult testis, B1. Red fluorescence for VASA, B2. Merged image for red fluorescence for VASA and blue fluorescence for DAPI, C. PLZF protein 
was expressed in the base compartment of the seminiferous tubules of the testis, C1. Red fluorescence for PLZF, and C2. Merged image for red fluorescence for PLZF 
and blue fluorescence for DAPI. The arrows show the expression of related protein in the seminiferous tubule.

A1 A2

B1 B2

C1 C2
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Fig.2: Number of VASA-positive cells in testis sections. Counting of VASA-positive cells in the testis section of the neonate and adult mouse. a; At least 
P<0.05 versus other groups. 

Fig.3: Characterization of spermatogonial stem cells (SSCs). A. Immunocytochemistry of generated SSCs with CD90 and B. SSEA3 antibodies. A1. 
Green fluorescence for CD90, A2. Merged image for green fluorescence for VASA and blue fluorescence for DAPI, B1. Green fluorescence for 
SSEA3, and B2. Merged image for green fluorescence for SSEA3 and blue fluorescence for DAPI. 
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A2
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Fig.4: Immunocytochemistry and quantitative polymerase chain reaction (PCR) for spermatogonial stem cells (SSCs). A. Immunocytochemistry 
for generated SSCs using anti-VASA antibody. A1. Bright field photo of SSC colony, A2. DAPI staining which shows all cells in the plate, A3. VASA-
positive cells, A4. Merge, and B. Quantitative PCR analysis for the expression of VASA in the neonate and adult testis. a; At least P<0.05 versus 
other groups.
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Discussion
In the seminiferous tubules of the neonate mouse, the 

expression of VASA was specifically expressed in the 
center of the testicular cords. It seems that these cells were 
T1-prospermatogonia. During the first postnatal week, 
the T1-prospermatogonia relocate to the seminiferous 
tubules and form T2 prospermatogonia. These cells start 
to populate the basement membrane and initiate the 
spermatogenesis pathway throughout post-pubertal life 
(23). We observed the expression of the VASA protein 
in spermatocytes located above the spermatogonial 
cell layer in the seminiferous tubule of the adult mouse 
testis, and a decrease of VASA protein expression 
during spermiogenesis. Our study demonstrated that the 
expression of VASA was evident in the spermatocytes 
and round spermatids of the adult mouse testis, absent in 
SCCs and weakly expressed in spermatogonia in neonate 
and adult mouse testis sections. We also confirmed that 
the expression of VASA in the adult mouse SSCs was 
higher than in neonates with Fluidigm RT-PCR. 

Our experiment demonstrated that SSCs generated 
under the stimulation of the growth factors FGF, EGF and 
GDNF expressed CD90 and SSEA3 (24). We observed 
that in contrast to the in vivo situation, SSCs in culture 
express higher amounts of VASA. This might be due 
to histological changes in the stem cell compartment, 
including feeders and the separation from Sertoli cells. 
In mice, the preservation and amount of male germ line 
stem cells in vitro could be diminished by somatic Sertoli 
feeder cells (25). Zebra fish SSCs are also differentiated 
into functional sperm under the effect of these feeder cells 
in culture (26). In contrast, some studies have reported of 
the suitability of Sertoli cell feeder layers for long term 
in vitro culture of SSCs (27, 28). Bovine fetal fibroblasts 
have been shown to promote maintenance of bovine 
undifferentiated spermatogonia for at least two months 
(29). It has also been demonstrated that amniotic epithelial 
cells retain SSCs, which are capable of self-renewal, in an 
undifferentiated, proliferative state (30).

It has been reported that bFGF is an efficient growth 
factor for the in vitro proliferation of primordial germ cells 
(31, 32). Furthermore, it has been shown that bFGF may 
be an important factor in addition to GDNF and GFR-α1 
for inducing SSC replication on Sertoli cell feeders (4, 
27). Also, there are recent studies on human testes that 
imply a critical function of bFGF in SSC proliferation 
(5, 33). In contrast, Kuijk et al. (34) observed that FGF 
can impede the successful derivation of porcine SSCs 
from the neonate pig testis. This is while it has been 
demonstrated that TGFß1, insulin-like growth factor I and 
FGF promoted the cell proliferation of goat SSCs (35). 
Additionally, the growth conditions generally used for 
mouse SSCs have been shown to be insufficient for the 
proliferation of human SSCs (36).

Our results are in line with previous studies, suggesting 
that VASA is a germline marker during spermatogenesis 
and also in proliferating spermatogonia (19, 37). We 

observed that VASA expression is not detectable in 
PLZF-positive SCCs of the mouse testis. Choi et al. 
(38) demonstrated that SSCs from Oct4 reporter mice 
cultured under feeder-free conditions expressed the SSC 
marker genes Oct4 and Vasa, which is in accordance with 
our observation of VASA-positive SSCs under in vitro 
conditions. Further studies are required to analyze the 
possible mechanisms involved in the regulation of VASA 
expression during SSC self-renewal in vivo in comparison 
to in vitro and the influence exerted by Sertoli cells.

Conclusion
Our findings indicate that VASA is expressed in both 

the neonate and adult testis and also in testicular cultures, 
the rate of expression in the adult testis was higher than 
in its neonate counterpart. In the future it would be of 
interest to understand why VASA is not expressed in the 
PLZF-positive SSCs of the adult mouse testis whereas it 
is highly expressed in SSCs in vitro.
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Abstract
Objective: Recent data suggest that increased levels of the HOTAIR long non-coding RNA (lncRNA) are involved in 
the development of various types of malignancy, including breast cancer. The aim of present study was to investigate 
HOTAIR lncRNA expression profile in breast cancer (BC) patients and cell lines.  
Materials and Methods: In this experimental study, expression level of HOTAIR lncRNA was evaluated in BC and 
normal tissues of 15 patients as well as MDA-MB-231, MCF-7 and MCF-10A cell lines, using quantitative reverse-
transcription polymerase chain reaction (qRT-PCR). HOTAIR lncRNA expression levels were estimated using 2-ΔΔCt 

method. Further, receiver operating characteristic (ROC) curve analysis was done to evaluate the selected lncRNA 
diagnostic potential. The Cox’s proportional hazards regression model was performed to evaluate the predictive value 
of this lncRNA level in BC patients.               
Results: The results of present study demonstrated no significant difference in the expression of HOTAIR lncRNA in 
MCF7 and MDA-MB-231 cancer cell lines compared to MCF-10A as normal cell line (P>0.05). However, we observed 
a significantly increase in the expression of HOTAIR in BC patients compared to normal tissues (P<0.001). Significant 
associations were found between gene expression and tumour size and margin. We found 91.1% sensitivity and 95.7% 
specificity of circulating HOTAIR with an area under the ROC curve of 0.969. The Kaplan-Meier analysis indicated 
significant correlation between HOTAIR expression and overall survival.                       
Conclusion: This study demonstrated that expression of HOTAIR is increased in BC and might be associated with its 
progression. According to these findings, HOTAIR expression could be proposed as biomarkers for BC early diagnosis and 
prognosis.    
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Introduction

Long non-coding RNAs (lncRNAs) are a diverse and 
large class of non-coding RNA molecules with more 
than 200 nucleotides length which are mostly transcribed 
by RNA polymerase II (RNA pol II) (1). lncRNAs play 
essential role in regulation of different cellular processes. 
Recently, lncRNAs are reported as key regulators 
of gene expression and they can act as oncogenes or 
tumour suppressor genes. According to their oncogenic 
potential they may play a critical role in oncogenesis, 
migration, cell differentiation, angiogenesis, apoptosis 
and proliferation (2). Furthermore, lncRNAs associate 
with different cancers and malignant behaviour of cancer 
cells (3). One of the first described lncRNAs is the Hox 
(homeobox) transcript antisense intergenic lncRNA 
(HOTAIR lncRNA) and they play important role in 
development of breast cancer (BC) (4). Current studies 

suggest that HOTAIR lncRNA reprograms chromatin 
state which can promote cancer metastasis (5). HOTAIR 
coordinates in chromatin modification and through 
which it affects expression of multiple genes involved in 
various cellular functions (6). Recent studies indicated an 
association between circadian rhythm (CR) disruption and 
increased risk of BC development (7). Interestingly, CR 
disruption has been associated with decreased telomere 
length, where short telomere length, itself, is correlated 
with BC development (8).

HOTAIR expression levels are significantly high in 
breast tumours, and its measurement is a determinative 
indicator of primary breast tumours, possibility of 
metastasis and patient survival (9). The most commonly 
used cell line in BC research is MDA-MB-231 which 
provides essential tools for complex biological expression 
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analysis (10). This cell line is originated from a pleural 
effusion with a metastatic mammary adenocarcinoma 
and it is a highly aggressive, used as a model of triple 
negative BC (TNBC) (11, 12). In the present study, we 
measured HOTAIR lncRNA expression level in BC and 
normal epithelial tissues, in addition to MCF7 and MDA-
MB-231 BC cell lines.

Materials and Methods

Breast cancer and normal tissue sample collections 

In this experimental study, BC and normal breast 
tissues from 15 patients (morphologically confirmed 
by a pathologist) were collected consecutively between 
July and November 2015 at Shiraz General Hospital 
(Shiraz, Iran). These 15 patients were included in the 
present study, according to the inclusion and exclusion 
criteria. The inclusion criteria were as follows: i. All 
patients hospitalized during 2015, those with diagnosis 
or procedure codes related to breast cancer, and ii. 
Adult patients (19 years of age or older) with cancer of 
the breast. The exclusion criteria include: i. History of 
any other malignancy, ii. History of previous relevant 
treatment, including chemotherapy, radiotherapy or 
endocrinotherapy, and iii. People with 18 years of age 
or younger. In this research, ethical considerations 
were approved based on the International Campus of 
Shahrekord University of Medical Sciences, Shahrekord, 
Iran. 

Culture of the cell lines
MDA-MB-231 (ATCC® HTB-26™), MCF-7 (ATCC® 

HTB22™) and MCF-10A (ATCC® CRL-10317™) cell lines 
were cultured and maintained in RPMI-1640 medium 
(Sigma-Aldrich, USA) supplemented with L-Glutamine 
(Sigma-Aldrich, USA), 10% fetal bovine serum (FBS, 
Gibco, USA), 100 U/ml penicillin (Sigma-Aldrich, USA) 
and 100 μg/ml streptomycin (Sigma-Aldrich, USA) in the 
cell culture incubator at 37˚C, 5% CO2 and 95% humidity.

RNA extraction and cDNA synthesis
Total RNA was extracted from the tissue samples and 

cell lines, using the RNXTM-Plus solution (SinaClon, Iran) 
according to the manufacturer’s instructions except the 
additional step of extended treatment with DNaseI for one 
hour. Purity, concentration and quality of the extracted 
RNAs were analysed by Thermo Scientific NanoDrop™ 
1000 Spectrophotometer (USA) and electrophoresis 
on 2% agarose gel. For complementary DNA (cDNA) 
synthesis, 1 µg RNA was added to PrimeScriptTM-RT 
reagent kit (TaKaRa, Japan) containing random hexamer 
priming mix. Concentration of the synthesized cDNA was 
measured by spectrophotometry. 

Quantitative reverse transcription polymerase chain 
reaction

HOTAIR expression level in BC and normal breast 

epithelial tissues as well as MDA-MB-231, MCF7 
and MCF-10A cell lines was evaluated by quantitative 
reverse transcription PCR (qRT-PCR) method, using 
a rotor gene 6000 Corbett detection system (Qiagen, 
Germany) and SYBR®Premix Ex TaqTM II kit (TaKaRa, 
Japan), according to the manufacturer’s instructions. 
Thermal cycling amplification was set up according to 
next protocol: initial activation at 95˚C for 5 minutes 
followed by 40 cycles at 95˚C for 15 seconds and 65˚C 
for 1 minute. As control sample nuclease free water 
was used without adding any template. Melting curve 
analysis was performed to verify specificity of PCR 
products. The size and specificity of PCR products 
were verified by electrophoresis on 2% agarose gel. 
For qRT-PCR analysis, all samples were normalized to 
Pumilio RNA Binding Family Member 1 gene (PUM1). 
The qRT-PCR assays were performed in triplicate and 
the data were presented as the mean ± standard error 
of mean (SEM). The mean value in each triplicate was 
used to calculate the relative lncRNA level (ΔCt=Ct 
mean lncRNAs-Ct mean PUM1). Expression fold 
changes were calculated using 2-ΔΔCt methods.

Statistical analysis

The relationship between expression of HOTAIR and 
clinical pathological parameters was determined using the 
chi-square test and Fisher’s exact test. Receiver operating 
characteristic (ROC) curves were used to assess diagnostic 
value of the marker. Area under the curve (AUC) was 
computed for ROC curve. Overall survivals (OS) were 
presented by the Kaplan-Meier curves, and the log-rank 
test was used to determine significance between gene 
expression levels and patient outcome. Data are shown as 
the means ± SEM and case (%) or number (%). A P value 
of 5% (*; P<0.05) was considered significant. Statistical 
analyses were performed by the Graph Pad Prism version 
7.00 (Graph Pad Software, USA). 

Results 
Table 1 summarizes the available patients’ demographic 

and clinical data. All tissue samples at the time of resection 
were transferred into RNA-later solution (Sigma-Aldrich, 
USA) and stored at -20˚C for the further RNA extraction. 
Applicable international, national and institutional 
guidelines for the care of human were followed. Figure 
1A shows relative expression of HOTAIR in MDA-
MB-231 and MCF-7 cancer cell lines compared to MCF-
10A control cell line. There is no significant difference 
of HOTAIR expression in both of MCF-7 and MDA-
MB-231 cancer cell lines compared to normal cell line 
MCF-10A (P>0.05). The expression level of HOTAIR was 
significantly increased in BC tissue of patients compared 
to normal tissues (P<0.001, Fig.1B). Correlation between 
HOTAIR expression and the clinical pathological variables 
of BC cases are shown in Table 2. Significant associations 
were found between gene expression and tumour size and 
margin.
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Table 1: Characteristics of the cancer specimens used in this study

Variables Frequency Valid percent Cumulative percent

Age (Y)

   ≤47 15 65.2 65.2

   ˃47 8 34.8 100

Histologic grade

   Well  differentiated 1 6.7 6.7

   Moderate differentiated 10 66.7 73.3

   Poor  differentiated 4 26.7 100

Tumour side

   Left 7 46.7 46.7

   Right 8 53.3 100

Prevascular invasion

   Negative 4 26.7 26.7

   Positive 10 66.7 93.3

   Other 1 6.7 100

Preneural invasion

   Negative 3 20 20

   Positive 12 80 100

Lymph-node involvement status

   Free 6 40 40

   Involved 9 60 100

   Total 15 100

Staging (TNM, Clinical)

   I 8 53.3 53.3

   II 7 46.7 100

   Total 15 100

TNM; Tumour, nodes and metastases.

Fig.1: Relative expression of HOTAIR in breast cancer cell lines, case and control samples. A. MDA-MB-231 and MCF-7 cancer cell lines compared to that 
in MCF-10A control cells. There is no significant difference in the expression of HOTAIR in both of MCF-7 and MDA-MB-231 cancer cell lines compared to 
normal cell line MCF-10A (P>0.05) and B. Breast cancer compared to normal breast tissues. There is a significant increase in the expression level of HOTAIR 
in patients with breast cancer compared to the controls (P<0.001). ***; Significant at the 0.0001 level.

A B
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Table 2: Correlation of HOTAIR expression level and clinical pathological variables in the breast cancer cases

Variables Cases (%) HOTAIR lncRNA P value

Low High

Age (Y), 46.80 ± 2.57 (32-65) (mean ± SE) 0.782

   ≤47 53.3 26.7 26.7

   >47 46.7 26.7 20

Tumour grade 0.626

   Ι 6.7                 6.7                  0

   II 66.7               33.3                33.3

   III                                      26.7               13.3                13.3

Nuclear grade                                                                              0.394

   Low                                   7.1                 7.1                  0

   High and intermediate       28.6               21.4               7.1

   High                                   64.3               28.6               35.7

Tumour stage                                                                           0.232

   T1                                                       40  26.7               33.33

   T2                                                        13.3                 0 13.3

   T3                                                         40 26.7               13.33

   T4                                                       6.7                   0  6.7

Tumour size (cm)                                                                            0.029

   <2                                      73.3                26.7               46.7

   ≥2                                      26.7                26.7                0

Area of invasive component, 4.09 ± 0.13 (0.7-9.5 cm2)       
(mean ± SE)       

0.464

   <4                                                      66.7                40  26.7

   ≥4                                      33.3               13.3                20

Tumour side                                                                           0.447

   Right                                 53.3                33.3                20

   Left                                                     46.7                20 26.7

Margin                                                                                           0.029

   Free                                   73.3               26.7                46.7

   Involved                            26.7               26.7                0

Prevascular Invasion                                                                 0.512

   Negative                           26.7               13.3                13.3

   Positive                                                73.3               40 33.3

Preneural Invasion                                                                    0.506

   Negative                                        20      13.3                6.7

   Positive                                                                80 40 40

Bold values indicate P<0.05.
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Diagnostic value of HOTAIR in breast cancer
The ROC curve was created and the AUC was computed to 

determine capability of the HOTAIR expression and difference 
between cancer and control tissues by calculating sensitivity 
and specificity for possible cut-off point of HOTAIR. The 
ROC analysis distinguished the optimal cut-off value for 
HOTAIR. We found 91.1% sensitivity and 95.7% specificity 
for circulating HOTAIR with an area under the ROC curve of 
0.969 (Fig.2A). 

Correlation of HOTAIR expression with patient survival
In order to assess prognostic value of HOTAIR as 

a BC biomarker, we investigated association of the 
HOTAIR expression levels with survival through 
Kaplan-Meier analysis. We used the log-rank test in 
BC patients. The Cox proportional hazards regression 
model was also used to evaluate predictive value of 
HOTAIR in BC patients. OS was defined as the time 
between date of surgery and date of death or last 
follow-up. Clinical pathological factors and OS were 
then analysed in the high and low level of HOTAIR 
expression groups. Results indicated that low levels of 
HOTAIR have shorter survival time (P>0.048, Table 3, 
Fig.2B). 

Fig.2: Receiver operating characteristic (ROC) and Kaplan-Meier curves for HOTAIR expression. A. ROC curve analysis to determine cut-off point for high expression 
of HOTAIR. The area under curve (AUC) was 0.969 (95% CI, 0.933 - 1.005) and B. Kaplan-Meier curve for BC patients in high-expression (46.7%) and low-expression 
(53.3%) groups segregated by the cut-off point. BC patients with a low expression level of HOTAIR had a poor prognosis (log-rank test, P=0.048). 

Table 3: Log rank test for all patients with breast cancer

Variables Overall survival                                                                                                            P value

HR 95% CI

HOTAIR (low vs. high)                                        6.423                   1.128-32.22                         0.048

Age (Y), (<47 vs. ≥47)                                                                           1.749                0.3501-8.657           0.506

Tumour grade (Ι-II vs. III)                                                       0.560                    0.07296-3.501                     0.493

Nuclear grade (Low vs. high and intermediate-high)           1.977                  0.1596-40.67                      0.517

Tumour stage (T1-T2 vs. T3-T4)                                            0.5745                0.1041-2.891                      0.800

Tumour size (<2 cm vs. ≥2 cm)                           0.460                  0.04656-2.841                    0.347

Area of invasive component (<4 cm2 vs. ≥4 cm2)                 0.576                  0.07625-3.827                   0.378

Tumour side (right vs. left)                                                     0.585                  0.1185-2.937                      0.525

Margin (free vs. involved)                                                     0.507                  0.05886-3.166                   0.416

Prevascular invasion (negative vs. positive)                                             1.605                  0.3264-8.170 0.566

Preneural invasion (negative vs. positive)                             0.336                  0.01890-1.809                    0.166

HR; Hazard ratio. Bold values indicate P<0.05.

A B
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Discussion 
A number of different genetic and environmental factors 

that can increase the likelihood of BC have been identified. 
Accumulated data suggests that lncRNAs play crucial roles 
in RNA processing, genomic reprogramming, apoptosis, 
cell proliferation, cell cycle and chromatin modification 
(13). HOTAIR is recognised as a risk factor of various types 
of tumourigenesis including BC (14). Overexpression of 
HOTAIR may influence tumour formation and induce 
invasion, migration and proliferation of BC. According 
to that, altered expression of HOTAIR may induce cell 
proliferation of BC. In this study we evaluated expression 
level of HOTAIR in BC patients and cell lines. Our result 
showed that HOTAIR was up-regulated in BC tissues, 
while it was not increased in MCF-7 and MDA-MB-231 
cell lines. 

Regarding the lncRNA functions, BC is one of the 
most studied malignancies. In has been demonstrated that 
HOTAIR might have a vital role in this regulation due 
to the interaction with a wide spectrum of miRNAs (15, 
16). Recent studies indicated a significant association of 
HOTAIR overexpression with tumour size, advances and 
extensive metastasis in BC (16-19). HOTAIR might act as 
a gene expression regulator in the BC related to mutations 
of BRCA1. HOTAIR promoter contains several estrogen 
receptors (ERs), and it has been shown that estradiol 
regulated HOTAIR expression in ER positive BC cells. 
However, this regulation was abolished in BC cells with 
inactive ERs, indicating the critical role of these receptors 
in estradiol-mediated control of HOTAIR expression (20). 
HOTAIR and some other lncRNA expression analyses 
in 164 ER-positive primary BC cases demonstrated that 
these lncRNAs could be independent prognostic markers 
(21). Gökmen-Polar et al. (22) indicated that the utility 
of HOTAIR as a prognostic marker in BC is limited to 
ER-negative cases. Therefore, significant up-regulation 
of HOTAIR obtained from BC tumour samples compared 
to BC cell lines, in this study, may explain the molecular 
mechanism causing poor prognosis of this cancer. We 
found that level of HOTAIR expression was not associated 
with clinical characteristics of BC, while enhanced 
expression level of HOTAIR might associate with tumour 
size, margins and lower disease relapse. In a research, Lu 
et al. studied HOTAIR expression and methylation of its 
downstream intergenic CpG islands in 348 samples of 
primary BC (23). Their results indicated that increased 
methylation could associate with a worse prognosis in the 
patient. 

According to the results of present study, patients with 
low level of HOTAIR showed shorter survival time. 
Bhan et al. (20) demonstrated that HOTAIR is critical 
for survival and proliferation of MCF-7 BC cells. Pádua 
Alves et al. (24) showed that HOTAIR in a BC cell line 
was a critical regulator of genes involved in epithelial 
to mesenchymal transition. Up-regulation of HOTAIR 
has been described as a useful predictor of survival and 
progression in several cancer types including pancreatic 

cancer (25), hepatocellular carcinoma (26) oesophageal 
cancer (27), gastrointestinal stromal (28), nasopharyngeal 
carcinoma (29) and colorectal cancer (30).

One major obstruction of this study was limited number 
of BC and control samples enrolled from the same hospital 
which might not fully substantiate accuracy of the results. 

Conclusion 
Taking into consideration that the major problem 

in early diagnostic and treatment of different types of 
cancer, including BC, is lack of highly sensitive and 
specific tumour biomarkers, altered expression levels 
of HOTAIR lncRNA can be a guide for investigation 
of cancer biomarkers. Thus, our results indicated that 
HOTAIR expression profiling and elucidating its function 
may be proposed as a useful biomarker for BC diagnosis 
as well as a therapeutic target in cancer gene therapy. 
However, further investigations and follow up studies on 
larger patient samples are required. 
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Abstract
Objective: Mutations of TP53 as a tumor suppressor gene are frequently observed in different types of cancer. A 
codon 72 polymorphism located on exon 4 with two alleles encoding either Proline (CCC) or Arginine (CGC) has been 
indicated as a common variation in association with cancers. Controversial results have been reported regarding the 
association of allelic polymorphism of codon 72 of TP53 gene and breast cancer risk in Iranian patients. Therefore, a 
case-control study was designed. A meta-analysis was also carried out to provide evidence of association between this 
variation and breast cancer in Iran, based on all available published data.  
Materials and Methods: In this case-control study, blood sample of 622 participants, including 308 breast cancer 
cases and 314 controls were collected. Genotyping for rs1042522 was conducted by Allele Specific polymerase chain 
reaction (AS-PCR). In order to set a meta-analysis study, PubMed, Scopus and ISI Web of Knowledge and Persian 
databases were searched to explore relevant studies, published up to September 2018, containing information on 
TP53 polymorphism and the risk of breast cancer in Iran. Statistical analysis was performed using SPSS 16.0 and 
MetaGenyo.                
Results: All retrieved available data as well as the results of our current study were consisted of 1965 breast cancer 
cases and 1999 healthy controls. No significant difference was observed in allele frequencies between groups (P=0.90) 
in our study. The cumulative results did not also show any association between rs1042522 and breast cancer risk on 
the dominant (P=0.61) and recessive (P=0.89) models.                        
Conclusion: These findings cannot support contribution of rs1042522 polymorphism to breast cancer risk in an Iranian 
population. Future larger studies may help confirm this finding with a greater power.    
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Introduction 
Breast malignancy is among the major types of cancer 

and the universal cause of cancer death in women. The 
incidence of breast cancer in western populations is 
significantly higher than other populations. However, 50% 
of new cases and approximately 60% of deaths caused by 
breast cancer occur in developing countries (1). Breast 
cancer is one of the most commonest cancers affecting 
Iranian women, though the epidemiology of breast cancer 
in Iran has not yet been fully investigated (2). 

Based on epidemiological studies, a number of factors 
have been identified associating with increased risk of 
breast malignancies. These factors are not necessarily 
causes of breast cancer and they can be subcategorized 
in both genetic and environmental factors, increasing 

liability of the breast cancer. Association studies, whereby 
the relations of certain markers with the disease are 
investigated prominently in case-control designs, are of 
crucial importance to dissect the genetic basis of common 
multifactorial disorders, such as breast cancer. Based on 
this, several candidate genes have been analyzed so far in 
case-control studies.

One of the highest involved genetic factors in the risk 
of breast cancer is the tumor suppressor gene, TP53. 
The corresponding protein, P53, has a role in cell cycle 
regulation including cell growth and division, apoptosis, 
DNA repair and the maintenance of genome stability and 
its mutations have been commonly observed in different 
types of cancer (3, 4). Dysfunction of the P53 signaling 
pathway is an important hallmark of different malignancies 
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(5). Numerous single nucleotide polymorphisms (SNPs), 
somatic and germ line mutations are located at the TP53 locus. 
Polymorphisms in this gene may affect the susceptibility 
to cancer development in the way of varying the normal 
functions of P53. Since many of these variations have been 
found in intronic loci, they cannot affect the biology of cancer. 
However, they may be used as markers in dissecting 
genetic basis of multifactorial diseases. Previously, limited 
numbers of TP53 polymorphisms have been studied 
in relation with biochemical and biological functions 
and in association with cancer risk. The TP53 codon 72 
polymorphism (C/G) has been located at the exon 4 of 
this gene and encodes Proline (CCC) or Arginine (CGC). 
Association of this polymorphism with susceptibility to 
several forms of cancer has been identified (6). According 
to research on different populations, genotype frequencies 
have been found to largely differ with ethnicity changes 
(7). The difference in the primary structure of P53 
protein results in different biochemical functions. The 
potential role of Arg variant in the induction of apoptosis 
pathway has been confirmed in a previous research (8). 
Furthermore, "Pro" variant can block cell cycle pathway 
progression toward the repair of  DNA damage (9). 

Association of the TP53 codon 72 polymorphism and 
susceptibility to breast cancer has been considered in 
several regions of Iran. These case-control studies did 
not indicate consistent results, likely due to the small 
sample sizes with limited power. A meta-analysis along 
with combining the different results and small data, can 
achieve a reasonable level of significance and an increase 
in power of results. In the present study, we examined 
association of rs1042522 and breast cancer susceptibility 
in the North-East of Iran and a meta-analysis was 
performed to quantitatively assess effect of the TP53 
codon 72 polymorphism on risk of breast cancer in Iran.

Materials and Methods 
Population study

In this case-control study, 308 breast cancer cases and 
314 healthy controls with no sign of breast cancer or history 
of malignant breast disease participated in this association 
study. The important demographics and histopathological 
data were obtained from a questionnaire. The Ethics 
Committee of the Mashhad University of Medical Science 
approved this study (ethical approval number: IR.MUMS.
fm.REC.1394.472) and all of the participants signed the 
written informed consent. 

DNA extraction and genotyping analysis
The salting out method was used to extract DNA from 

peripheral blood samples. Genotyping was performed using 
Allele specific polymerase chain reaction (AS-PCR) methods 
(10). We used primers from the previous study (11) and the 
sequence of four primers (synthesis by metabion international 
AG, Germany) was shown as follows:
Arginine-based (G) allele: 
F: 5´-TCCCCCTTGCCGTCCCAA-3´
R: 5´-CTGGTGCAGGGGCCACGC-3´ 

Proline-based (C) allele:
F: 5´-GCCAGAGGCTGCTCCCCC-3´
R: 5´-CGTGCAAGTCACAGACTT-3´

PCR was done in a final volume of 10 µl reaction for each 
allele containing: Taq DNA Polymerase 2x Master Mix 
RED (Ampliqon, Denmark), 1 μl genomic DNA (200-300 
ng), 1 µl of each primer (10 µM, Metabion International 
AG, Germany) and adequate DNase free water (Sinaclon, 
Iran). Amplification temperature stages were performed 
for 5 minutes at 95˚C and then 35 cycles including 30 
seconds at 94˚C, 30 seconds at 63˚C, 30 seconds at 72˚C, 
followed by 7 minutes at 72˚C in a Veriti 96 well PCR 
Thermal Cycler (Thermo Fisher Scientific).

Identification of studies for meta-analysis
The original publications, reporting association 

between TP53 codon 72 polymorphism and breast 
cancer risk before September 2018, were gathered by 
searching Scopus, PubMed and ISI Web of Knowledge 
databases. The Persian articles and conference abstracts 
were also explored by searching SID, Iranmedex, 
Magiran, Medlib and Google. The references of 
retrieved articles were also investigated to discover 
other related studies. The terms of "TP53" and "genetic 
variant", "genetic variation" or "polymorphism" and 
"breast cancer", "breast carcinoma", "breast tumour" 
or "breast tumor" and "Iran" or "Iranian" were used to 
search for the articles of interest. Case-control studies 
were selected for the analysis. 

Data extraction
A meta-analysis was designed according to PRISMA 

guidelines (12). Features of the selected studies were 
independently extracted by two authors. For each eligible 
study, first author, date of publication, number of cases 
and controls, study population (region), frequency of all 
genotypes for two groups, allele incidence and Hardy-
Weinberg equilibrium (HWE) in control groups were 
extracted or calculated and ultimately the results were 
reviewed by the third investigator. 

Statistical analysis
Chi-square test and logistic regression models were 

performed to find association between histopathological 
or demographic criteria and genotypes of rs1042522. 

In the meta-analysis study, frequency of two alleles 
was calculated for the case and control groups in 
each experiment. HWE test using the X2 statistic was 
evaluated by analysis of the genotype frequencies 
in the controls. Association was measured initially 
using both random-effect and fixed-effect models. 
However, since the random-effect method proposes 
heterogeneity, this method was considered as the main 
approach. The strength of association between TP53 
codon 72 polymorphism and risk of breast cancer was 
measured by odds ratios (ORs) with 95% confidence 
intervals (CIs).
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The risk for the genotypes GC and CC was compared 
to the GG homozygote, as the wild-type genotype. 
Furthermore, according to the dominant and recessive 
models, the risk of Arg-carriers (GC+GG) versus CC 
genotype and Pro-carriers (CC+GC) versus GG genotype 
were evaluated, respectively.

Heterogeneity was evaluated by the Q-test and I2 index. 
Probability of publication bias was checked by the funnel 
plot and Egger’s test for all genetic models. Random 
effects model was used to analyze the data.

Meta-analysis was carried out using MetaGenyo [Pfizer-
University of Granada-Junta de Andalucía Centre for 
Genomics and Oncological Research (GENYO), Spain] 
(13). All other statistical analyses were carried out using 
SPSS version 16.0 (SPSS Inc., USA). A P value of less 
than 0.05 was considered statistically significant.

Results
Characteristics of the population study

A total of 308 breast cancer women, out of 622 samples, and 
314 healthy controls were enrolled in this study. The average 
age of case and control groups were 47.80 ± 10.90 and 44.15 ± 
12.07 years, respectively, with a significant difference between 
the groups (P<0.001). Furthermore, menopausal status was 
considered as peri- and pre-menopausal, compared to post-
menopausal individuals. The control group was younger than 
cases, and therefore most of the patients typically belonged to 
the post-menopausal group. The difference between groups 
was significant (P<0.001).   

Body mass index (BMI), as a continuous and categorical 
variable, was compared between these groups. Mean 
BMI was higher in the patient cases than in controls and a 
significant difference was observed (P<0.001). Moreover, 
by categorizing patients, it was distinguished that a large 
number of cases were included in BMI ≥25 category.

The history of lactation (P<0.01), history of other cancers 
(P<0.001) and family history of cancer (P<0.001) were 
also significantly different between patients and healthy 
controls. Table 1 shows the most important demographic 
characteristics of the case and control groups.

Association between rs1042522 and the risk of breast 
cancer in the Northeast of Iran

Genotypic distribution of the rs1042522 in our 
study conforms HWE (P>0.05). The C allele (Pro) 
frequency, as the minor allele was 24% in the cases, 
compared to 23.7% in the controls. According to this 
data, no association was found between case and control 
groups for allele frequency (P=0.90). The most frequent 
genotype for rs1042522 was GG (Arg/Arg) in both case 
(60.7%) and control (60.2%) groups. Genotype frequency 
did not show any significant difference between these two 
groups (P>0.05). Moreover, dominant and recessive 
models did not indicate any association with the risk 
of breast cancer. Results have been shown in Table 2.  

Adjustment for confounding factors including age, BMI, 

history of cancer, family history of cancer and history of 
lactation did not change the results.

Meta-analysis
133 articles were identified from different databases 

by two authors, individually. After matching the data, 
discrepancies were reanalyzed by the third author. 42 
articles were similar between databases. Therefore, 91 
articles were assessed for eligibility. 73 studies were not 
related to the subject. Furthermore, two records were 
not designed as the case-control study. After excluding 
duplicated, unrelated and improperly designed papers, 16 
case-control studies, concerning the association between 
TP53 codon 72 polymorphism and breast cancer, were 
included in the meta-analysis. The selection process has 
been demonstrated in Figure 1.  

 Table 1: Results of the association analysis of demographic
characteristics between breast cancer cases and healthy group

Characteristics Cases Controls P value

n (%) n (%)

Age (Y)

  ≤40 74 (25.8) 138 (44.4)

  >40 213 (74.2) 173 (55.6) <0.001

   Mean 47.80 ± 10.90 44.15 ± 12.07 <0.001

Menopausal status

  Peri and premenopausal 86 (45.3) 217 (78.9)

  Postmenopausal 104 (54.7) 58 (21.1) <0.001

Body mass index (kg/m2)

   <25 80 (31.2) 154 (51.2)

   ≥25 176 (68.8) 147 (48.8) <0.001

   Mean 27.59 ± 5.06 25.20 ± 4.12 <0.001

Abortion

   Yes 172 (67.5) 151 (65.1)

   No 83 (32.5) 81 (34.9) 0.63

History of lactation

   Yes 246 (91.4) 223 (97.4)

   No 23 (8.6) 6 (2.6) <0.01

Family history of cancer

   Yes 172 (60.8) 229 (73.9)

   No 111 (39.2) 81 (26.1) <0.001

History of other cancer

   Yes 20 (7.2) 3 (1.0)

   No 259 (92.8) 301 (99.0) <0.001

Data are presented as mean ± SD or n (%).
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Table 2: Distribution of the genotypes and allele frequency of rs1042522 polymorphism in breast cancer cases and controls

Genetic analysis model Number of case (%)  Number of control (%) P value OR (95% CI)

Genotypes

   GG 187 (60.7) 189 (60.2) Reference

   GC 94 (30.5) 101 (32.2) 0.73 0.94 (0.67-1.33)

   CC 27 (8.8) 24 (7.6) 0.67 1.38 (0.63-2.04)

Dominant

   GG+GC 281 (91.2) 290 (92.4) Reference

   CC 27 (8.8) 24 (7.6) 0.61 0.86 (0.48-1.53)

Recessive

   GG 187 (60.7) 189 (60.2) Reference

   GC+CC 121 (39.3) 125 (39.8) 0.89 0.98 (0.71-1.35)

Allele

   G 468 (76.0) 479 (76.3) Reference

   C 148 (24.0) 149 (23.7) 0.90 1.02 (0.78-1.32)

OR; Odd ratio and CI; Confidence interval.

Fig.1: Flowchart of the search strategy and selection of studies. After searching in main databases, with removing 117 studies due to duplication, improper 
subjects and no case-control design, 16 articles remanied to be included in the mata-analysis.
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Data extraction
Overall the data included 1965 breast cancer subjects 

and 1999 healthy people. Diversity in the sample size, 
ranged from 42 to 314 individuals, was found between 
studies. Moreover, genotyping methods were different 
between projects. Nine studies used the AS-PCR method 
and seven studies were performed by the PCR-restriction 
fragment length polymorphism (PCR-RFLP) method. 
Although the main source of DNA template was blood in 
many studies, one study had been performed on normal 
and cancerous tissues and five projects had used tissue 
samples for patient’s genotyping and blood samples for 
healthy groups.

Frequency of the 72 Pro allele varied in the control 
participants, from 30 to 60%, depending on the geographical 
region. Apart from the four studies, HWE was confirmed for 

frequency of TP53 codon 72 genotypes in the control group. 
The results have been shown in Table 3.

Pooled allele frequencies did not significantly differ 
between Iranian patients and healthy controls. Results 
confirmed a lack of association between the TP53 codon 
72 and susceptibility to breast cancer in all genetics 
models. This finding did not vary after removing studies 
with no HWE data. 

Publication bias was evaluated by the analysis of 
Begg’s funnel plots and Egger’s test for all genetic 
models. All plots indicated some evidence of publication 
bias, however, this finding was not significant (P>0.05, 
plots have not been shown). According to the P value of 
heterogeneity, we found high incidence of heterogeneity 
between the studies in different genetic models (P< 0.01). 
Results have been shown in Table 4.  

Table 3: Extracted data from the selected studies
Study Year Region Type of samples Method Sample size Genotype frequency p HWE Allele frequency (%)

Cases Controls Cases Controls

Cases Controls Cases Controls A/A A/P P/P A/A A/P P/P G C G C

Faghani et al. (14) 2007 Isfahan Tissue Blood AS-PCR 51 51 44 6 1 22 27 2 0.19 92.1 7.8 69.6 30.4

Khadang et al. (15) 2007 Shiraz Blood Blood AS-PCR 221 205 83 109 29 75 90 40 0.39 62.2 37.8 58.5 41.5

Faghani et al. (16) 2008 Isfahan Tissue Blood AS-PCR 96 96 68 21 7 35 44 17 0.88 81.7 18.2 59.4 40.6

Kazemi et al. (17) 2009 North of 
Iran

Tissue Blood AS-PCR 42 60 6 30 6 12 45 0 0 50 50 39.5 60.5

Doosti et al. (18) 2011 Isfahan Blood Blood PCR-RFLP 135 140 52 70 13 36 82 22 0.09 64.4 35.6 55 45

Hossein Pour Feizi et al. (19) 2012 Tabriz Blood Blood AS-PCR 126 99 56 44 26 30 50 19 0.97 61.9 38.1 55.6 44.4

Golmohammadi and Namazi 
(20)

2013 Sabzevar Blood Blood AS-PCR 80 80 29 49 2 15 51 14 0.04 66.8 33.2 50.6 49.4

Rouhi Boroujeni et al. (21) 2013 Isfahan Blood Blood PCR-RFLP 135 150 27 102 6 36 93 21 0.01 57.8 42.2 55 45

Behfarjam et al. (22) 2013 Mahabad Blood Blood PCR-RFLP 25 30 9 14 2 9 17 4 0.66 64 36 58.3 42.7

Sheikhpour and Taghipour 
Zahir (23) 

2014 Yazd Blood Blood AS-PCR 104 104 51 31 22 22 54 28 0.91 63.9 36.1 47.1 52.9

Saadatian et al. (24) 2014 Tabriz Blood Blood PCR-RFLP 100 100 22 48 30 13 63 24 0.02 46 54 44.5 55.5

Gohari-Lasaki et al. (25) 2015 Tabriz Blood Blood PCR-RFLP 100 100 31 48 21 31 57 12 0.18 55 45 59.5 40.5

Ahangar Oskouee et al. (26) 2015 Tabriz Tissue Tissue PCR-RFLP 65 65 21 40 4 48 13 4 0.11 63.1 36.9 83.8 16.2

Rajabi Firoozabadi et al. (27) 2016 Yazd Blood Blood AS-PCR 90 83 10 45 35 21 37 25 0.62 36.1 63.9 47.5 52.5

Moradinasab et al. (28) 2017 Bushehr Blood Blood PCR-RFLP 144 162 46 68 30 50 90 22 0.18 55.6 44.4 58.6 41.4

Pouladi et al. (29) 2018 Tabriz Tissue Blood AS-PCR 143 160 63 54 26 54 74 32 0.77 62.9 37.1 56.8 43.2

Our study 2018 Northeast 
of Iran

Blood Blood AS-PCR 308 314 187 94 27 189 101 24 0.14 76 24 76.2 23.8

Total (17 studies) 1965 1999 805 873 287 698 988 310 0.43 63.4 36.6 59.7 40.3

AS-PCR; Allele specific polymerase chain reaction, RFLP; Restriction fragment length polymorphism, and HWE; Hardy-Weinberg.
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 Table 4: Analysis of the association between TP53 codon 72 polymorphism and breast cancer risk in different genetic models, the test of heterogeneity
and publication bias

Model Test of association Test of heterogeneity Publication bias

OR (95% CI) P value Model P value I2 P value (Egger’s test)

Allele contrast (G vs. C) 1.18 (0.96-1.47) 0.13 Random <0.001 0.80 0.63

Recessive model (GG vs. GC+CC) 1.34 (0.95-1.89) 0.10 Random <0.001 0.83 0.73

Dominant model (GG+GC vs. CC) 1.15 (0.84-1.56) 0.38 Random <0.01 0.58 0.51

Over dominant (GC vs. GG + CC) 0.79 (0.58-1.06) 0.12 Random <0.001 0.79 0.50

Pairwise 1 (GG vs. CC) 1.38 (0.93-2.04) 0.11 Random <0.001 0.67 0.83

 Pairwise 2 (GG vs. GC) 1.36 (0.95-1.95) 0.10 Random <0.001 0.82 0.66

Pairwise 3 (GC vs. CC) 1.00 (0.72-1.36) 0.97 Random <0.01 0.55 0.63

OR; Odd ratio and CI; Confidence interval.

Discussion
The mortality rate in comparison with the rate of breast 

cancer is higher in developing rather than developed 
countries, due to the early detection of diseases using 
genetic biomarkers in the latter countries. SNPs are a 
good example of these biomarkers. The TP53 codon 72 
polymorphism (rs1042522) has been reported to have an 
association with the susceptibility to cancer in the different 
populations. Due to the lack of association studies with 
sufficient sample sizes and strong conclusions to assess 
correlation between rs1042522 and risk of breast cancer 
development, we conducted the case-control study on 622 
breast cancer patients and controls in the northeast of Iran. 

A previous meta-analysis study without any ethnicity 
restriction showed association of TP53 codon 72 
polymorphism with breast cancer risk in the recessive 
model. This study only confirmed a significant difference 
in the allelic model of an Asian population (14). However, 
involvement of other risk factors in this association was 
suggested. Genetic background and ethnicity are amongst 
those influential factors that may change association status. 
Since several case-control studies have reported different 
results about the association between rs1042522 and breast 
cancer risk in Iran, the need for a comprehensive analysis 
was warranted. In order to elucidate this inconsistent 
conclusion, a meta-analysis was performed to examine 
the association between TP53 codon 72 polymorphism 
and breast cancer risk in Iran, by reviewing all published 
studies with conflicting results. The final analysis included 
a total of 1965 breast cancer patients and 1999 healthy 
individuals, as the control group, to evaluate the existence 
or absence of any association.

Our pooled data from 17 case-control studies, meeting the 
inclusion criteria, confirmed lack of association between 
risk of breast cancer and TP53 codon 72 polymorphism 
in Iran. The heterogeneity amongst the studies has 
been pointed out in the analysis. Ethnicity, minor allele 
frequency, sample size, genotyping methods, source of 

DNA and disease phenotypes may be regarded as the 
source of such heterogeneity. However, we acknowledge 
that we focused on studies considering germline variants 
as risk factors, there are some studies which may have 
investigated the somatic variants to provide a catalogue 
of tumoral genetic variations (15, 16).

Our results indicated that pooled control samples 
followed HWE. Four studies failed to show HWE, 
however, when they were excluded from the analysis, the 
overall results were not significantly changed (data has 
been shown in the Table S1) (See Supplementary Online 
Information at www.celljournal.org). 

Pooled allele frequencies were 0.60 and 0.63 for G in 
the control and case groups, respectively. According to 
NCBI and OMIM data, C allele is the ancestral allele 
coding Proline. Allele frequency of C is higher than G 
in the general population, however, population based 
studies indicate high heterogeneity related to the C and G 
allele frequencies. According to some online databases, the 
frequencies vary between 0.9 for C and 0.1 for G in Oceania 
and inversely 0.2 and 0.8 for C and G respectively in Europe, 
suggesting a powerful ethnic influence (17). In our study, 
minor allele was C allele in the pooled data with a frequency 
of 0.37 and 0.40 in the respectively controls and cases.

The results did not show a significant difference between 
allele frequencies in patients and healthy subjects (P in 
multiplicative model ≤0.12). This finding was also seen 
in recessive and dominant models. Statistical evidence 
from other meta-analysis studies have indicated this 
polymorphism may have a potential effect on breast (14) 
and ovarian cancer risks (18) in the pooled data as well 
as a subgroup of Asian and Caucasian populations. On 
the other hand, in another previously conducted meta-
analysis (with no ethnicity preference) no association 
between TP53 codon 72 polymorphism with breast cancer 
(19) and cervical cancer (20) risks was reported. 

The pooled data indicated that allele frequency difference 
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between cases and controls was about 3%. Therefore, it is 
proposed to evaluate the association between TP53 codon 
72 polymorphism and risk of breast cancer with a power 
of 80%; in other words 4129 individuals is proposed for 
each group in future studies. In our study the overall 
power was calculated as 50% which may not support the 
evidence of this association. Designing proper studies 
with adequate sample sizes will provide more valuable 
evidence for this association.

Conclusion
Our results showed that TP53 codon 72 polymorphism 

may not influence the overall risk of breast cancer in an 
Iranian population. By that means, there is no association 
between TP53 codon 72 polymorphism and breast cancer 
risk in the Iranian population of this meta-analysis. Several 
included studies had limited sample size and they were 
underpowered. To assess this association more precisely, 
well-designed case-control studies with adequate sample 
sizes are still necessary. 

Molecular classification, as well as evaluating the effect 
of other polymorphisms and environmental factors, such 
as alcohol consumption and tobacco smoke, should also 
be considered. Characteristics of different individuals, 
including premenopausal or postmenopausal status, 
metabolic index, family history, epistasis and clinical 
course are also important. 
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Abstract
Objective: Autophagy and apoptosis play key roles in cancer survival and pathogenesis and are governed by specific 
genes which have a dual role in both cell death and survival. Arsenic trioxide (ATO) and thalidomide (THAL) are used 
for treatment of many types of hematologic malignancies. ATO prevents the proliferation of cells and induces apoptosis 
in some cancer cells.  Moreover, THAL has immunomodulatory and antiangiogenic effects in malignant cells. The 
aim of present study was to examine the effects of ATO and THAL on U937 and KG-1 cells, and evaluation of mRNA 
expression level of VEGFs genes, PI3K genes and some of autophagy genes.  
Materials and Methods: In this in vitro experimental study, U937 and KG-1 cells were treated by ATO (0.4-5 µM) and 
THAL (5-100 µM) for 24, 48 and 72 hours. Cell viability was measured by MTT assay. The apoptosis rate and cell cycle 
arrest were evaluated by flow cytometry (Annexin/PI) and cell cycle flow cytometry analysis, respectively. The effect of 
ATO/THAL on mRNAs expression was evaluated by real-time polymerase chain reaction (PCR).                
Results: ATO/THAL combination enhanced cell apoptosis in a dose-dependent manner. Also, ATO/THAL induced SubG1/
G1 phase arrest. mRNA expression levels of VEGFC (contrary to other VEGFs isoform), PI3K, AKT, mTOR, MEK1, PTEN, 
IL6, LC3 and P62 genes were upregulated in acute myeloid leukemia (AML) cells following treatment with ATO/THAL.                       
Conclusion: Combined treatment with ATO and THAL can inhibit proliferation and invasion of AML cells by down-regulating 
ULK1 and BECLIN1 and up-regulating PTEN and IL6, and this effect was more marked than the effects of ATO and THAL alone.    

Keywords: Acute Myeloid Leukemia, Arsenic Trioxide, Thalidomide 
Cell Journal(Yakhteh), Vol 22, No 2, July-September (Summer) 2020, Pages: 193-202

Citation: Mohammadi Kian M, Haghi A, Salami M, Chahardouli B, Rostami Sh, Malekzadeh K, Kamranzadeh Foumani H, Mohammadi S, Nikbakht M. 
Arsenic trioxide and thalidomide combination induces autophagy along with apoptosis in acute myeloid cell lines. Cell J. 2020; 22(2): 193-202. doi: 10.22074/
cellj.2020.6469.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous group 
of malignancies that is caused by uncontrolled proliferation of 
neoplastic cells in the bone marrow (1, 2). Approximately 50% 
of patients ultimately experience relapse after chemotherapy 
because of the presence of subsets of malignant cells that 
are not completely removed by treatment regimens (3). 
Various mechanisms are involved in development of cancers, 
including alterations in the expression of molecules which 
impair apoptosis and autophagy (4-6). The PI3K/Akt/ mTOR 
signalling loop is one of the most important pathways that is 
deregulated in many human cancers threatening survival of 
normal cells (6, 7). Hyper activation of the PI3K/Akt/mTOR 
signalling pathway is an unusual feature of AML patients (7, 
8). Phosphatase and tensin homolog (PTEN)  can negatively 
regulate the activity of PI3K pathway (9). PTEN is a critical 
negative regulator of PI3K signalling. Raf-MEK1/2-ERK1/2 
pathway transmits responses to growth factors and cytokines. 
Ras/Raf-1/ERK1/2 and PI3K/Akt/mTOR signaling pathways 
are important regulators of PTEN that determines the cellular 
outcomes of its activation (10). In addition to genes which 
are involved in apoptosis, autophagy genes play key roles 

in pathogenesis of cancer. mTOR is a central regulator of 
autophagy with two separate complexes namely, mTORC1 
and mTORC2. mTORC1 and PI3K are negative regulators of 
autophagy (11) (Fig.1). When autophagy process is initiated, 
PI3K binds to its core units, BECLIN1 and simplify the usage 
of autophagy related 5-7-12 (ATG5-7-12) on the membranes 
(phagophores) to form autophagosomes (12). 

Arsenic trioxide (ATO) targets various cellular functions 
through multiple molecular factors (13-15). ATO has numerous 
biological effects such as apoptotic and anti-proliferative 
activities (16). Thalidomide (THAL) has immunological 
effects and anti-angiogenesis effects on tumour growth and 
progression (17, 18). It was shown that THAL as a VEGF 
inhibitor, in combination with ATO has a synergistic impact on 
the inhibition of cell proliferation and promotion of apoptosis in 
AML cell line (19). Hence, the aim of this study was to explore 
the effect of a combination of ATO and THAL on apoptosis 
and expression levels of VEGF isoforms, VEGFR1&2, PI3K, 
AKT, mTOR, PTEN, IL6, STAT3, B-RAF, RAF1, MEK1, and 
B-CL2 and some autophagy genes such as BECLIN1, LC3-II, 
ULK1, and ATG5-7-12 in leukemic cell lines. 
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Fig.1: Overview of the PI3K/AKT/mTOR pathway in AML. The PI3K/AKT/mTOR pathway and other pathways related to AML, Inducing autophagy by inhibiting 
the mTOR pathway. Diagram shows that ATO promotes apoptotic mechanisms. Left, PI3K/Akt/NF-κB pathway permanently activated in the absence of 
ATO. Right, ATO by inducing JNK activation, can inhibit the PI3K/Akt/NF-κB signalling pathway. THAL has anti-angiogenesis effects on tumour growth and 
progression. THAL inhibits IL6. ATO/THAL by inhibition of mTORC1 induces dephosphorylation of ULK1 and subsequent ULK1-mediated phosphorylation of 
ATG13, FIP200 and ULK1 itself, inducing autophagosome synthesis. Release of BCL-2 suppresses BECLIN1 that induces autophagy through disruption of the 
BCL-2/BCL- XL-BECLIN1 interaction. In case of existence of sufficient nutrients, BECLIN1 binds to BCL-2 or BCL-XL, and loses its ability to initiate autophagy. 
AML; Acute myeloid leukemia, ATO; Arsenic trioxide, and THAL; Thalidomide.

Material and Methods
Reagents 

For this in vitro experimental study, THAL was 
purchased from Santa Cruz Company  (Texas) and 
As2O3 (ATO) was obtained from Sina Darou Company 
(Iran).5-  diphenyltetrazolium bromide (MTT) dye, 
Annexin V-FITC apoptosis detection kit, dimethyl 
sulfoxide (DMSO) and diethyl pyro carbonate (DEPC) 
treated water were purchased from Sigma-Aldrich 
Company  (St. Louis, MO). RPMI 1640 medium and 
fetal bovine serum (FBS) were obtained from Gibco 
(Carlsbad, CA). cDNA synthesis kit and SYBR Premix 
Ex Taq™ were bought from Takara Biotechnology Co 
(Otsu, Japan). 

Cell lines and cell culture
KG-1 and U937 were purchased from Pasteur Institute 

)Iran). U937 cells were cultured in RPMI 1640 medium 

which was supplemented with 10% FBS, 100 µg/mL 
penicillin and 100 µg/mL streptomycin. KG-1 cells 
were cultured in RPMI 1640 medium which was 
supplemented with 20% FBS, 100 µg/mL penicillin and 
100 µg/ml streptomycin. Then, cells were incubated at 
37˚C in a humidified atmosphere containing 5% CO2. 
THAL was dissolved in DMSO, then dissolved in 
sterile double-distilled water. As2O3 was dissolved in 
distilled water. Each experiment was performed three 
time in triplicate.

Analysis of cell viability by MTT assay
KG-1 and U-937 cells (5×103 cells per well) were 

incubated in the absence or presence of THAL and 
ATO, in a final volume of 400 μl. After 24, 48 and 72 
hours, 100 μl MTT reagent (5 mg/ml MTT in RPMI) 
was added to each well and incubated for 3 hours. 
Then, 100 μl DMSO was added to dissolve formazan 
precipitates. Then, in a 96-well plate (SPL, Life 
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Sciences, Pocheon, Korea), 100 μl of cell lysate were 
plated in triplicate, and the absorbance was read at 570 
nm using an ELISA plate reader  (Micro plate Reader; 
Bio Rad).

Analysis of cell apoptosis and cell viability by flow 
cytometry

KG-1 and U937 cells were seeded at the density 
of 3×105 cells per well in 12-well culture plates then 
were treated with selective doses, 1.618 µM and 1 µM 
concentration of ATO respectively in KG-1 and U937 
and also 60 µM and 80 µM concentration of THAL in 
both cell lines. After 48 hours, cells were harvested 
and treated with Annexin/PI. AnnexinV staining was 
quantified by FACS Calibur Flow Cytometer analysis 
(BD-Biosciences, San Jose, CA, USA). Apoptosis 
(Annexin V+/PI− is early apoptosis and Annexin V+/
PI+ is late apoptosis) and necrosis (Annexin V−/PI+) 
were investigated in this step.

Cell cycle analysis 
KG-1 and U937 cells were seeded at the density of 3×105 

cells per well in 12-well culture plates then were treated 
with selective doses, 1.618 µM and 1 µM concentration 
of ATO respectively in KG-1 and U937 and also 60 µM 
and 80 µM concentration of THAL in both cell lines. 
After that, cells fixed in 70% in ethanol and treated with 
PI. Cells were assessed by BD flow cytometer instrument 
and results were analyzed by Flowjow software. The 
apoptotic cells could predict from hypo-diploid sub G1/
G1 DNA content.

Quantitative real-time polymerase chain reaction 

KG-1 and U937 cells were seeded at the density 
of 5×105 cells per well in 6-well culture plates then 
were treated with selective doses, 1.618 µM and 1 µM 
concentration of ATO respectively in KG-1 and U937 
cell lines and 80 µM and 60 µM concentration of THAL 
respectively in KG-1 and U937 cell lines. After that, 
total RNA was extracted by TriPure Isolation Reagent 
(Roche applied science, Germany) according to the 
manufacturer’s instructions. The quality and quantity 
of total RNA was assessed spectrophotometrically by 
using Nano Drop ND-1000 (NanoDrop Technologies, 
Wilmington, DE), and stored at -80˚C. Complementary 
DNA (cDNA) was manufactured using RNA and cDNA 
synthesis kit. Real-time RT-PCR analysis was done 
using a light cycler instrument (Roche Diagnostic, 
Manheim, Germany)  and SYBR Premix Ex Taq. A 
final volume of 20 μl including 2 μl of a 2-fold diluted 
cDNA, 10 pmol of primers mixture (0.5 µl of forward 
and reverse primers), 10 μl of SYBER, and 7 μl of 
distilled water, was used. PCR reaction included 3 
main steps namely, denaturation, annealing and 
extension. Initial denaturation was done at 94˚C for 5 
minutes. After that, denaturation was done at 94˚C for 
30 second. In this step, double strands of DNA were 

separated into two single strands. In the annealing 
step, the temperature was lowered to enable the DNA 
primers attach to the template DNA at 50-56˚C for 45 
seconds. During the extension, as the final step, the 
heat was increased to 72˚C to enable the new DNA to 
be made by a special Taq DNA polymerase enzyme 
for 1 minute per kb. At the end of PCR reaction, there 
was final extension at 72˚C for 5 minutes. Data were 
normalized against HPRT expression in each sample. 
Relative gene expression data were analyzed by 2-ΔΔCt 
method. Sequences of primers are listed in TableS1 
(See Supplementary Online Information at www.
celljournal.org).

Statistical analysis 
All experiments were repeated independently at least 

three times in triplicate, and the data are presented as 
mean ± SE. The results were compared using standard 
one-way analysis of variance (ANOVA). The diagrams 
were generated by GraphPad Prism 6.01 software. 
Significance was defined as *P<0.05, **P<0.01, and 
***P<0.001.

Results

ATO and THAL inhibit cell proliferation

In KG1 and U937 cell lines, cytotoxic effect of ATO 
(0.4-5 µM) and THAL (5-100 µM) was investigated. 
Growth inhibitory effects of these concentrations of 
ATO/THAL were assessed by MTT for 24, 48 and 
72 hours (Fig.2). Based on the results, half maximal 
inhibitory concentration (IC50) values for ATO were 
1 µM for U937 cells and 1.618 µM for KG-1 cells; 
IC50 values for THAL were 60 µM for U937 cells 
and 80 µM for KG-1 cells. The results showed that 
ATO and THAL had a significant cytotoxic effect on 
both cell lines in dose- and time-dependent manners. 
To investigate the synergistic activity of ATO and 
THAL (80 μM THAL/1.618 μM ATO for KG-1 and 
60 μM THAL/1 μM ATO for U937), the viability of 
treated cells were assessed 24 and 48 and 72 hours 
post-treatments. Results obtained for 48 and 72 
hours treatments were not significantly different. The 
combination therapy showed a significant effect on 
U937 and KG-1 cells.

 Induction of apoptosis by ATO/THAL

We performed flow cytometry assay to investigate 
apoptotic effects of these compounds on AML cell 
lines. As seen in Figure 3, we observed an increase in 
the number of early and late apoptotic cells (Annexin+/
PI-,+) and minimum percentage of necrosis (Annexin-/
PI+) in treated cells as compared with control in both 
cell lines. Moreover, significant increases (61% in 
KG-1 and 88% in U937) in the number of apoptotic 
cells were seen in cells treated with a combination of 
ATO and THAL. 
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 Fig.2: Cell viability in KG-1 and U937. Effects of ATO and THAL on cell viability in KG-1 and U937 cell lines. The anti-proliferative effects of ATO (0.4-5 μM), 
THAL (5-100 μM) and their combinations in both cell lines were assessed by MTT assay after 24, 48 and 72 hours of treatment. Results obtained following 
48 and 72 hours treatment were not significantly different. A. Effect of ATO on KG-1 cells, B. Effect of THAL on KG-1 cells, C. Effect of ATO/THAL on KG-1 
cells, D. Effect of ATO on U937 cells, E. Effect of THAL on U937 cells, and F. Effect of ATO/THAL on U937 cells. After detection of suitable doses for ATO (1.618 
μM) and THAL (80 μM) for KG-1 and ATO (1 μM) and THAL (60 μM) for U937, effect of a combination of ATO and THAL was evaluated. Data are expressed as 
mean ± S.E of three independent experiments. Statistical significance was defined at *; P<0.05, **; P<0.01, and ***; P<0.001 compared to corresponding 
control. ATO; Arsenic trioxide and THAL; Thalidomide.
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B E
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Fig.3: Flow cytometry analysis. A. Analysis of flow cytometry in KG-1 cells and B. Analysis of flow cytometry in U937 cells.  KG-1 cells treated with ATO 
(1.618 µM) and THAL (80 µM) and their combination. U937 cells treated with ATO (1 µM) and THAL (60 µM) and their combination. Flow cytometry graphs 
contain the lower left quadrant that shows live cells and the upper left quadrant shows necrotic cells, the lower right shows early apoptotic cells and 
the upper right shows late apoptotic cells. Data are expressed as mean ± S.E of three independent experiments. Statistical significance was defined at *; 
P<0.05, **; P<0.01, and ***; P<0.001 compared to corresponding control. ATO; Arsenic trioxide and THAL; Thalidomide.

ATO/THAL induces SubG1/G1 arrest in AML cells  

Cell cycle flow cytometry analysis was applied for 
cells treated with ATO and THAL  to study ATO/THAL 
effects with respect to inducing cell cycle arrest Figure 4. 
Significant increases in the percentage of cells at SubG1/
G1 were observed in a dose-dependent manner in KG-1 
and U937 cells. Meanwhile, percentage of cells at G2 
phase was reduced in all treated cells. Accordingly, it 
seems that ATO/THAL induced SubG1/G1 arrest in both 

cell lines (5.71-21.51% for KG-1 cell and 5.05-36.87% 
for U937 cell).

Real-time polymerase chain reaction
We analyzed expression levels of VEGF isoforms and 

receptors of VEGF (VEGFR12  &  ), PI3K, AKT, mTOR, 
PTEN, IL6, STAT3, MEK1, B-RAF, RAF1, BCL-2, 
BECLIN1, ULK1, LC3-II, ATG5, ATG7, ATG12, OCT4, 
and P62 by real-time PCR (Fig.5).

A

B
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Fig.4: Cell cycle flow cytometry analysis of leukemia cells. A. KG-1 cell cycle flow cytometry and B. U937 cell cycle flow cytometry. Cells exposed to different 
concentrations of ATO and THAL for 48 hours, reduced number of cells at G2 phase and increased amount of cells at G1 phase. Data are expressed as mean 
± S.E. of three independent experiments. ATO; Arsenic trioxide, and THAL; Thalidomide.
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Fig.5: Examination of gene expression. The effects of ATO and THAL on the mRNA level of indicated genes in U937 cells. A. Effect of ATO and THAL on the 
expression level of VEGF genes in KG-1 cells. B. Effect of ATO and THAL on the expression level of VEGF genes in U937 cells, C. Effect of ATO and THAL on 
the expression level of genes that contribute to PI3K/AKT/mTOR pathway in KG-1 cells, D. Effect of ATO and THAL on the expression level of genes that 
contribute to PI3K/AKT/mTOR pathway in U937 cells, E. Effect of ATO and THAL on the expression level of autophagy genes in KG-1 cells, F. Effect of ATO 
and THAL on the expression level of autophagy genes in U937 cells, G. Effect of ATO and THAL on the expression level of BRAF/MEK/RAF1/OCT4/P62 genes 
in KG-1 cells, and H. Effect of ATO and THAL on the expression level of BRAF/MEK/RAF1/OCT4/P62 genes in U937 cells. For normalization of expression 
levels, HPRT was used. Values are given as mean ± S.E. of three independent experiments. Statistical significance was defined at *; P<0.05, **; P<0.01 and 
***; P<0.001 compared to corresponding control. ATO; Arsenic trioxide and THAL; Thalidomide.
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U937 cells were treated ATO (1 μM), THAL (60 μM) 
and their combination for 48 hours. We observed that 
the expression level of VEGFA and VEGFB significantly 
decreased and also the expression of VEGFD slightly 
decreased as compare with VEGFA/B when treated 
with each compound alone or their combination. But 
expression of VEGFC increased when cells were treated 
with each compound alone or with the combination 
of both; VEGFR1 and VEGFR2 expression increased 
when cells were treated with each compound alone but 
decreased when treated with the combination.

The expression level of PI3K and downstream genes 
were also investigated. We observed that the expression of 
PI3K and IL6 decreased when treated with each compound 
alone or with the combination of both but AKT increased 
when treated with each compound alone and decreased 
with the combination of both compounds and mTOR 
expression contrary to AKT, decreased when treated with 
each compound alone and increased with the combination 
of both compounds and STAT3 gene expression increased 
with the combination of both compounds. The expression 
of PTEN as a tumor suppressor, significantly increased 
after treatment with the combination of both compounds. 
We observed that the expression of B-RAF and RAF-1 
decreased following treatment with selective doses (ATO 
1 μM and THAL 60 μM for U937) and their combination 
(ATO 1 μM /THAL 60 μM). Moreover, in this pathway, 
the expression of MEK1 significantly decreased following 
treatment with the combination of both compounds. 
Furthermore, the expression of BCL-2 increased when 
treated with each compound alone, while significantly 
decreased following treatment with the combination 
of both compounds. With respect to autophagy-related 
genes, we observed that the expression of ULK1 and 
BECLIN1 decreased after treatment while the expression 
of LC3-II increased following treatment. Furthermore, 
the expression of ATG5 and ATG12 increased following 
treatment with THAL, decreased following treatment 
with ATO and slightly increased following treatment with 
the combination of these compounds while the expression 
of ATG7 significantly decreased following treatment with 
the combination of these compounds.   

KG-1 cells were treated with ATO (1.618 μM), THAL 
(80 μM) and also their combination for 48h. Our data 
indicated that the expression of VEGFA and VEGFB 
significantly decreased but VEGF-C and VEGF-D 
slightly increased while the expression of VEGFR1 and 
VEGFR2 significantly increased following treatment 
with each compound alone and their combination. 
Also the expression of PI3K and AKT in KG-1 cells 
decreased and mTOR slightly increased after treatment 
with cited doses. The expression of PTEN as a tumor 
suppressor significantly increased after treatment with 
each compound alone and their combination. In addition, 
IL6 expression increased with each compound alone and 
their combination in KG-1 cells. The expression of STAT3 
slightly increased after treatment with the combination of 
the two compounds.

Expression level of B-RAF and RAF1 increased when 
treated with each compound alone but MEK1 decreased. 
Furthermore, the expression of BCL-2 slightly decreased. 
In addition, the expression of BECLIN1 and ULK1 as 
autophagy activator, decreased by each compound alone 
in KG-1 cells while the expression of LC3-II (a marker 
of the presence of completed autophagosomes) increased. 
Furthermore, the expression of ATG5, ATG7, and ATG12 
increased in combination of two compounds. 

Discussion
The best known regulator of angiogenesis is VEGF, 

which regulates endothelial proliferation, permeability, 
and survival (20). Most important member of the 
VEGF family is VEGFA (21). In our previous study, 
we demonstrated that ATO/THAL downregulates the 
expression of VEGFA and VEGFB in KG-1 cell line and 
downregulates the expression of VEGFA , VEGFB and 
VEGFD in U937 cell line (19).

Kruse et al. (22) reported that THAL inhibits 
angiogenesis by suppression of basic fibroblast growth 
factor (bFGF) and VEGF genes. Keifer et al. (23) 
reported THAL also inhibits NF-κB, a critical regulator of 
inflammatory processes. Gockel et al. (24) illustrated that 
THAL  induces apoptosis by inhibition of PI3K-AKT. In 
this research, we found that a combination of ATO/THAL 
significantly reduces the viability of U937 and KG-1 cells 
while increases cell apoptosis. ATO with anti-leukemic 
activity in AML cell lines, enhanced the antitumor activity 
of THAL in both U937 and KG-1 cell population when 
used in combination. 

ATO is used for treatment of many types of hematologic 
malignancies (25-27). In this study, we observed that 
cytotoxicity of ATO and induction of apoptosis in both 
U937 and KG-1 cell lines follow a dose and time-
dependent pattern. Our results indicated that ATO can 
influence cell proliferation and cell death pathway. In 
2010, Redondo-Muñoz et al. (28) and Goussetis and 
Platanias (29) in two studies reported that ATO induces 
cell apoptosis in chronic lymphocytic leukemia (CLL) 
that involved upregulation of PTEN and inhibition of the 
PI3K/Akt/NF-κB as a survival pathway Goussetis and 
Platanias (29) also stated that ATO induces upregulation 
of PTEN but downregulation of X-linked inhibitor of 
apoptosis protein (XIAP). Nayak et al. (30) reported 
that ATO in combination with ATRA leads to decreased 
activation of AKT. Our results showed that ATO inhibits 
PI3K/AKT/mTOR but upregulates PTEN gene expression.

Previous study reported that different MAPK cascades 
are activated during treatment of cells with ATO, including 
P38, MAP (31), JNK (32), and ERK (33). Nayak et al. 
(30) showed that ATO can promote MAPK pathways as 
components of a stress response. We studied B-RAF/
MEK1/RAF1 of MAPK signalling for investigating the 
effect of ATO on this pathway, specially the potential 
synergistic effects of THAL and ATO on these three 
central kinases. Goussetis et al reported that ATO can 



Cell J, Vol 22, No 2, July-September (Summer) 2020201

Mohammadi Kian et al.

activate autophagy in a leukemic cell population through 
induction of autophagy process by activation of the MAPK 
pathway (34). We observed that B-RAF, MEK 1 and RAF1 
expression was increased by ATO and THAL and their 
combination in KG-1 cell line. In addition, the expression 
level of MEK1, and RAF1 decreased following treatment 
of U937 cell line with a combination of the compounds.

ATO prevents cell proliferation and induces apoptosis 
in some cancer cells. Recently, some reports showed the 
effects of ATO on autophagy (35-37). ATO is a powerful 
inducer of autophagy in acute leukemia cells. ATO by 
inhibition of mTOR, can induce autophagy. Moreover, 
activation of MAPK pathway by ATO can induce 
autophagy pathway. Verma et al. (31) showed that ATO 
also induces autophagy in APL cells. Autophagy is mainly 
controlled by mTOR (11). The mTOR acts as a suppressor 
of autophagy in response to nutrient and growth-factor 
accessibility. Karantza-Wadsworth et al. (38) and Boya 
et al. (39) showed that autophagy can increase apoptosis 
in cancer cells. Kruse et al. (22) illustrated that ATO up 
regulates LC3-II in KT1 cells. Chiu et al. (40) reported 
that ATO treatment increases the expression of LC3-II, 
p62, Beclin 1, Atg5, and Atg5-12 proteins.

In the present study, we investigated the expression 
of Beclin1, LC3-II, ULK1 and ATG5-7-12 as autophagy 
activators. Expression level of BECLIN1 and ULK1 
decreased in U937 cell line whereas the expression of 
LC3-II increased following treatment with a combination 
of the compounds.

One of the important gene associated with apoptosis 
is BCL-2, which is a suppressor of programmed cell 
death. The expression of BCL-2 declined following ATO 
treatment in U118-MG cells (40). Our results showed that 
the level of BCL-2 gene decreases following treatment 
with a combination of ATO and THAL. 

Conclusion
This study demonstrated that ATO in combination with 

THAL promotes apoptotic mechanisms and by inhibition 
of PI3K/Akt/mTOR signalling pathway, promotes 
autophagy in AML cells. These findings implied that 
ATO/THAL may be used as a novel therapeutic agent for 
inhibition of AML cells.
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Abstract
Objective: DNA methylation, a major epigenetic reprogramming mechanism, contributes to the increased prevalence 
of type 2 diabetes mellitus (T2DM). Based on genome-wide association studies, polymorphisms in CDKN2A/B are 
associated with T2DM. Our previous studies showed that gestational diabetes mellitus (GDM) causes apoptosis in 
β-cells, leading to a reduction in their number in pancreatic tissue of GDM-exposed adult rat offspring. The aim of 
this study was to examine the impact of intrauterine exposure to GDM on DNA methylation, mRNA transcription, as 
well as protein expression of these factors in the pancreatic islets of Wistar rat offspring. Our hypothesis was that the 
morphological changes seen in our previous study might have been caused by aberrant methylation and expression 
of CDKN2A/B.  
Materials and Methods: In this experimental study, we delineated DNA methylation patterns, mRNA transcription and 
protein expression level of CDKN2A/B in the pancreatic islets of 15-week-old rat offspring of streptozotocin-induced 
GDM dams. We performed bisulfite sequencing to determine the DNA methylation patterns of CpGs in candidate 
promoter regions of CDKN2A/B. Furthermore, we compared the levels of mRNA transcripts as well as the cell cycle 
inhibitory proteins P15 and P16 in two groups by qPCR and western blotting, respectively.                
Results: Our results demonstrated that hypomethylation of CpG sites in the vicinity of CDKN2A and CDKN2B genes 
is positively related to increased levels of CDKN2A/B mRNA and protein in islets of Langerhans in the GDM offspring. 
The average percentage of CDKN2A promoter methylation was significantly lower in GDM group compared to the 
controls (P<0.01).                        
Conclusion: We postulate that GDM is likely to exert its adverse effects on pancreatic β-cells of offspring through 
hypomethylation of the CDKN2A/B promoter. Abnormal methylation of these genes may have a link with β-cell 
dysfunction and diabetes. These data potentially lead to a novel approach to the treatment of T2DM.     
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tIntroduction
Gestational diabetes mellitus (GDM) is generally 

defined as hyperglycemia that is first recognized during 
pregnancy. GDM affects up to one in seven pregnancies 
worldwide (1). It is often associated with further 
pregnancy complications like preeclampsia or preterm 
delivery. Additionally, about 50% of the female patients 
suffering from GDM are likely to develop overt diabetes 
(2). In Addition to having adverse consequences for 
mothers, GDM is also associated with a high vulnerability 
to facing short-term detrimental after-effects such as 
macrosomia, neonatal hypoglycemia and neonatal cardiac 
dysfunction, as well as long-term difficulties including 
lifelong obesity and type 2 diabetes mellitus (T2DM) in 
the offspring (3-5). It has been demonstrated that animal 
offspring of diabetic mothers overtly develop diabetes 
later in life (6-8). A study carried out in the US has shown 
that 47.2% of diabetic cases among younger people could 

be attributed to diabetes or obesity of their mothers during 
her pregnancy (9). In animal models of GDM, a decline 
in insulin secretion as well as β-cell impairment has been 
observed in mature offspring (6, 7). Our group previously 
investigated the effect of GDM on morphological and 
histological features of pancreas in adult rat offspring. We 
demonstrated that GDM causes a significant reduction in 
β-cell mass, islet number and islet diameter in adult rat 
offspring (8). Our previous data also revealed that in rats, 
offspring of GDM mothers have more apoptotic β-cells 
compared to the controls (10).

Currently, little is known about how GDM-exposure 
contributes to the susceptibility to diabetes development 
in the offspring. Many research studies link the cell cycle 
regulators like cyclin-dependent kinase 4 (Cdk4) and 
retinoblastoma protein (pRB) to the risk of developing 
diabetes. CDK4-pRB-E2F1 pathway has direct effects 
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on proliferation and insulin secretory capacity of β-cells 
(10-13). In our previous study on the offspring of GDM 
rats, we showed that GDM downregulates CDK4-pRB-
E2F1 pathway in Langerhans islets (14). Proteins of the 
INK4 family, like CDKN2A and CDKN2B (encoding 
the cell cycle inhibitory proteins p16INK4b and p15INK4a, 
respectively), can negatively regulate the activity of 
Cdk4 and subsequently block cell cycle progression. This 
indicates that upregulation of CDKN2A/CDKN2B genes 
may restrict the CDK4-pRB-E2F1 pathway as well as 
β-cell proliferation. Other studies have identified novel 
T2DM susceptibility loci within the CDKN2A/B gene 
regions (chromosome 9p21 in humans and chromosome 
5q32 in rats) (15, 16). 

Current studies link DNA methylation with both type 
1 and type 2 diabetes, at least partially through changes 
in the β-cell proliferation (17-20). Recent works have 
however shifted the focus to the effects of intrauterine 
exposure to hyperglycemia on DNA methylation of genes 
important in β-cell proliferation and function, which can 
increase the risk of diabetes in the offspring (21, 22).

In the same line as our previous studies on the effects 
of GDM on histological, morphological and molecular 
aspects of pancreas in the offspring (8, 9, 12), in the 
present study we evaluated the impact of streptozotocin 
(STZ)-induced GDM on DNA methylation and gene 
expression of CDKN2A/B in pancreatic islets of adult 
offspring in Wistar rats. We postulated that intrauterine 
hyperglycemic environment affects the β-cells of the 
offspring by the loss of CDKN2A/B methylation. We 
performed targeted-bisulfite sequencing to evaluate the 
CpG islands methylation levels in the regulatory regions 
of CDKN2A and CDKN2B in the pancreatic islets of the 
offspring. In addition, mRNA expression of CDKN2A/B 
and protein levels of p15 and p16 (proteins encoded by 
CDKN2B and CDKN2A, respectively) were analyzed by 
qPCR and western blotting. 

Materials and Methods
Animals

This research was an experimental study, in which a total 
of 40 female and 15 male Wistar rats with an average age 
of 10-12 weeks were utilized. The animals were obtained 
from Golestan University of Medical Sciences, Gorgan, 
Iran. All animal procedures presented in this study 
adhered to the guidelines proposed by the Institutional 
Animal Care and Use Committee at Golestan University 
of Medical Sciences, Gorgan, Iran (code: IR.GOUMS.
REC.1394.247).

Induction of experimental gestational diabetes mellitus
As many as 14 female rats were independently 

paired with a male rat for the purpose of breeding. 
Following copulation, observation of vaginal plaques 
was considered as the day zero of gestation. Then, they 
were equally randomized into control and GDM group. 

Animals in the GDM group received a single dose of STZ 
solution through intraperitoneal injection (40 mg/kg bw 
prepared freshly in citrate buffer, 0.1 mol/L) on day zero 
of gestation, while the control group received a similar 
volume of citrate buffer only. We administrated STZ on 
day zero of gestation because its administration before 
pregnancy has adverse effects on mating behavior. On the 
other hand, STZ has a half-life of about five minutes, so 
it is unlikely that exposure to STZ on day zero affects 
the earliest stages of embryogenesis. 72 hours after 
STZ administration, tail incision method was used to 
measure fasting blood glucose level using a glucometer 
(ACCU-CHEK Glucometer, Roche Diagnostics). Rats 
with high serum glucose levels in the range of 120-250 
mg/dl were chosen and considered as diabetic models 
(23). Following spontaneous delivery, pups were 
allowed to mature for 15 weeks. As for investigation 
of the effect of GDM during embryonic period (not the 
effect of breastfeeding by diabetic mothers) on pancreas 
development, all control and offspring of gestational 
diabetes (OGD) infants were milked by normal mothers. 
OGD and control groups were sacrificed and their 
pancreatic tissues were collected and processed for 
isolation of islets of Langerhans.

Islets of Langerhans isolation
Collagenase digestion technique was used for 

isolating pancreatic islets from the control and OGD 
groups (24). In summary, cannula was inserted into the 
common bile duct. Digestion solution, containing 2.0 
ml of 0.2 mg/ liberase TL or liberase Thermolysin Low 
(Roche, USA) and 10 pg/ml DNase (Takara, Japan) 
in serum-free Roswell Park Memorial Institute1640 
medium (RPMI 1640 medium, Invitrogen, Germany), 
was injected into the cannula. Pancreas were placed in a 
1.5 ml microtube and incubated at 37˚C for 15 minutes. 
The tubes were later filled with 10 ml of RPMI 1640 
containing 10% fetal bovine serum (FBS, Invitrogen, 
Germany) serum and were kept on ice for 5 minutes to 
allow for enzyme deactivation. Following a phase of 
centrifugation at 800 RPM for 2 minutes, the islets of 
Langerhans were isolated through centrifugation on a 
Ficoll gradient (Sigma-Aldrich, USA). The islets were 
then gathered from the histopaque/media interface and 
passed through a 100-µm cell strainer (BD Falcon). 
Finally, the pancreatic islets were rinsed and stored at 
-80˚C until further extractions. The above procedure 
was repeated for each animal.

RNA, DNA and protein extractions from islets of 
langerhans 

By applying the total RNA purification kit (Jena 
Bioscience, Germany), total RNA was elicited from the 
pancreatic islets. All islets from 5 rats were pooled to 
create a uniform sample for different extractions. DNA 
was isolated using the NucleoSpin Tissue XS kit (MN, 
Germany). Both DNA/RNA quantity and purity were 
calculated by NanoDrop ND-1000 spectrophotometer, 
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while RNA integrity was backed up by showing the intact 
28s and 18s bands on gel electrophoresis using 1% agarose 
gels. Furthermore, total protein from pancreatic islets of 
the control and GDM offspring were obtained using a total 
protein extraction kit as specified by the manufacturer’s 
directions (Merck Millipore, Germany). The Pierce BCA 
protein assay kit (Thermo Fisher Scientific) was used to 
measure protein concentration from total cell lysates.

Bisulfite-specific polymerase chain reaction and 
Sanger sequencing

Using the Zymo EZ DNA Methylation Gold Kit 
(Zymo Research, USA), bisulfite treatment was added 
to 500 ng of genomic DNA, as instructed by the 
manufacturer. Primers for detecting the methylation 
pattern of the CDKN2A and CDKN2B promoters, which 
are listed in Table 1, were designed by Bisulfite Primer 
Seeker (Zymo Research, USA) software. Eighteen 
CpG sites, located between -161 and +281 bp of the 
CDKN2A promoter and 39 CpG sites, located between 
-109 and +285 bp of the CDKN2B promoter were 
investigated with specific primers. Amplification of 
bisulfite converted DNA was performed using EpiTaq 
HS kit (for bisulfite-treated DNA, Takara, Japan). 
The thermal cycling phases included a preparatory 
denaturation at 98 ˚C lasting for 10 seconds as well as 
a two-step amplification program of 35 cycles at 55 ˚C 
and 72 ˚C each for 30 seconds. Bisulfite-amplified 
PCR products were refined by taking advantage of a 
AccuPrep PCR Purification Kit (Bioneer) and were 
later directly sequenced using an automatic sequencer 
(ABI PRISM-77). We derived two DNA sequence 
per animal for a total of n=6 sequenced samples for 
OGD and controls. The aligned reads and levels of 
methylation in both OGD and control groups were 
visualized using the pairwise sequence alignment 

online software (https://www.ebi.ac.uk/Tools/psa/).

Quantitative polymerase chain reaction 
Islets of Langerhans RNA samples were reverse-

transcribed using prime script RT reagent kit (Takara, 
Japan). Primers for respective genes were designed using 
the PerlPrimer software (Bio-Rad, USA) and synthesized 
by the Metabion Company (http://www.metabion.
com). The oligonucleotide sequences of primers utilized 
for qPCR are presented in Table 1. The quantitative 
polymerase chain reaction (qPCR) was carried out in 
the Applied Biosystems 7300 Real-Time PCR System 
(Life Technologies, USA) with the SYBR-Green PCR 
Master Mix kit (Takara, Japan). We used beta-actin as the 
housekeeping gene and cDNA from offspring islets of the 
control group as calibrator. The expression level for each 
sample was measured using the cycle threshold (Ct) value 
while relative mRNA expression was calculated using 
the 2-∆∆Ct formula. All real-time PCR experiments were 
conducted in triplicates.

Western blot analysis
An immunoblot assay was evaluated for the effect of 

GDM on p15 and p16 protein expression in the pancreatic 
islets of the offspring. In short, 35 μg of the total proteins 
from each control and OGD groups were run on 10% 
polyacrylamide gels and transferred to nitrocellulose 
membranes sheets using a transblot system (Bio-Rad, 
USA). Western blot analysis was performed using the 
p15 (Sigma, USA) and p16 (Proteintech, Japan) primary 
antibodies. Monoclonal GAPDH antibody was used as 
a loading control (Santa Cruz Biotechnology, Japan). 
Immune-blot assay kit (Bio-Rad, USA) was used to 
visualize the protein bands. After scanning of the blots, 
they were quantified using Quantity One Software 
(BioRad, USA). 

Table 1: Bisulfite sequencing polymerase chain reaction (PCR) and qPCR primer name, sequences, product size and number of CpGs

Gene Primer sequence (5ˊ-3ˊ) Product size (bp) Number of CPGs

CDKN2A (Genomic) F: GGGGTGTGGAATTAGGTTAGGAGTAAAATGTG 342 18

R: TTCACTCTTCTTAAACAAAAATTATCTCACTAC

CDKN2B (Genomic) F: TTTATTATAGTTGTTGGGTTTTTAGAGAGGAG 394 39

R: ATTTTTACCCTTACAAAAAACAAAACCTACCTCCC

CDKN2A (mRNA) F: CTCTGCAGATAGACTAGCCA 127 -

R: CATCATCACCTGTATCGGG

CDKN2B (mRNA) F: AGATCCCAACGCCGTCAAC 184 -

R: CAGCACCATTAGCGTGTCCAG

β-actin (mRNA) F: AAGATCAAGATCATTGCTCCTC 169 -

R: CTCAGTAACAGTCCGCCT

https://www.ebi.ac.uk/Tools/psa/
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Data analysis 

For qPCR, bisulfite sequencing and western blot 
analysis in the 15-week-old offspring, 6 females and 6 
males from 6 litters, were studied for each group. Also, 
we used 6 blood samples of each control and diabetic 
pregnant rat to measure its fasting blood glucose level. 
Statistical analyses of all data were performed using 
the SPSS 18.0 statistical analysis software (SPSS Inc., 
Chicago, IL, USA) and data were expressed as the 
mean ± standard deviation (SD). One-way ANOVA 
was used to determine significant differences in all the 
parameters (blood glucose level, mRNA expression, 
DNA methylation and protein level) between the 
control and OGD groups. For promotor methylation 
data analysis, we compared the average methylation 
of CpGs in the control and OGD groups. Significance 
was determined at P<0.05.

Results 
Blood glucose level

A significant increase was observed in the fasting 
blood glucose levels of STZ-induced GDM rats (Fig.1). 
Seventy-two hours after STZ injection, nearly 70% of 
dams developed hyperglycemia (P<0.001). 

Fig.1: Blood glucose concentrations in diabetic and control pregnant rats. 
G0; Day 0 of gestation and G3; Day 3 of gestation. All values are presented 
as means ± SEM. ***; P<0.001, n=12.

Bisulfite DNA sequencing
Bisulfite DNA sequencing was employed to identify 

the methylation levels of the CpGs in the CDKN2A 
and CDKN2B promoters. Six OGD and six control 
DNA samples were amplified with a 342 bp fragment in 
CDKN2A promoter, which comprised of 18 CpG sites and 
a 394 bp fragment in the CDKN2B promoter, containing 
39 CpG sites.

Sequencing data confirmed methylation in CpG 
islands of the control and OGD samples, while the 

overall methylation patterns were distinct. Our data 
revealed that more CpG islets were methylated in the 
samples derived from controls than the ones acquired 
from OGDs. We found that the CDKN2A promoter 
(nucleotides -161 to +181 bp) (Fig.2A) was more 
methylated in the control samples (40.7%) than in 
the OGDs (7.3%) and the differences between them 
were significant (P<0.01) (Fig.2B, C). Also, bisulfite 
sequencing of the 394bp region of the CDKN2B 
promoter (nucleotides -109 to +285 bp) (Fig.3A) in 
OGD samples, determined the hypomethylation of 
CpG islands in this region. As shown in Figures 3B 
and C, the average DNA methylation in the control 
and OGD samples were 14.5% and 6%, respectively; 
thought this difference was not significant. Figure 4 
demonstrates a section of bisulfite genomic sequencing 
chromatography for CDKN2A and CDKN2B. The 
sequenced region and methylation pattern for CDKN2A 
and CDKN2B are depict in Figure 2A, B and Figure 
3A, B respectively. Interestingly, the control samples 
shared some common methylation sites (CpG8 for 
CDKN2A and CpG9 for CDKN2B) while these CpGs 
were all unmethylated in our OGD samples (Fig.2B, 
Fig.3B).

Analysis of mRNA expression

After bisulfite sequencing analysis of CDKN2A/B 
genes, we inspected the correlation between DNA 
methylation and mRNA levels in the pancreatic 
islets of the control and GDM offspring. CDKN2A 
and CDKN2B mRNA expression was detected in 
both groups, but their expression was significantly 
upregulated in the OGD samples, which was correlated 
with hypomethylation in the promoter region of these 
genes. The strongest correlation between CDKN2A 
mRNA levels and the methylation levels of the CpG 
islets was detected at -161 to +181 region. Our result 
suggested that the levels of CDKN2A methylation 
were significantly higher in OGD samples compared 
to the controls (P<0.01, Fig.5A, B). Furthermore, 
CDKN2B mRNA levels were higher in the OGD group 
compared to the controls; although the difference was 
not statistically significant (Fig.5A, B). 

Western blot analysis results

Western blotting of Langerhans islets protein 
samples from OGD and control groups, identified 
two slim bands at 15 and 16kDa for P15 (CDKN2B) 
and P16 (CDKN2A) proteins, respectively. Both 
proteins showed an increased band intensity in the 
OGD samples (Fig.5C-E), which correlates with and 
confirms our results observed in the real-time PCR 
analysis. Quantitative analysis of western blotting 
bands showed that gestational diabetes causes a 
significant increase in the expression level of P16 
protein in the islets of offspring (P<0.05, Fig.5,C-E). 
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Fig.2: Bisulfite DNA sequencing of the CpGs in the CDKN2A promoter. A. Diagrammatic illustration of the CDKN2A promoter-associated CpG islands, which 
cover the region from -161 to +181 (the translation initiation site ATG as +1). The region analyzed by bisulfite sequencing polymerase chain reaction (PCR) 
is depicted. This region covers 342 bp and consists of 18 CpG, B. Methylation patterns of the CDKN2A CpG island in six control and six OGD samples (each 
line represents an independent sample). Methylated and unmethylated CpG sites are represented as solid and open circles, respectively, and C. Statistical 
analysis of methylation in the two groups. Data are presented as mean ± SD. **; P<0.01, compared with the controls.

Fig.3: The CpG island in the CDKN2B promoter showed by bisulfite sequencing. A. Illustrative sketch of the CDKN2B promoter, which covers the region from -109 
to +285. The region analyzed by bisulfite sequencing polymerase chain reaction (PCR) is depicted. This region covers 394 bp and includs 39 CpG dinucleotides, B. 
Methylation patterns of the CDKN2B CpG island in six control and six OGD samples. Each circle represents a single CpGs (closed and open circles show methylated 
and unmethylated regions, respectively), and C. Statistical analysis of methylation in the two groups. Data are presented as mean ± SD, P=0.064.
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Fig.4: The same sections of the sequencing trace for A. CDKN2A and B. CDKN2B in the control and offspring of gestational diabetes (OGD) samples are 
presented. Underline sections indicate methylated-CpG cytosines (blue) in the control samples that are not converted and the same CpG cytosines in 
the OGD samples that are unmethylated and converted to thymines (red). CpG2, CpG4 and CpG5 for CDKN2A and CpG9 and CpG10 for CDKN2B are 
methylated in the control samples while they are unmethylated in OGDs.
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Fig.5: Real-time polymerase chain reaction (PCR) and western blotting analysis 
of CDKN2A/B in the pancreatic islets of the control and offspring of gestational 
diabetes (OGD) rats. CDKN2A/B mRNAs were determined by quantitive PCR 
(qPCR). A. Reverse transcription polymerase chain reaction (RT-PCR) analysis 
for the mRNA expression of CDKN2A/B, B. Real-time PCR analysis for the 
mRNA level of CDKN2A/B in control and OGD samples, C, D. Densitometric 
quantification of western blotting bands for P15 and P16 proteins in the two 
groups, and E. Nitrocellulose blot of sodium dodecyl sulfate polyacrylamide 
gel electrophoresis SDS-PAGE gel developed with immune-blot assay kit, 
column 1, control group; column 2, OGD group. GAPDH was used as the 
housekeeping gene. Data are presented as means ± SD, and the experiments 
were repeated independently three times. *; P<0.05 and **; P<0.01.

Discussion
In the present study, we have analyzed DNA methylation 

levels of the CDKN2A/B genes in pancreatic islets of OGD 
rats. Data indicated that decreased DNA methylation levels 
at CpG sites in the CDKN2A and CDKN2B gene promoter 
in pancreatic islets of the rat offspring were associated 
with maternal hyperglycemia. Furthermore, p15 and p16 
mRNA and protein levels in the OGD samples increased 
as compared to the control group, which is probably due 
to promoter hypomethylation of these genes. 

Various animal studies suggest that following gestational 
diabetes, the offspring exhibit systemic insulin resistance 
as well as elevated circulating insulin and glucose 
compared to the offspring of normal dams (6-8). Recently, 
our team investigated the effects of GDM on some 
histological aspects of the pancreas in adult rats’ offspring 
(8, 9). Gomori staining showed that β-cell number, islet 
number and islet diameter is significantly reduced in the 
offspring of diabetic mothers (8). Also, a separate study 
by our group indicated that the number of apoptotic 
β-cells grows in OGDs. In addition, we observed that 
adult offspring rats mainly developed mild hyperglycemia 
(9). Strong evidence exists that maternal hyperglycaemia 
increases the risk of insulin resistance, obesity, and type 2 
diabetes in young adult offspring. Although much of the 
molecular pathways, through which GDM mediates its 
effects remain unknown. It has been revealed that poor 
early development of insulin-producing β-cells causes 
type 2 diabetes later in life (3-7). Considerable attention 
is being devoted to the potential role of epigenetic 
modifications including DNA methylation in mediating 
the influence of environment on both type 1 and type 2 
diabetes (25). It has been suggested that DNA methylation 
changes the expression of genes associated with various 
aspects of glucose metabolism and in particular glucose 
intolerance, β-cell proliferation and β-cell dysfunction, 
which result in diabetes mellitus (26). This gives rise to the 
speculation that maternal hyperglycemia may change the 
normal DNA methylation pattern of cell cycle inhibitory 
genes CDKN2A and CDKN2B in pancreatic islets of rat 
offspring. In the current paper, we demonstrated that 
possible links exist between fetal exposure to maternal 
GDM and DNA methylation of CDKN2A/B promoter in 
pancreatic islets.

The significance of maintaining appropriate β-cell 
growth for glucose homeostasis is evident (12). Recently, 
much effort has been directed to understanding the 
molecular mechanisms regulating β-cell proliferation. 
Previous research studies indicated that CDK4-pRB-
E2F1 pathway directly regulates β-cells proliferation 
)13(. Furthermore, this pathway controls the expression of 
Kir6.2, a key factor involved in the regulation of insulin 
secretion (11, 13). Previous studies implicate CDK4 as 
a major regulator of pancreatic β-cells proliferation. An 
example is the study by Annicotte et al. (27), in which 
they found that clearance of glucose subsided in mice 
treated with a CDK4 inhibitor. In our recent study on a 
rat model, it was observed that GDM can significantly 

C

D
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downregulate the CDK4-pRB-E2F1 pathway in 
Langerhans islets of the offspring. Our results were 
thus consistent with earlier studies mentioned above, 
suggesting that there exists a link between CDK4 and 
the risk of diabetes (14). We hypothesized that inhibition 
of CDK4 kinase activity and subsequently inhibition 
of CDK4-pRB-E2F1 pathway in GDM offspring may 
be caused by demethylation of CDKN2A and CDKN2B 
as CDK4 inhibitors. We therefore decided to study the 
association between GDM and DNA methylation of 
CDKN2A/B in pancreatic islets of rat offspring. Our 
findings demonstrated that CDKN2A promoters (-161 
to +281 bp) were hypomethylated in the OGD samples. 
Furthermore, there was a correlation between the increase 
in CDKN2A expression (in both mRNA and protein 
levels) and the promoter hypomethylation status. The 
difference in the average methylation levels for CDKN2A 
was significant between the control and the OGD samples.  
On the other hand, some common methylation sites have 
seen in the control samples (CpG8 for CDKN2A and 
CpG9 for CDKN2B). 

Such findings indicate that the differential methylation 
levels of these two CpG sites may be related to poor 
proliferative capacity of pancreatic β-cells. Human studies 
have validated the connection between the variants in 
CDKN2A/B and type 2 diabetes (28, 29). In line with 
previous studies, our data associates CDKN2A/B with 
the risk of diabetes in the offspring of mothers with 
gestational diabetes. Nonetheless, the procedure, through 
which the CDKN2A/B locus affects diabetes risk is yet to 
be discovered. 

Conclusion 
The present research study provided for the first time, 

evidence that intrauterine exposure to hyperglycemia 
causes hypomethylation of CDKN2A and CDKN2B in 
pancreatic islets derived from the offspring of GDM rats. 
This differential methylation was most notable in CpG8 
and CPG9 for CDKN2A and CDKN2B, respectively. These 
results suggest that a loss of methylation and overexpression 
of these cell cycle inhibitory genes possibly increase the 
susceptibility of type 2 diabetes through an inhibited cyclin 
D1-CDK4 complex formation, leading to a decreased β-cell 
mass and mild hyperglycemia in the GDM-exposed offspring. 
Meanwhile, further investigations and larger-sclae studies are 
needed to completely investigate the molecular process of 
inducing diabetes in the offspring by GDM. 
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Abstract
Objective: Platelet (PLT) storage at 4˚C has several benefits, however, it is accompanied by increased clearance of 
PLTs after transfusion. In this study, we evaluated the potential of sodium octanoate (SO) for reducing apoptosis and 
clearance rate of PLTs after long-term storage in cold.  
Materials and Methods: In this experimental study, PLT concentrates (PCs) were stored for 5 days under the following 
three conditions: 20-24˚C, 4˚C, and 4˚C in the presence of SO. To measure the viability of PLTs, the water-soluble 
tetrazolium salt (WST-1) assay was performed. Phosphatidylserine (PS) exposure was determined on PLTs using 
flow cytometry technique. The amount of human active caspase-3 was determined in PLTs using an enzyme-linked 
immunosorbent assay. Additionally, the amount of PLT ingestion or clearance was determined by using HepG2 cell line.                
Results: The viability was higher in the SO-treated PLTs compared to the other groups. The level of PS exposure 
on PLTs was lower in the SO-treated PLTs compared to the other groups. The amount of active caspase-3 increased 
in all groups during 5-day storage. The highest increase in the amount of caspase-3 levels was observed at cold 
temperature. However, PLTs kept at 4˚C in the presence of SO had a lower amount of active caspase-3 compared to 
PLTs kept at 4˚C. The amount of PLTs removal by HepG2 cells was increased for 4˚C-kept PLTs but it was lower for 
PLTs kept at 4˚C in the presence of SO but, the differences were not significant (P>0.05).                        
Conclusion: SO could partially moderate the effects of cold temperature on apoptosis and viability of platelets. It also 
decreases the ingestion rate of long-time refrigerated PLTs in vitro. Further studies using higher numbers of samples 
are required to demonstrate the effect of SO on reducing the clearance rate of PLTs.     
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Introduction
Platelets (PLTs) are anuclear cell fragments that act 

primarily as homeostasis regulators, and they play a role 
in angiogenesis and innate immunity (1-3). Transfusion of 
PLT concentrate (PC) is accompanied by a high prevalence 
of anaphylactic and febrile reactions compared with fresh 
frozen plasma (FFP) and red blood cells (4). Storage of PC 
at room temperature leads to PLT storage lesion, which 
includes a series of harmful changes that negatively affect 
PLT function (5).

PCs are typically stored at 20-24˚C with continuous 
agitation. Storage temperature conditions limit PLTs 
storage time to 5-7 days due to increased risk of bacterial 
contamination (6). It was shown that from every 1,000 to 
5,000 units of PC, a single unit is infected with bacteria 
(7). Due to insufficiencies in PCs supplies, an alternative 
strategy is needed. Over the years, researchers have 
provided alternative methods for increasing the half-life 
of PLTs, including the use of additive solutions like PLT 
additive solution (PAS), storage in cold, lyophilization, 
etc. Although PLT storage in cold can have several 
benefits, including reducing the rate of bacterial growth 
and increasing hemostatic activity, PLT storage in 
cold was obsolete in the 1970s due to increases in their 
clearance rates. Several in vitro studies since 1970 showed 

that maintaining PLTs at 4˚C results in better functional 
and metabolic responses, such as aggregation, adhesion 
to the subendothelium and minimum lactate formation. 
PLTs stored at 4˚C had a better function compared to PLTs 
kept at room temperature; by employing the former, the 
bleeding time reduced in patients with thrombocytopenia, 
volunteers receiving aspirin, and in patients with aplastic 
thrombocytopenia (8, 9).

Short-term maintenance of PLTs in cold causes 
clustering and exposure of β-N-acetylglucosamine 
residues that make them detectable by liver macrophages 
(10). In comparison, PLTs stored in cold for a long time 
have a severe increase in galactose exposure, specifically 
on glycoprotein Ibα (GPIbα). Galactose is a ligand for 
asialoglycoprotein receptors (ASGPRs), and ASGPRs 
mediate hepatocytes-induced clearance (11).

Studies have shown that some substances such as 
trehalose, significantly reduce PLT phagocytosis after 
transfusion, improve the activity of PLTs and retain the 
response of cold-stored PLTs to agonists in vitro; this 
could be related to the prevention and inhibition of PLTs’ 
apoptosis in cold (12). It has been indicated that activation 
of caspases leads to rapid removal of PLTs from the 
circulation (13). Active caspase-3 induces apoptosis by 
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cleaving the vital proteins of the cell (14). According 
to the previous studies, the amount of caspase-3 is 
increased during PLT storage at room temperature (15-
18). Additionally, storage in cold increases the amount of 
caspases in the PLTs (12).

To overcome the problems that platelets encounter in 
the cold, this study was conducted. We evaluated the 
potential of sodium octanoate (SO) as a substance which 
is known as a protein stabilizer against heat. Octanoic acid 
is a saturated medium-chain fatty acid with an 8-carbon 
backbone. This substance is present at a concentration of 
0.2 μM in serum (19). SO was used for providing infusible 
PLT membranes (IPMs), as a protein stabilizer against 20-
hour heating at 60˚C used for deactivation of viruses. An 
increase in IPM binding to von willebrand factor (vWF) 
was observed at an optimum concentration of SO (20). It 
was shown that 800-1200 µM of octanoic acid has long-
term negative effects on embryonic and fetal growth in 
a mouse model; however, it has no harmful effects on the 
growth of the embryo at ≤400 µM concentrations (19). Also, 
it was found that medium-chain fatty acids do not have a 
toxic effect on humans and animals (21). In this study, we 
aimed to use SO for reducing the problems related to cold 
storage of PLTs. For this purpose, we kept the PCs under the 
following conditions: 20-22˚C with agitation, 4˚C and 4˚C 
in the presence of SO without agitation. Subsequently, we 
analyzed the quality of PLTs during 5-day storage in terms 
of apoptosis rate and the clearance level, by using a cell line 
originated from human hepatocytes.

Materials and Methods
Preparation of platelet concentrates

This experimental study was approved by the Ethics 
College’s Bioethics Committee (IR. TMI.REC.1396.004). 
Twelve PC bags with citrate phosphate dextrose adenine 
anticoagulant solution (CPDA1)  (Macopharma, 
France) were prepared from Iranian Blood Transfusion 
Organization (IBTO). PLT-rich plasma (PRP) method 
was used for the preparation of PCs.

Prior to SO addition to the bags, all the parameters 
of the study were evaluated on day 1. After evaluating the 
parameters, PCs were divided into three equal volumes (A, 
B, and C) using a digital balance (Sartorius, Germany) and 
a Terumo Sterile Connecting Device (TSCD - II, Terumo 
Tubing welder, Japan). SO was added to one of the bags and 
the bag was transferred to a 4˚C refrigerator, the second bag 
was also kept under the same condition and the third bag 
was stored at 20-24˚C in a shaker-incubator and agitated. 
It should be noted that PLTs were stored at 4˚C without 
agitation because according to a previous study, agitation 
does not improve the quality of PLTs stored at cold in 
comparison with PLTs stored at cold without agitation (22).

Determination of the effective concentration of sodium 
octanoate 

SO (Merck, Germany, Grade; Ph Eur, NF) with the 

chemical formula (CH₃ (CH₂)₆COONa) was used. 
Different concentrations of SO (100, 200, 400, and 800 
µM) were examined. The PLT bags were placed at 4˚C 
without agitation or at 22˚C with agitation for 5 days. PLT 
count, mean PLT volume and phosphatidylserine (PS) 
were examined on the storage days using an automated 
hematology analyzer (Sysmex XT-2000i, Kobe, Japan) 
(data not shown).

Evaluation of the viability and metabolic activity of 
platelets using WST-1 assay

To measure the mitochondrial activity of PLTs, we used 
the WST-1 cell proliferation assay kit (WST-1, Cayman, 
USA). In this method, tetrazolium salt is changed to 
formazan in viable cells by cellular mitochondrial 
dehydrogenases. Here, PLTs were diluted with phosphate 
buffered saline (PBS) and 10×10⁶ PLTs (100 µl) were 
added into each well. Then, 10 µl of WST-1 blend solution 
was added to each well and the plate was incubated for 4 
hours at 37˚C in a CO₂ incubator. The absorbance of the 
wells was measured using a microplate reader at 450 nm.

Evaluation of phosphatidylserine exposure 
The levels of PS exposure were determined on the surface 

of PLTs using Annexin V-FITC assay kit )Biolegend, US 
(and flow cytometry technique. In summary, a PLT count 
of 1.5×10⁶ cells was incubated in 300 µl of annexin V 
binding buffer. Then, 5 μl of FITC-labeled annexin V was 
added and the tubes were incubated at room temperature 
for 20 minutes. Samples were analyzed by flow cytometry 
technique using the CyFlow® Space (Partec, Germany).

Human active caspase-3 evaluation
Human active Caspase-3 level was determined using an 

enzyme-linked immunosorbent assay kit (Invitrogen, US) 
with the sensitivity of 1.25 ng/ml. At first, we prepared 
a cell extraction buffer according to the manufacturer’s 
instructions. For preparation of the cells, we collected 
5×10⁸ PLTs by centrifugation, and then we washed PLTs 
three times with PBS. We added the cell extraction buffer 
to the pellet  and incubated them for 15 minutes. After 
centrifugation at 4000 g for 10 minutes, the supernatant 
was collected in a clean tube. ELISA assay was done 
according to the kit instructions. After completing the 
reactions, the optical density of the wells was read at 450 
nm. Finally, the concentration of unknown samples and 
controls was determined using the plotted standard curve. 

Preparation of mepacrine-labeled platelets
Mepacrine is a polyphenol mixture which has an emission 

wavelength within the range of FITC (Fluorescein). Based 
on the PLT count on the first day, 5×10⁷ cells were treated 
with 30 μl of phosphate buffered saline (PBS) and 20 μl 
of 20 mg/mL mepacrine and incubated for 30 minutes at 
ambient temperature in the dark. Afterward, cells were 
washed with PBS buffer three times by centrifugation 
at 1200 g for 15 minutes. Finally, PLTs were exposed to 
HepG2 cells.
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 Ingestion of PLTs by HepG2 cells in vitro

Initially, cells of the human hepatocellular cancer 
cell line (HepG2) were cultured in DMEM-F12 
supplemented with 10% fetal bovine serum (FBS). 
After the growth of the adherent cells, they were 
starved for 30 minutes in serum-free medium. Then, 
mepacrine-labeled PLTs (5×10⁷) were added to each 
well and incubated at 37˚C for 30 minutes.  After the 
incubation time, the wells were washed three times 
with PBS. Subsequently, HepG2 cells were detached 
from the culture plates by treatment with trypsin at 
37˚C for 10 minutes.  The ingestion of mepacrine-
labeled PLTs by HepG2 cells was evaluated by flow 
cytometry technique. Unbound PLTs were separated 
from HepG2 cells by their forward and scatter 
characteristics. HepG2 cells containing the ingested 
PLTs were identified by their green fluorescence and 
the HepG2 cells having the adherent but not containing 
PLTs were identified by labeling with PE-anti-CD42b.

Statistical analysis 
SPSS v.22.0 (IBM Corporation, US) software was used 

to analyze and process the data. For evaluation of the 
effects of each treatment at different time points, we used 
two-way repeated measure ANOVA with two within-
subject factors (3 paired group×3 times). 

Results
The effective concentration of sodium octanoate

Due to the positive effects of SO on the evaluated 
factors of PLTs, the optimum concentration of 200 µM 
was selected. Among the parameters of study, at this 
concentration of SO, the counts of PLTs was higher, 
and the PS exposure was lower on the third and fifth 
days of storage in comparison to other concentrations. 
Additionally, based on WST-1 assay, higher viability of 
PLTs was observed at this concentration of SO (data not 
shown).

Cell viability (WST-1) assay

The metabolic activity and survival rate of PLTs were 
decreased during 5-day storage. The lowest survival 
rate was detected for 22˚C-stored PLTs. The metabolic 
activity of PLTs was well-maintained in PLTs treated with 
SO (4˚C) in comparison to those that were only kept at 
4˚C, but the differences were not statistically significant 
between the groups. The mean ± SD values for WST-1 
[optical density 450 (OD450 nm)] were as follows: on day 
1 of storage 0.522 ± 0.97, on day 3 (4˚C) 0.421 ± 0.56, 
on day 3 (4˚C+SO) 0.493 ± 0.73, on day 3 (22˚C) 0.274 
± 0.60, on day 5 (4˚C) 0.358 ± 0.55, on day 5 (4˚C+SO) 
0.412 ± 0.56, and on day 5 (22˚C) 0.226 ± 0.67.

The exposure level of phosphatidylserine
During the storage time, the exposure of PS increased 

in all groups. The exposure level of PS was significantly 
lower in the presence of SO (4˚C) on day 5 in comparison 
to other groups (P<0.05). The decrease in the PS exposure 
level was not significantly different among the groups on 
the third day of storage. Nevertheless, the differences in 
PS exposure between the PLTs kept at 22˚C and other 
groups were significant (P<0.05, Table 1, Fig.1).

Fig.1: The level of phosphatidylserine (PS) exposure on platelets. A. 
Flow cytometry plot. PS exposure on the fifth day of storage in three 
groups of platelets kept at 22˚C, 4˚C and 4˚C in the presence of sodium 
octanoate (SO). This figure shows higher levels of PS on platelets 
stored at 22˚C (P<0.05). SO caused lower PS exposure on platelets at 
4˚C (P<0.05) and B. PS exposure levels on platelets on different days 
of storage in three groups of study. The lowest exposure of PS was 
seen in SO-treated platelets and the highest exposure was seen in 
platelets stored at 22˚C. *; P<0.05.

A

B
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Table 1: The mean and standard deviation for the study variables including phosphatidylserine, human active caspase-3 and the ingestion levels by 
HepG2 cells during storage days (days 1, 3 and 5) in three groups of study; platelets stored at 4˚C, 4˚C with sodium octanoate (SO) and 22˚C

Day 5 (22˚C)Day 5 (4˚C+SO)Day 5 (4˚C)Day 3 (22˚C)Day 3 (4˚C+SO)Day 3 (4˚C)Day 1Study variables 
n=12

66.77 ± 11.3918.51 ± 5.5925.42 ± 4.444.88 ± 16.4410.57 ± 4.4416.8 ± 3.76.2 ± 1.21Phosphatidylserine (%)

1.152 ± 0.3071.306 ± 0.4241.485 ± 0.3661.050 ± 0.4181.292 ± 0.4361.326 ± 0.5030.647 ± 0.211Human active caspase-3 
(ng/ml) 

25.555 ± 3.16130.98 ± 3.33837.9 ± 2.85120.24 ± 4.41627.88 ± 5.45828.65 ± 5.54517.28 ± 2.644Hep G2 ingestion (%)

 Data are presented as mean ± SD.

Human active caspase-3 levels in platelets
The level of human active caspase-3 was increased in 

platelets during storage in all groups (Fig.2). But, a higher 
increase was observed in cold-stored PLTs. Although the 
presence of SO was accompanied by a lower increase in 
active caspase-3 levels in 4˚C-kept PLTs (Fig.2, Table 1), 
there was no significant difference in active caspase-3 
levels between PLTs stored at 4˚C in the presence and 
absence of SO (P>0.05).

Fig.2: Effect of the temperature and sodium octanoate (SO) presence on 
the active caspase-3 levels in platelets during storage. Higher levels of 
active caspase-3 were observed in 4˚C- kept platelets but the presence 
of SO could decrease the amount of the enzyme although the difference 
was not significant. Lower amount of active caspase-3 was observed in 
platelets kept at room temperature compared to 4˚C- kept platelets.

Ingestion of the refrigerated platelets by HepG2 cells
Storage of PLTs at 4˚C caused an increase in the 

ingestion rate of PLTs by HepG2 cells in comparison with 
22˚C-kept PLTs during 5-day storage (P<0.05). SO caused 
a lower clearance rate for 4˚C-kept platelets by HepG2 
cells compared to 4˚C-kept platelets in the absence of SO 
(Table 1, Fig.3) but the differences were not significant 
(P>0.05).

Fig.3: Effect of sodium octanoate (SO)  on the ingestion of platelets by 
HepG2 cells during storage in different groups of study (22˚C, 4˚C and 
4˚C+SO). As it can be seen, the ingestion rate of platelets was increased in 
cold. The presence of SO could decrease the clearance level although the 
difference was not significant. The lowest ingestion rate was observed for 
platelets kept at room temperature.

Discussion
One of the strategies to reduce the complications of 

room temperature storage of PLTs is the maintenance 
of PLTs at cold temperatures. The main problem with 
keeping PCs in cold is the rapid removal of PLTs after 
transfusion due to the changes in the PLTs membrane (8). 
In this study, we evaluated the potential of SO to reduce 
the problems related to the cold storage of PLTs. For this 
purpose, we kept PCs for 5 days under the following three 
conditions: 20-22˚C, 4˚C temperature and 4˚C+SO. 

In this study, the viability was reduced in all groups and 
the lowest level of viability was observed in PLTs stored 
at room temperature. It is of note that the highest level 
of viability was observed in PLTs treated with SO. The 
results of this study indicated that SO has positive effects 
on the survival rate of PLTs during storage at 4˚C. Our 
results were consistent with those reported by some other 
researches that showed a reduction in the survival rate of 
PLTs during storage due to the production of lactate and 
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reduction of pH (23, 24).
It should be noted that this substance has not been 

used for protection against cold before, but it was used 
for protection against heat for example for stabilizing the 
infusible PLT membrane (20).  We found that SO could 
reduce the levels of PS exposure and caspase-3 levels in 
4˚C-stored PLTs. The ingestion rates of PLTs by HepG2 
cells were also reduced in the presence of SO during 
storage at 4˚C. Additionally, the SO group had higher PLT 
count at 4˚C compared to other groups but the differences 
were not statistically significant.  Furthermore, SO also 
led to improvement in PLTs survival . 

Exposure of PS on the surface of PLTs is an important 
indicator of apoptosis. The results of our study showed 
that the level of PS exposure in SO-treated PLTs was 
lower than other groups during storage. Dasgupta et 
al. (24) showed that PS exposure on PLTs has a direct 
correlation with the activation of PLTs and the occurrence 
of apoptosis. Like the study of them, decreases in the 
exposure of PS in the SO-treated group in our study, may 
show the anti-apoptotic potential of this substance. 

Consistent with previous studies (15-18), our study 
showed an increase in the amount of caspase-3 in 
all groups of PLTs during 5-day storage. The highest 
increase in caspase-3 levels in PLTs was observed at 4˚C, 
which may indicate the effect of cold temperature on the 
activation of caspase-3. In SO-treated PCs, the lower 
amount of caspase-3 was not significantly different from 
those of other groups. Our results were in line with the 
findings of Liu and co-workers who stated that storage 
in cold increases the amount of caspases in PLTs (12). 
Furthermore, our results were correlated with the study 
of Wang and co-workers who stated that the mechanism 
underlying the effect of medium-chain fatty acids (like 
octanoic acid)  involves inhibition of the activities of 
caspase-3 and -9 in human liver cells (25).

 Long-term storage of PLTs in cold leads to an increase 
in galactose residues on PLTs. Studies have shown that 
hepatocytes use the Ashwell-Morell receptor to remove 
these PLTs after transfusion (11). We investigated the 
simultaneous effect of SO and cold temperature-storage 
on the removal of PLTs by HepG2 cells. Studies have 
shown that HepG2 cells are able to remove PLTs in the 
culture medium and removal rate was increased after 
long-time storage of PLTs in cold. It has been shown that 
HepG2 cells do not express αMβ2 receptors. For this 
reason, they are not able to remove PLTs when they are 
stored in the cold for a short time. However, using the 
asialoglycoprotein receptors, HepG2 cells are capable of 
removing PLTs after long-time storage (26-28). Based on 
the results of this study, the rate of PLTs removal by HepG2 
cells was increased in all groups during storage. However, 
the lowest increase in PLT removal was related to the 
22˚C-kept PLTs, which was consistent with the findings 
of previous studies and was predictable. Similar to the 
results of previous studies, in this study, we observed an 
increase in PLTs removal rate during 5-day storage in cold 

by HepG2 cells. Despite the lower rate of PLTs’ removal 
by HepG2 cells in the presence of SO in comparison to 
4˚C group, the differences were not significant.

Conclusion 
SO could partially moderate the effects of cold 

temperature on apoptosis and viability of platelets.  It also 
decreases the ingestion rate of long-time refrigerated PLTs 
in vitro. Further studies using higher numbers of samples 
are required to confirm the effect of SO on reducing the 
clearance rate of PLTs.
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Abstract
Objective: We present a four-branch model of the dielectrophoresis (DEP) method that takes into consideration the 
inherent properties of particles, including size, electrical conductivity, and permittivity coefficient. By using this model, 
bioparticles can be continuously separated by the application of only a one-stage separation process.
Materials and Methods: In this numerical study, we based the separation process on the differences in the particle 
sizes. We used the various negative DEP forces on the particles caused by the electrodes to separate them with a high 
efficiency. The particle separator could separate blood cells because of their different sizes.
Results: Blood cells greater than 12 μm were guided to a special branch, which improved separation efficiency because 
it prevented the deposition of particles in other branches. The designed device had the capability to separate blood cells 
with diameters of 2.0 μm, 6.2 μm, 10.0 μm, and greater than 12.0 μm. The applied voltage to the electrodes was 50 V 
with a frequency of 100 kHz.                        
Conclusion: The proposed device is a simple, efficient DEP-based continuous cell separator. This capability makes it 
ideal for use in various biomedical applications, including cell therapy and cell separation, and results in a throughput 
increment of microfluidics devices.     
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Introduction	
The field of microfluidics, microfabrication, and 

research on miniaturized fluidic systems has been 
developed by 4 main factors: genesis microanalytical 
methods, microelectronics industry, an expansion of 
genomic sciences in the 1980s, and development of 
microfluidic systems for use in biological and chemical 
weapons in the 1990s (1). For the first time, researchers 
used microfluidics in the lab-on-a-chip (LOC) devices at 
the beginning of the 1990s (2). LOC has the capability 
to run various functions such as microparticle separation 
and sorting, cell culture, and analysis. An important 
application of LOC microfluidic devices is the analysis 
of blood cell components for subsequent applications. 
Microfluidic devices are used in the chemical industry, 
to separate micron size objects, mineral processing, 
biological researches, and diagnostics processes (3). 
Studies of diagnostics processes have focused on 
separation of dead cells from living cells and cancer cells 
from healthy cells.

The mechanical properties and connections among cell 
structures are important factors for sorting and separation 
of certain cells from other cells. It has been proven 
that some diseases such as malaria and gastrointestinal 
tumours change the mechanical deformability of the cell. 

Thus, cells can be separated by the use of mechanical 
properties such as elastic modulus and cell size (4). For 
example, normal red blood cells pass through blood 
capillaries; however, those cells infected by malaria 
parasites cannot circulate in the bloodstream because 
they are approximately 50 times harder than healthy 
blood cells, which leads to blocking of the capillaries (5). 
Similarly, epithelial cancer cells have different physical 
properties compared with healthy cells. 

Cell separation techniques that use microfluidics 
can be divided into 3 categories:  passive, active, and 
combined. Examples of passive techniques applied for 
cell or microparticle separation include pinched flow 
fractionation (6), inertia and dean flow fractionation 
(7), micro vortex manipulation (8), deterministic lateral 
displacement (9), hydrodynamic filtration (10), and micro-
hydrocyclone (11). Examples of active techniques include 
dielectrophoresis (DEP) (12), and magnetic (13), optical 
(14), and acoustic techniques (15). In general, active 
methods use an external force field in their performance 
while passive methods do not use the external force field. 
The structure of devices that use passive techniques are 
simpler than active techniques, but the throughput of 
active techniques is more. The devices that use passive 
techniques are usually massive.



Cell J, Vol 22, No 2, July-September (Summer) 2020219

Zahedi Siani et al.

Table S1 (See Supplementary Online Information at 
www.celljournal.org) compares some of the cell sorting 
and isolation methods. Both electrical and acoustic 
methods have advantages of strong controllability, high 
efficiency, ease of operation, slight damage, and low cost 
when compared to other methods. These methods are 
suitable for the separation and sorting of bioparticles. In 
this research, we have attempted to manipulate human 
blood cells using the DEP method. 

In the early 20th century, researchers first discussed 
the DEP phenomenon. In 1951, Pohl (16) studied the 
separation of solid particles from a polymer solution 
that resulted from polarization forces produced by the 
activation of an inhomogeneous electric field, which 
they named "dielectrophoresis". With the development of 
micromachining technologies and microelectromechanical 
systems at the beginning of the 1990s, researchers 
integrated electrochemical functions into chips, which 
enabled manipulation of cells, microparticles, and 
nanoparticles (2). Kim et al. (17) positioned 2 sets 
of electrodes at different angles for dielectrophoretic 
cell separation. They tagged target cells with DEP tags 
(polystyrene beads) and conducted the buffer and sample 
to the microchannels. In this way, they used a multi-target 
DEP activated cell sorter (MT-DACS) chip to separate 
tagged bacterial cells from non-target cells with a high 
purity. In 2011, Piacentini et al. (18) proposed focusing 
the particles on one side of the main microchannel using 
a buffer solution. Platelets were separated from red and 
white blood cells based on their size difference using a 
single-stage separation with a nonuniform electric field 
generated by ‘liquid electrodes’. This resulted in a purity 
of 98.8%. In 2013, Li et al. (19) converted the electric field 
generated by a DC power supply to a local nonuniform 
electric field in an S-shaped curved microchannel by 
using both a microchannel curvature and obstacles. In 
this method, 10 and 15  polystyrene particle suspensions 
diluted by deionized water were injected into the inlet 
microchannel, and resulted in a successful, efficient 
particle separation. By the end of 2014, Lewpiriyawong 
and Yang (20) aligned 5 polydimethylsiloxane (PDMS) 
insulating blocks along one side of a main microchannel 
to induce a nonuniform electric field. Then, the buffer 
solution and samples that comprised one type of fluorescent 
particle and 2 types of nonfluorescent particles were injected 
into the microchannel inputs. Cell mixtures of 3 sizes (2 μm, 
5 μm, and 10 μm) were separated at a separation efficiency 
of 99%. In 2016, Ye et al. (21) developed a device that 
applied the DEP method to separate samples, including the 
3 μm, 10 μm, and 25 μm polystyrene microparticles. The 
multiple particles were separated continuously using a pair 
of acupuncture needle electrodes embedded in a PDMS as a 
hurdle in the microchannel, which resulted in more than 90% 
separation purity. In 2018, Kale et al. (22) presented a DEP-
based device that manipulated latex beads with a diameter of 
5 μm. The performance of the latex beads was evaluated as a 
function of the applied voltage. 

After an investigation of the presented previous works, 

we have developed a relatively simple and efficient 
model. This model is based on the insulator-based DEP 
method, where the electric field gradient is produced by 
the applied alternating electric current to the electrodes. 
The induced force generated by the gradient electric field 
results in separation of particles with different sizes. For 
this purpose, the applied alternating voltages to electrodes 
are approximately 50 V and -50 V.  As a result of the 
hydrodynamic pressure difference between the input and 
output zones of the main microchannel, the fluid flows in 
the microchannel and the fluid driving force is applied to 
the cells. The DEP forces depend on the size of cells. Both 
the DEP forces and fluid driving force are simultaneously 
applied to the cells, which causes them to separate. 
Therefore, by taking into consideration cell size, the cells 
are moved into the different branches in the downstream 
main microchannel.

This work has major advantages compared with 
previous works. In prior works, the multi-branch model 
of the DEP method was used to separate the latex particles 
and other test particles, and the separation of blood cells 
using this method is offered. In the current study, we 
have used the simple, efficient electrode structure to 
separate blood cells based on their size. In the current 
work, separation of the platelets from the white blood 
cells (large lymphocytes and neutrophils) and red blood 
cells is a continuous, one-step process done by the AC-
DEP technique, in contrast to multiple steps used in 
most of the previous works. Previous studies have used 
a maximum of 3 branches for the multi-branch model of 
the DEP method to separate the blood cells. However, if 
these models could lead to deposition of the blood cells 
with sizes greater than 12 μm. Offering a four-branch 
model of the DEP method, resulting in the capability of 
the proposed design to separate the blood cells with sizes 
greater than 12 μm using the fourth branch. This could 
improve separation efficiency and prevent deposition 
of the particles in the other branches. In the present 
research, we considered both large lymphocytes and 
neutrophils to separate the white blood cells from the 
other blood cells. The neutrophils are the most common 
white blood cell type, and lymphocytes are the second 
most common in most mammals (23). The most recent 
studies have only separated one type of white blood cell 
from the other blood cells. With regards to the various 
sizes of white blood cells, it seemed necessary to take 
both types of white blood cells into consideration for a 
more accurate separation.

Materials and Methods
Dielectrophoretic force exerted on spherical particles

In this numerical study, we considered a variable electric 
potential with an angular frequency, ω, to produce an 
alternating electric field (AC). The alternating electrical 
potential is defined as:

∅(x,t)=Re[∅ (x)ejωt]                                                            [1]
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Where: Re[] is the real part of the complex variable (∅), 
ω is the angular frequency, t represents time, j is defined 
as: j≡√(-1), x is the position vector, and the symbol ∅ 
represents the potential phasor, regarding the relationship 
between electric potential and field, that is (24):

E =-∇ ∅                                                                                 [2]

The alternating electric field is obtained:

E(x,t)=Re[E (x)ejωt]                                                        [3]

In [3], E is the electric field phasor. The time-averaged 
DEP force on the spherical particles in an alternating 
electric field is calculated as below (24, 25):

〈FDEP 〉=2πεm Re[fcm]R3 ∇Erms
2                                                                      [4]

Where:‹› indicates the time-averaged DEP force, 
Erms represents the root-mean-square magnitude of the 
alternating electric field, εm is the electric permeability 
coefficient of the medium, and fcm is the Clausius-Mossotti 
factor, which is defined as follows (24, 25):

fcm (ε m, εp)=(ε p-ε m)/(ε p+2 εm)                                       [5]

Where: p  indicates the particle, m represents the 
suspending medium, and ε is the complex permittivity, 
which is defined as (24):

ε = ε - j(σ/ω)                                                                   [6]

Where: σ is electrical conductivities and ω is angular 
frequency. According to the dielectrophoretic force 
formula, the following points are notable in the numerical 
study of particle separation: i. The dielectrophoretic 
force is a nonlinear function because it is proportional to 
the square of the electric field, ii. The dielectrophoretic 
force is proportional to the cube of the particle radius 
(FDEP has the potential to separate the particles from 
each other based on the difference in volume), and iii. 
The dielectrophoretic force is proportional to fcm, and 
the Clausius-Mossotti factor is proportional to ε p and ε m. 
Therefore, FDEP can distinguish particles and cells based 
on their complex permittivity.

Inserting equation [6] into [5], results in: 

fcm=((εp-εm)+j/ω(σp-σm))/((εp+2εm )+j/ω(σp+2σm))          [7]

Which indicates that in the high angular frequency limit, 
the Clausius-Mossotti factor depends on the dielectric 
permittivity of the suspending medium and the particle as:

lim (ω→∞) fcm= (εp-εm)/(εp+2εm)                                          [8]

In contrast, in the low angular frequency limit, 
the Clausius-Mossotti factor depends on electrical 

conductivities of both the particle and the liquid medium: 

lim (ω→0) fcm= (σp -σm)/(σp+2σm)                                       [9]

Dielectrophoretic force on the spherical shell
The dielectrophoretic force is used in different methods 

according to the literature. In a report by Li et al. (26), 
patterning micro-electrodes is within the microchannel 
by using photolithography, namely, a metal-electrode 
based DEP (eDEP). Consequently, metal electrodes are 
fabricated. In this method, it is necessary to apply the 
AC voltage to the electrodes because separation requires 
the electric field gradient. The main disadvantages of 
this method are the complexity of manufacturing and 
the chemical reactions of the electrodes. To tackle this 
problem, an alternative method is suggested, insulator-
based DEP (iDEP), where the direct voltage is used to 
create the electric field gradient. iDEP applies methods to 
create obstacles in the microchannel and uses curvature in 
the microchannel. Straight microchannels with electrode 
obstacles have some limitations such as the effect of excessive 
shear stress applied on the particles, joule heating effect, and 
creation of local nonuniform electric fields. If the insulating 
curved microchannels are used (i.e., circular, serpentine, 
spiral etc.), the limitations are relatively less. It should be 
noted that, in the alternative method, the applied voltage to 
the electrodes is direct and greater than the first method (19). 

The eDEP-based separation methods have many 
applications in the fields of chemical and biochemical 
processes, such as separation and sorting of fine particles 
(i.e., proteins, carbon-nanotubes, viruses). iDEP-based 
sorting methods are proper for separation of bioparticles such 
as bacteria, RNA, and DNA (27). The structure of biological 
particles is more complex compared with solid homogeneous 
spherical particles. Therefore, the nonhomogeneous spherical 
particle model should be capable of calculating the DEP force 
exerted on the bioparticles. The concentric multi-shell model 
is widely used for calculation of the DEP force that acts on 
biological particles. In the simplest case, a cell is considered 
to be a spherical single-layer model. In this case, as shown in 
Figure S1 (See Supplementary Online Information at www.
celljournal.org), the layered particle model is substituted 
as a homogenous particle with an equivalent radius and 
permittivity.

According to the description provided, the complex 
permittivity of particle ε p is replaced with equivalent 
complex permittivity ε ́

p. Thus, the effective complex 
permittivity of  ε ́p is substituted in the Clausius-Mossotti 
factor, which is defined as (24):

fcm (εm , ε ́p)=(ε ́p-εm)/(ε ́p+2 εm)                                       [10]

Where (24):

ε ́p=ε1 [(a
3+2( ε2 - ε1)/( ε2 + 2ε1 ))/(a

3-( ε2 - ε1)/( ε2+2ε1))]       [11]

and 'a' is defined as R1/R2 .
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Cellular interior conductivity and permittivity 
can be measured with the electrorotation method. In 
this method, the rotation of cells is measured under 
the influence of the torsional torque generated by 
the rotational electric field as a function of electric 
field frequency. In order to estimate the dielectric 
properties of cells, the measured spectral data is fitted 
to a curve using the optimization of single-shell model 
parameters (28). The Clausius-Mossotti factor can be 
calculated using the estimated dielectric properties 
of the cells. Table 1 lists the dielectric and physical 
properties of platelets, red blood cells, neutrophils, 
large lymphocytes and their suspension medium, 
including the cell diameter (d), membrane thickness 
(t), the specific membrane capacitance (Cmem),  the 
internal electrical conductivity (σint), the internal 
relative permittivity (εrint), the membrane electrical 
conductivity (σmem), and the membrane relative 
permittivity (εmem).

Figure S2 (See Supplementary Online Information 
at www.celljournal.org) shows the DEP spectra of 
spherical particles with a single-shell model for 
dielectric properties of blood cells using the medium 
with a conductivity of 55 mS/m, where the Clausius-
Mossotti factor is computed in the MATLAB software 
with a single-shell model. The real part of the Clausius-
Mossotti factor ranges from -0.5 to 1 and can increase 
or decrease the DEP forces. If the Clausius-Mossotti 
factor takes a positive sign (P-DEP), the particles are 
attracted to the higher electric field zone; if the factor 
takes a negative sign, the particles are attracted to the 
lower electric field zone (N-DEP). 

When the applied electric field frequency is less than 
100 (KHz), the Clausius-Mossotti factor for platelets, 
red blood cells, neutrophils, and large lymphocytes 
will approach -0.5 and, consequently, the blood cells 

experience N-DEP forces. According to equation [4], 
the dielectrophoretic force is proportional to the cube 
of the radius, and this results in the separation of blood 
cells in the downstream branches of the microchannel.

Modelling and simulation

The medical importance of this study is to purify 
blood cells concentration at the microfluidic chip outlets 
to further biological investigations for diagnostic 
and therapeutic studies. The proposed separation 
method could be replaced by a fluorescence-activated 
cell sorter (FACS) for biomedical applications or 
differential cell counters in haematology analysis in 
medical laboratories. Furthermore, the designed chip 
can also be used as a home-use device for personalized 
medicine.

The schematic design of the microchip is shown in 
Figure S3 (See Supplementary Online Information at 
www.celljournal.org). There are two inlet branches and 
four exit branches in the design, which are connected 
to input and output reservoirs. The input reservoirs are 
for injection of buffer solution and samples into the 
microchannels "A" and "B", respectively. The length of 
the main microchannel is 1400  μm and the width of the 
microchannel is 300 μm. Microchannel "B" is 150 μm 
wide. The widths of the branch microchannels "C", "D", 
"E", and "F" are 120 μm, 100 μm, 120 μm and 100 μm, 
respectively.  Each of the microchannels has a depth of 
50 μm. The electrodes are placed on the right side of the 
microchannel. Electrodes 1 and 2 have a width of 170 
μm and 40 μm, respectively. The electric fields can be 
calculated by the Laplace  equation (equation [12]). In 
the mentioned schematic, the insulated microchannels are 
connected to the reservoirs and the electrodes that apply 
the AC electric fields on the passing fluid through the 
main microchannel.

∇2 Ø =0                                                                               [12]

Table 1: The dielectric and physical properties of different blood cells and their suspension medium

Property Platelets Red blood cells Neutrophils Large lymphocytes Suspension 
medium

Diameter (d, μm)   2.0 (18, 29) 6.2 (30) 10.0 (31, 32) 12.0 (32, 33) -

Thickness (t, nm) 8 (34) 8 (35) 7 (36) 7 (36) -

Cmem (mF/m2) 7.9 (34) 8 (36) 11 (37) 16.2 (38) -

σint (S/m) 0.16 (34) 0.31 (39) 0.6 (37) 0.83 (38) 0.055

εrint  50 (34) 59 (39) 150.9 (37) 73.2 (38) 78

σmem (S/m) 1e-7 (34) 1e-6 (39) 1.4e-7 (37) 1.4e-7 (38) -

εmem 7.2 (34) 4.44 (39) 8.7 (37) 12.8 (38) -

http://www.celljournal.org
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Where: Ø is defined as the phasor of the alternating 
electrical potential applied on the electrodes.

In the proposed design (Fig.S3) (See Supplementary 
Online Information at www.celljournal.org), the Reynolds 
number is extremely low; therefore, the inertial term in 
the Navier-Stokes equation can be omitted, resulting in: 

μ∇2 u=∇p                                                                       [13]

Where: u is the fluid velocity, ∇p is the pressure 
gradient, and μ is the dynamic viscosity. For the walls of 
the microchannels, we considered the no-slip boundary 
conditions.  The flow velocities at the input "A" and “B” 
are fixed and the output flow at positions "C", "D", and 
"E" flows within the exited reservoirs with zero gauge 
pressure. We took into consideration the following 
assumptions for conducted simulation: i. The fluid flow has 
very low Reynolds number values (Re≪1) and the inertial 
term in the Stokes equations is dropped. Consequently, 
the fluid flow is considered a type of creeping flow, ii. The 
fluid flow is diluted to the extent that the effect of particle 
interaction is ignored and the particles do not exert any 
significant force on each other. In addition, the coupling 
between the fluid and particle phase is considered to be 
one-way. Thus, there is negligible particle force on the 
fluid, iii. The fluid flow is injected in the microchannel 
from branches "A" and "B" (Fig.S3) (See Supplementary 
Online Information at www.celljournal.org). The flow 
field is planar and thus the "z" component of the velocity 
is negligible compared with the two other components 
of the velocities, iv. The chip is installed horizontally. 
Consequently, the gravitational force can only cause 
particle deposition, v. The walls of the microchannels and 
the particles are not porous. Therefore, the effect of the 
particles and the walls are considered impermeable solids, 
and vi. The thermal gradient inside the microchannels is 
relatively low and does not affect the particles and fluid 
velocities.

The displacement changes of the particles can be 
calculated by time integrating the particles velocity, as:

xp (τ)=x0+∫ up (t) dt             (0 ≪ t ≪τ)                           [14]

Where: xp (τ) is the location of the microchannel liquid 
outlet at the discharge hoses, x0 is the initial position of 
the particle, and up (t) is the particle velocity. 

According to Newton’s law, the translational motion of 
a particle is explained by (24):

Fext=mp (dup/dt)                                                               [15]

Where: Fext is defined as the total of the superficial and 
volumetric forces applied to the particles and mp is 
considered the particle mass.

The exerted drag force on a spherical particle is 
calculated at a very low Reynolds number (Re≪1) by the 
following relation according to Stokes low (40):

Fdrag=3πμd (u-up)                                                           [16]

Where: μ is the dynamic viscosity, d is the particle 
diameter, u is the fluid velocity, and up is the particle 
velocity within the fluid. 

In the conducted design, it is assumed that the particles 
move across the microchannels at a constant velocity. 
Substituting equations [16] and [4] into equation [15], we 
calculate the particle velocity as:

up=u-(εm Re[fcm] R2 ∇Erms
2)/3μ                                      [17]

Results

The particle separation that resulted from the 
dielectrophoresis force

Separation of platelets, red blood cells, neutrophils, 
and large lymphocytes was simulated by the DEP field-
flow-fractionation in COMSOL Multiphysics software 
(version 5.1; https://www.comsol.de/products). Both 
forces of the flow focusing and the DEP affected the 
particles’ trajectories and resulted in separation of the 
cells according to size. The prepared sample and buffer 
solution are injected into the downstream branches. Using 
the applied hydrodynamic pressures on the inlet solutions, 
the cells focused on the right side of the microchannel 
and, at the same time,  the dielectrophoretic voltage is  
applied to the electrodes, which resulted in separation of 
the particles. 

Figure 1 shows the magnitude of the exerted 
dielectrophoretic forces on the blood cells and the 
resultant fluctuations of dielectrophoretic forces from the 
alternating electric field can be seen in this figure. 

Fig.1: Comparison of the applied dielectrophoretic forces on platelets, red 
blood cells, neutrophils, and large lymphocytes.

The slope of the beginning of the graph is almost zero, 
whereas the slope of the end gradually decreased because 
in these areas the effect of the electric field decreased 
compared with surrounding areas and in a time decreasing 

http://www.celljournal.org
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nature. The maximum slope of the diagram occurred 
during the time interval of 3.4 to 3.5 seconds because, 
in this interval, the particles experienced the maximum 
electric field gradient.

We used the proposed design for continuous separation 
of the cells, where the localized AC-DEP forces were applied 
to cells located around the electrode blocks. Figure 2 shows 
the electric field streamlines, exerted forces diagram on the 
cell, and velocity magnitude distribution near the electrodes 
for a cell that passed through the microchannels. The 
particles were followed by the fluid flow streamlines because 
the electrodes did not apply the alternating electric field to 
the microchannels. In contrast, since an electric potential 
was imposed on the electrodes, the electric field gradient 
was created by the electrodes around the corners of the 
electrode blocks, which resulted in the generation of the 
DEP forces. In this design, the nDEP forces were exerted 
on the cells, which caused them to be repelled from the 
corners of the electrodes. Among the leaded cells, the 
white blood cells had the largest size and experienced 
the greatest nDEP force magnitude, and were conducted 
to outlet channels "E" and "F". The red blood cells and 
the platelets moved through the outlet channels "D" 
and "C" respectively, and experienced the nDEP forces 
proportional to their volumes. 

Fig.2: Electric field streamlines, force diagram, and fluid velocity 
distribution near the electrode blocks, where the blood cells are repelled 
of zone with higher electric field and are carried by the hydrodynamic 
force exerted by fluid.

Figure S4 (See Supplementary Online Information at www.
celljournal.org) shows the convergence plot of the absolute 
error versus iteration number. The validation process is 
performed for the steady-state condition of the fluid flow. 
The Newton-Raphson method is used to correct the absolute 
error terms of the momentum equations. To solve the 
equations, the Newton-Raphson method starts with an initial 
guess and continues to converge the obtained answer to the 
exact answer with the desired precision. In Figure S4 (See 
Supplementary Online Information at www.celljournal.org), 
we show the absolute error plot of the fluid flow equation 
solutions with an absolute error of 0.85, which continued 
until it converged to an absolute error less than 10-13.

In Table S2 (See Supplementary Online Information 
at www.celljournal.org), the applied drag force on 
the neutrophils is calculated in the middle zone of the 

microchannel (t=2.85 seconds after injection of the 
particles). The results showed that magnitude of the 
applied drag force on the neutrophils was independent of 
mesh size for the normal to the fine grid sizes with an 
uncertainty of 1 e -11 N. The magnitude of the drag force 
was equal to 1.758 e -10 on average. 

We used the geometrical model applied by Ye et al. (21) 
to validate the simulation. The simulation showed that latex 
particles (polystyrene microspheres) with diameters of 3 
μm, 10 μm, and 25 μm were conducted into different outlet 
channels. The path lines of the particles were compared with 
the experimental path lines presented in the reference article. 
Figure 3 shows a comparison of the two mentioned models, 
where the applied frequency to the electrodes equalled 1 MHz 
and flow velocity ratio between branch "A" and branch "B" 
(inlets) equalled 4.2. Of note, the applied alternating voltage 
on the electrodes could affect the magnitude of the applied 
dielectrophoretic force on the particles (Fig.3A-D). 

The relative error with respect to the experimental data 
is expressed as:

α=|(PA - PB)/PA |×100                                                       [18]

Where: PA is the measured distance of the particles from 
the upper wall of the microchannel branches and PB is the 
calculated distance.

Considering that in Figure 3A, the 25 µm particles 
did not cross through just one branch. Thus, in order to 
measure PA in Figure 3A and PB in Figure 3B, we took 
into consideration the upper walls of both outlets "E" and 
"D". According to our image processing, we assumed that 
in Figure 3A, 80% of particles with a diameter of 25 µm 
passed through outlet "D".

Table 2 shows the magnitude of α for different sizes of 
polystyrene microspheres with diameters of 25 μm, 10 μm, 
and 3 μm for the 112.5 V and 150 V voltages applied to the 
electrodes.

The results showed that the particle trajectory of the present 
work was similar to that reported by Ye et al. (21), with 
an acceptable deviation of 22.5%. This indicated that the 
presented model could be used in the separation applications. 
Therefore, we developed the model for 4 different size 
channels in order to separate the 4 blood cell types.

It is important that the particle separation be independent 
of the initial position of the released particles. We have taken 
this into consideration in the design and it could affect the 
separation precision. The released particles of the initial 
various locations were separated successfully (Fig.S5) (See 
Supplementary Online Information at www.celljournal.org). 
The density and viscosity values of the buffer solution are 
ρf=1000 Kg/m3 and μf=10-3 Pa.s, respectively. According to 
Figure S2 (See Supplementary Online Information at www.
celljournal.org), the electric field frequency is considered to 
be 100 KHz. For this reason, the Clausius-Mossotti factor of 
the cells approached -0.5.
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Fig.3: A comparison of the presentation model in this manuscript with the presentation model by Ye et al. (21). A. The path lines of three size particles for 
voltage of 112.5 V (experimental data reported by Ye et al. (21)), B. Prediction of the path lines of three size particles for voltage of 112.5 V (simulated data 
is reported in this article), C. The path lines of three size particles for voltage of 150 V (experimental data reported by Ye et al. (21)), and D. Prediction of 
the path lines of three size particles for voltage of 150 V (simulated data is reported in this manuscript).

Table 2: The magnitude of α for the polystyrene microspheres with different diameters and the voltages of 112.5 V and 150 V (21)

Voltage applied 
to the electrodes 

Polystyrene 
microsphere 
diameters (μm)

Measured 
distance of the 
particles from the 
upper wall (μm)

Calculated 
distance of the 
particles from the 
upper wall (μm)

Corresponding 
relative errors 
(%)

Average of the 
relative errors 
(%)

Overall average 
of the relative 
errors (%)

25  13.0  9.5 26.9

112.5 V 10 82.2 74.0 10.0 24.0

3 49.6 67.1 35.3

22.5

25 57.8 41.6 28.0

150.0 V 10 36.1 43.2 19.6 21.1

3 55.4 46.6 15.8

We used the applied voltage to the electrodes to 
generate the gradient of the electric field intensity (∇E2) 
in the microchannel. The DEP forces were created by the 
gradient of the electric field intensity. Thus, in order to 
continuously separate the cells that had high purity, it was 
necessary to check the effect of the applied voltage on 
the cell separation process (Fig.4A-C). The electric field 

gradient in the corners of the electrodes was higher than at 
other places in the microchannels. Therefore, the particles 
experienced more DEP forces in the corners of electrodes, 
which resulted in cells that repelled from the corners. 
According to equation [4], the DEP force is a function 
of the gradient of the electric field intensity, the particle 
volume, and the real part of the Clausius-Mossotti factor. 

A B

C D
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Thus, as the diameter and the applied voltage become 
higher, repelling will increase. 

Figure 4A-C shows separation of the blood cells. As 
depicted in Figure 4A, by applying voltage and pressure 
differences, the lymphocytes and the neutrophils were 
simultaneously removed from outlet "E", the red blood 
cells were removed from outlet "D", and the platelets 
were removed from outlet "C". This indicated that the 
particles did not experience successful separation from 
outlet "E" because the applied voltage was not enough to 
shift the larger particles further. Therefore, in this case, 
the performed separation was not successful.

In the next mode (Fig.4B), we applied a higher voltage 
to the electrodes. This applied voltage to the electrodes 
was 120 Vpp (peak-peak voltage). When the voltage was 
applied, the lymphocytes were shifted and removed from 
outlet "F" and the red blood cells were drawn toward the 
upper wall of the microchannel branch (branch "D"). This 
event increased the likelihood of the separation error.

Finally in the last mode, the applied voltage to the 
electrodes was 100 Vpp. Figure 4C shows successful 
separation of the blood cells. The simulation results show 
that the proposed design has the ability to separate the 
blood cells based on cell size with high accuracy. For a 
successful separation, it is necessary for the DEP and drag 
forces to be properly employed.

Fig.4: The blood cell trajectory when the applied voltage to the electrodes 
was: A. 80 Vpp, B. 120 Vpp, and C. 100 Vpp.

Discussion
We evaluated this design by simulating trajectories 

of large lymphocytes (diameter =12.0 µm) (32, 33), 
neutrophils  (diameter =10.0 µm) (31, 32), red blood 
cells (d=6.2 µm) (30), and platelets (d=2.0 µm) (18, 29) 
in COMSOL Multiphysics software (version 5.1.) The 
COMSOL software is based on the finite element method 
for discretization of partial differential equations on the 
computational domain. In order to analyse the model, 
the finite element divide the model into small geometric 
zones. As the next step, polynomial functions were 
used to calculate the velocity and pressure components. 
At first, the alternating electric field and the fluid flow 
velocities were computed by considering the creeping 
flow and previously mentioned conditions, where the fluid 
flow has very low Reynolds number value (Re≪1). The 
suspending medium (the buffer solution) was diluted to 
the extent that, it was considered as water (ρ=997 kg/m3, 
μ = 0.9×10-3 kg/ms). The chip was installed horizontally. 
The flow field was planar and thus the "z" component of 
the velocity was negligible compared with the two other 
components of velocities. The walls of the microchannels 
and the particles were not porous and there was a negligible 
thermal gradient inside the microchannels. Finally, we 
simulated the particles’ trajectories in the microchannels. 
In the simulation, the samples were released from different 
positions in inlet "B".

Conclusion
In this manuscript, we propose the four-branch model 

of the DEP method, taking into consideration the 
inherent properties of particles such as size, electrical 
conductivity, and permittivity coefficient. The presented 
design suggests a relatively simple setup to effectively 
separate 4 different blood cell types of 2.0 μm, 6.2 μm, 
10.0 μm, and greater than 12.0 μm sizes. Therefore, it can 
be used to separate blood cells in different applications, 
including microfluidic separation devices and medical 
diagnostic processes. This device can separate blood 

A

B

C
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cells using the single-stage system. The applied voltages 
to the electrodes can be adjusted such that shear stresses 
and joule heating effect are neglected. In the future, we 
suggest that the proposed device be extended for use in 
biomedical and diagnostic applications, with the goal of 
separating all blood components.
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Abstract
Objective: Decellularized tissue scaffolds provide an extracellular matrix to control stem cells differentiation toward 
specific lineages. The application of mesenchymal stem cells for artificial ovary production may enhance ex vivo functions 
of the ovary. On the other hand, the scaffold needs interaction and integration with cells. Thus, the development of 
ovarian engineered constructs (OVECs) requires the use of efficient methods for seeding of the cells into the ovarian 
and other types of scaffolds. The main goal of the present study was to develop an optimized culture system for efficient 
seeding of peritoneum mesenchymal stem cells (PMSCs) into human decellularized ovarian scaffold.
Materials and Methods: In this experimental study, three methods were used for cellular seeding including rotational 
(spinner flask) and static (conventional and injection) seeding cultures. OVECs were evaluated with Hematoxylin and 
Eosin staining and viability analyses for the seeded PMSCs. Then, immunohistochemistry analysis was performed 
using the best method of cellular seeding for primordial germ cell-like cells, mesenchymal stem cells and proliferation 
markers. Stereology analysis was also performed for the number of penetrated cells into the OVECs.
Results: Our results showed that rotational seeding increases the permeability of PMSCs into the scaffold and survival 
rate of the seeded PMSCs, comparing to the other methods. On the other hand, rotationally seeded PMSCs had a more 
favorable capability of proliferation with Ki67 expression and differentiation to ovarian specific cells with expression 
of primordial germ cell line markers without mesenchymal stem cells markers production. Furthermore, stereology 
showed a more favorable distribution of PMSCs along the outer surfaces of the OVEC with further distribution at the 
central part of the scaffold. The average total cell values were determined 2142187 cells/mm3 on each OVEC.                       
Conclusion: The rotational seeding method is a more favorable approach to cell seeding into ovarian decellularized 
tissue than static seeding.     
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Introduction
Tissue engineering techniques provide a suitable 

decellularized extra cellular matrix (ECM) for renewal 
of functions of impaired tissues. It has been assumed 
that low levels of unfavorable immune response due 
to lack of cells leads to use decellularized ECMs as 
a practical technique especial in the case of allo and 
xeno-transplantation (1). ECM, consists of complex 
enclosed compositional and architectural elements, 
depending on the tissue source, and directly determines 
the cellular fate map (2, 3). ECM ultrastructure 
facilitates penetration of selected cell types (4), and 
modulates the migration of cells into the scaffold and 
influences tissue specification, cell morphology and 

differentiation potential (5, 6). Mesenchymal stem cells 
(MSCs) are favorable candidates to be used in tissue 
engineering and regenerative medicine for secretion 
of paracrine factors, ovarian damage treatment and 
no immunogenicity (7-11). Among the sources of 
mesenchymal cells, the peritoneal mesothelium 
has specific properties such as plastic adherence, 
self-renewal, appearance of MSCs surface markers 
and differentiation potential to mesoderm and non-
mesoderm cell lines called peritoneum mesenchymal 
stem cells (PMSCs) (12-14). 

Regenerative medicine is increasingly gaining 
importance in the treatment of female infertility. The 
production of ovarian engineered constructs (OVECs) 
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can potentially restore fertility in women with ovarian 
dysfunctions like premature ovarian failure (POF) and 
ovarian cancer or postmenopausal re-fertility. Scientists 
believe that decellularized tissue scaffolds have a 
microenvironment for MSCs, which allows them to 
differentiate into tissue specified cells. Thus, it seems 
promising to introduce cells into the decellularized ovarian 
ECM in women for restoration of female fertility. This 
is challenging and requires development of optimized 
methods for seeding MSCs into ovarian scaffolds and 
making an organoid.

The use of static culture systems such as tissue culture 
petri dishes for MSCs seeding is simple, rapid and well 
established, but has serious limitations such as variability 
and user dependence. Furthermore, seeding efficiency 
under this environment is as low as 10-25%. Thus, it is 
important to extend and develop alternative systems like 
stirred vessels or rotational seeding to minimize cell death 
and increase cell penetration. This particular seeding 
technique has been reported to increase the seeding 
efficiency to approximately over 90% (15). The rotational 
seeding method holds promise for the development of 
artificial ovaries. 

In the current study, human decellularized ovarian 
scaffold was used as a natural bed for cell attachment, 
penetration, expansion and differentiation to tissue 
specific cells. Rotational and static seeding methods 
were used to compare migration and distribution of the 
PMSCs within the human decellularized ovarian scaffold, 
to evaluate their survival rate and differentiation potential 
into ovarian cell-like cells.

Materials and Methods
Human ovarian tissue decellularization 

In this experimental study, all the steps were designed to 
abide by the rules of research Ethics Committee of Royan 
Institute (IR.ACECR.ROYAN.REC.1396.67). Ovarian 
tissue was collected from trans-sexual humans. Ovarian 
tissue was trimmed into 2 mm-thick sections of cortex and 
medulla. In order to decellularize human ovarian tissue 
slices, the samples were stored at -80˚C overnight and 
then placed and agitated in 0.5 M NaOH solution at room 
temperature, overnight. Tissue slices were finally treated 
with a nuclease supplemented solution (RNase/DNase, 
Thermo fisher, USA) and washed in sterile phosphate 
buffered saline (PBS, Invitrogen, USA) for 48 hours with 
6 times exchange. 

Scanning electron microscopy study
For scanning electron microscopy (SEM) analyses, 

some of the samples were fixed with a fresh prepared 
2.5% glutaraldehyde solution (Sigma, USA) at 4˚C for 24 
hours. The samples were immersed into PBS overnight 
and fixed in 1% osmium tetroxide (Sigma, USA) at 25˚C 
for 2 hours. Dehydration was performed with ethanol at 
ascending concentrations of 30, 70, 80, 90, and 100%. 
After mounting on aluminum foil, the samples were 

covered with a gold layer. Then the structures of samples 
were investigated using a SEM (VEGA\TESCAN, Czech 
Republic).

Seeding of peritoneum mesenchymal stem cells into 
human decellularized ovarian scaffold

In our previous study, we isolated and characterized 
PMSCs and demonstrated their differentiation 
abilities into ovarian cell-like cells (14). Briefly, 
Peritoneum mesothelial was separated from mouse 
anterior abdominal walls and washed with PBS. 
Tissue fragments were split into smaller pieces and 
cultured in Dulbecco’s modified Eagle’s medium/
F12 (DMEM/F12, Gibco, USA) supplemented with 
15% fetal bovine serum (FBS, Gibco, USA), 1% 
non-essential amino acids 100× (Gibco, USA), 1% 
insulin transferrin selenium (ITS, Gibco, USA), 1% 
Glutamax (Gibco, USA), 1% (5000 U/ml) penicillin/
streptomycin (Thermo fisher, USA) under 21% O2, 
5% CO2, 97% humidified atmosphere at 37˚C. PMSCs 
were expanded on the basis of plastic adherence in 
cell culture T25 flasks for 8 passages. Two separate 
approaches were applied for PMSCs seeding into 
human decellularized ovarian scaffold. To compare 
the influence of rotational or static seeding on the 
tissue-engineered ovarian construct, the decellularized 
ovarian scaffolds were divided into three groups as 
follows: 1) Rotational culture by spinner flask, 2) Static 
culture by conventional protocol, and 3). Static culture 
post cell injection (Fig.1). For this purpose, human 
ovarian decellularized ECM pieces (5×5×1 mm3) 
stored at -20˚C, were washed three times in PBS, then 
sterilized using 70% ethanol (2 hours) and ultraviolet 
(20 minutes) and soaked in the culture medium for 1 
hour at 37˚C under a 5% CO2, humidified atmosphere. 
In group 1, PMSCs expansion was performed using 
of 100 ml spinner flask with stirring speed of 20 rpm 
to support cellular adhesion and distribution into 
exterior and interior surfaces of the scaffolds. In each 
repetition, six scaffolds were placed in each spinner 
flask plunged in 2×10⁶ cells per scaffold (2×10⁶ cells/
scaffold). The volume of culture medium was 100 
ml (Fig.1A). In group 2, the same number of PMSCs 
suspended in a solution, were injected with an insulin 
syringe (G-27) into different parts of the scaffold and 
in group 3, PMSCs were placed on sample surfaces 
with the same culture medium, in 12 well tissue 
culture plates covered with 1% agarose gel (Fig.1B). 
All samples were cultured at 37˚C in 5% CO2 for 1 
week and 50% of the medium was replaced every 3 
days. In each group, three tissue constructs were 
fabricated and used for histological characterizations 
and cell viability analyses. Finally, after finding the 
optimum seeding protocol, immunohistochemistry 
staining and stereology tests were carried out to the 
most appropriate group to assess proliferation and 
penetration ability of the seeded PMSCs.
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Fig.1: Cell seeding protocols. A. Rotational seeding: scaffolds are located in a spinner flask with 100ml volume of cell suspension and B. Static seeding: cell 
suspension is transferred directly into the human ovarian scaffold with insulin syringe (G-27) or onto the outer surfaces of the scaffold with pipet. 

Cellular viability
OVECs were observed under light microscope (Olympus 

CKX41, Japan). Analyses of the viable or metabolic 
activated cells seeded into exterior and interior surfaces 
of the OVECs were made using 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-ulfophenyl)-2H-
tetrazolium (MTS) assay. For this purpose, the OVECs 
were transferred to a new well after being washed in PBS 
for 3-4 hours. Then, the constructs were incubated with 
100 µl of the DMEM/F12 free medium supplemented 
with 20 µl of MTS/PMS, which produced a color response 
in the presence of viable cells. To avoid the effect of 
the matrix on spectrophotometry, 100 µl of the reaction 
medium from each well was relocated to another well. 
Cell viability was recorded as absorbance at 490 nm by 
microplate reader (thermo scientific, America). 

Histology assessments
OVECs derived from three seeding protocols were fixed 

for Hematoxylin and Eosin (H&E) staining, in Bouin’s (24 
hours), and then they were transferred to 10% buffered 
formalin (24-72 hours). The OVECs were then washed, 
processed and embedded in paraffin wax. The blocks were 
serial sectioned to 6 μm thickness using a microprocessor 

machine (Thermofisher, USA). The sections were labeled 
on glasses and stained with H&E. All images of OVECs 
cross sections were captured on an upright microscope 
(Olympus IX51, Japan) and cellular distribution and 
migration of seeded PMSCs were evaluated. 

Immunohistochemistry for Stella, Prdm14, Blimp1, 
CD90 and Ki67

In order to assess PMSCs differentiation into 
primordial germ cell-like cells in cultured OVECs in 
spinner flask, developmental proteins were detected by 
immunohistochemistry. For this purpose, sections (with 
6 μm thickness) were placed on charged slides, in 60˚C 
for 30-40 minutes. After deparaffinization and hydration, 
sodium citrate buffer (PH=6) was applied for 30 minutes 
at 90˚C to retrieve masked antigens. Then sections were 
immersed into PBS-tween (0.05%). For peroxidase-
linked immunostaining, endogenous peroxidase was 
removed by 10% hydrogen peroxide (H2O2) for 30 
minutes and rinsed twice in PBS-tween. Then, Triton 
X-100 (0.5%) was used for 15 minutes for membrane 
permeability. Non-specificities were blocked with 10% 
secondary host serum at 37˚C for 1 hour and rinsed twice 
in PBS-tween. Primary antibodies were diluted in 10% 

A B
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secondary host serum and PBS (one to one ratio) and 
incubated overnight at 4˚C. Purchased primary antibodies 
were anti-Stella (1:100, Santa Cruz, USA), anti-Prdm14 
(1:100, Abcam, USA), anti-Blimp1 (1:100, Cell signaling, 
USA) anti-CD90 (1:100, BD, USA) and anti-Ki67 
(1:100, Biolegend, USA). Subsequently, the sections 
were washed thrice with PBS-Tween, and incubated for 1 
hour with one secondary antibody. Peroxidase-conjugated 
goat anti-rabbit (1:500, Invitrogen, USA) and rabbit anti-
goat (1:500, Abcam, USA) IgG antibodies were used 
and washed thrice with PBS-Tween and treated with the 
diaminobenzidine (DAB) reagent (ABC, detection IHC 
kit) in the dark at room temperature for 5-20 minutes. In the 
presence of peroxidase enzyme, DAB produces a brown 
precipitate. Negative control was made by incubating 
the sections only with secondary antibodies. Washing 
was repeated and sections were counterstained with 
hematoxylin. Sections were mounted under coverslips, 
dried overnight, dehydrated, cleared and observed under 
light microscopy (Olympus IX51, Japan). The percentage 
of positive cells was calculated by counting the number 
of brown-stained cells versus the number of hematoxylin-
positive nucleus, representing the total cell numbers.

Estimating cell number and migration by stereology
Stereological methods produced 3D results from 2D 

images of OVECs. To calculate the number of PMSCs, an 
optical dissector was used. In this method, fixed OVECs 
cultured in rotational seeding were embedded in paraffin 

block. The technique was used to achieve isotropic uniform 
random (IUR) sections. The paraffinized scaffolds were 
serially sectioned to 20 µm thickness (H&E staining) 
for cell number estimation. The selected sections were 
studied using an upright microscope (×100 magnification) 
and a microcator (ND 221 B, Heidenhain, Germany) 
connected to a computer for measuring the Z-axis travel. 
The nuclei of PMSCs were observed using an unbiased 
counting frame covered on the monitor. Any nucleolus 
derived from maximal focus was selected if it was placed 
in the counting edge or touched the inclusion edge and 
did not touch the exclusion boundaries (Fig.2). Finally, 
the following formula was used to calculate the numerical 
density of the cells: Nv (cells)=[ΣQ/(a/f×ΣP×h)]×V, in 
which “∑Q” is the total number of the counted cells, 
“∑p” is the total number of the points superimposed on 
the selected fields, “h” represents the tissue thickness and 
“a/f” stands for the frame area in the tissue actual scale. 
To obtain the total cell number, the results were multiplied 
by the total volume (V) of the scaffold (16).

Statistical analysis
The results were reported as the mean ± SEM and 

was conducted by using three technical and biological 
replicates. Statistical analyses were performed using 
SPSS software (version 21, IBM, USA). Analysis of 
variance was carried out and data were subjected to one-
way ANOVA test, followed by the Tukey test. P<0.05 was 
considered as significant.

Fig.2: Cell number estimation in OVECs by using the optical dissector. A. Two regions of the gourd zone with 5 µm from the up and down areas of the 
sections are not counted, B, and C. Two different depths of 10 µm in which the count is performed. An unbiased counting frame of area superimposed on 
each sampling field used to sample the cell nucleoli (scale bars: 10 µm).
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Results
Morphology characterization of ovarian engineered 
constructs

OVECs produced by rotational seeding were red in color, 
but in static seeding, they were paled (Fig.3A). Also, SEM 
shows that the pore size without and with ovarian cells was 
approximately 50 µm and this allowed the cells to penetrate 
into the scaffold (Fig.3B). In order to evaluate and compare 
the attachment and infiltration of PMSCs into human 
decellularized ovarian ECM, H&E staining was carried 
out for serial sections obtained from OVECs. In rotational 
seeding, PMSCs penetrated not only into the exterior surfaces 
also to the depth of the scaffolds and mitosis divisions were 
seen as well. Active division increased the cell number on 
tissue periphery and PMSCs expanded in the scaffold. On 
the other hand, the cells and nuclei exhibited appropriate 
morphology and alignment (Fig.3C). But in static (injection) 
seeding, few cells were evident via H&E staining in marginal 
parts of the tissue and morphology of PMSCs seeded into 
decellularized ECM did not represent well condition. In 

conventional seeding, PMSCs not only did not penetrate to 
decellularized scaffold, also they could not migrate into the 
ECM clefts. In addition, in static seeding, the presence of 
many grooves in decellularized scaffold may indicate the 
separation of the components. Generally, rotational seeding 
increased cell seeding penetration and uniformity of the 
decellularized scaffold more than the other methods (Fig.3C).

Viability of seeded peritoneum mesenchymal stem 
cells

Mean viability rate of PMSCs seeded into the scaffolds 
measured by mitochondrial activity, in rotational seeding 
were significantly (P<0.05) more than both static 
seeding methods. In addition, the expression of ki67 as 
a proliferative marker confirmed that rotational seeding 
method retains proliferation ability of PMSCs in addition 
to increasing their survival rate (Fig.3D). Cell division 
after applying this technique verified the previous 
observation (Fig.3C). Therefore, it could be concluded 
that the rotational seeding technique resulted in more 
suited recellularized construct.

Fig.3: Comparison of seeding protocols. A. Morphological, B. SEM, C. H&E staining, and D. MTS analyses. Comparison of recellularized human ovarian ECM 
with PMSCs through 3 seeding protocols (scale bars: 25 µm). ECM; Extra cellular matrix, MTS; 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-ulfophenyl)-2H-tetrazolium, SEM; Scanning electron microscopy and *; P<0.05.
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Immunohistochemistry and cell differentiation
The results of H&E staining and viability analysis 

showed that the spinner flask generated the best results of 
cell seeding more than static methods. Thus, the OVECs 
derived from rotational technique were processed for cell 
phenotype characterization using immunohistochemistry 
staining. Figure 4 shows that the seeded cultured cells 
displayed a primordial germ cell-like cells properties by 
expressing Stella, Prdm14, and Blimp1 (Fig.4A-C). The 
low expression of mesenchymal stem cell marker (CD90) 
in PMSCs seeded into OVECs indicates a decrease in 
mesenchymal features in these cells (Fig.4D). On the 
other hand, production of proliferation protein (Ki67) 
shows self-renewal in seeded cultured PMSCs (Fig.4E). 
There was no positive staining in the negative controls 
(Fig.4F, J), showing that the secondary antibodies labeled 
to specific antigens.

3D cell distribution in scaffolds cultured under 
rotational condition

The cellular distribution and density were evaluated within 
the OVEC produced by rotational seeding method after 7 
days of incubation. This method led to PMSCs distribution 
throughout the ovarian decellularized ECM. The seeding 
efficiency of rotational method (spinner flask) was 53.5%. 
Total cell values on the OVEC were determined to be 
2142187 cells/mm3. The images showed more favorable 
distribution of PMSCs throughout the peripheral parts of 
the tissue sections. Vertical delivery of the cells in the cross-
section showed low density of cells (1133 cells/mm2) on the 
upper part of the scaffold. The interior part of the scaffold 
showed improved cell penetration, with cell density of 3960 
cells/mm2 for the central zones. The cell density diminished 
slightly at the lowest surface of the scaffold, at 1762 cells/
mm2 density (Fig.5).

Fig.4: Immunohistochemical analysis of recellularized human ovarian matrix with PMSCs through spinner flask for antibodies against germ cell markers 
(Stella, Prdm14 and  Blimp1) mesenchymal stem cell (CD90) and proliferation markers (Ki67) (scale bars: 20 µm).

Fig.5: Cross-sectioned counted cell density in OVEC (n=1). OVEC was divided into three equal zones representing the exterior outer surfaces, the center 
of the section and the bottom zone. From the seeded surface, the cell density increased with increasing depth to the center and decreased below to the 
lower exterior surface.
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Discussion 
Ovarian tissue cryopreservation is one of the strategies 

to fertility preservation of cancer affected women. Tissue 
engineered ovaries from decellularized ovarian scaffolds 
can prevent reintroduction of malignant cells and lead to 
development of a transplantable scaffold. Decellularized 
ovarian scaffolds could be recellularized with MSCs and 
implanted after appropriate ex vivo regeneration steps. 
This technology also can apply to women with POF. In the 
present study, tissue engineering was used for primarily 
recellularization of human decellularized ovarian scaffold 
with mouse PMSCs. We obtained ovarian decellularized 
scaffolds from trans-sexual human ovaries that preserved 
their natural properties and showed retention of main 
ECM structure in SEM. 

Many techniques are used for cellular seeding into 
whole organ or tissue segment scaffolds but the best 
protocol for PMSCs seeding into 5×5×1 mm segments of 
ovarian scaffold must be chosen. The effects of rotational 
and static seeding protocols on cell repopulation and 
arrangement beside of cell permeability level, morphology 
and viability were evaluated and compared after 1 week 
of in vitro culture. H&E staining showed penetration of 
fewer PMSCs in the static seeding method without cellular 
arrangement but the rotational seeding promoted cell 
repopulation deep into the ovarian scaffold. Therefore, 
static culture protocols (conventional and injection) have 
serious limitations for cellular seeding.  On the other hand, 
the porous structure of the decellularized ovarian scaffold 
as shown by SEM causes cell leakage during injection and 
the lack of medium flow leads to the absence of cellular 
entrance into scaffold in the conventional method. 

Our results showed that the rotational culture system 
using a spinner flask has many advantages. It supports 
cell alignment and stimulates OVECs formation. The first 
recellularization attempts of decellularized ovaries by 
Laronda et al. (17) were made using mouse conventional 
ovarian cells seeding into bovine decellularized ovary for 
2 days. Low-speed rotational seeding plays an important 
role to increase the efficiency of early cell seeding, 
stimulate cell adhesion, differentiation and construct 
development. In the present study, spinner flask operating 
at a speed of 20 rpm was able to preserve cell viability, 
proliferation and differentiation. However, the efficiency 
of cellular proliferation and differentiation rates are still 
low. Rotational seeding homogenizes culture medium and 
may induce transient oxygen and supplements and this, in 
turn, can increase the quantity and distribution of cells in the 
decellularized ovary. Wang et al, indicated that rotational 
MSCs seeding was more effective than static tissue culture 
in oxygenation of the recellularized myocardial scaffolds 
(18). Moreover, immunohistochemistry staining for 
the OVECs confirmed that rotational seeding generated 
positive tissue remodeling. 

It seems that the attachment of PMSCs to ovarian ECM 
leads to cell and tissue interaction signals. It is believed 
that peritoneum mesothelial cells have a common 

embryonic origin with ovarian surface epithelium (OSE) 
cells (19). Bukovsky et al. (20) displayed that OSE 
cells can be a bipotent source for granulosa and germ 
cells. Therefore, PMSCs, both in terms of location and 
origin are more likely to differentiate into ovarian cell-
like cells than other MSCs. As in our previous study, we 
have displayed the differentiation potential of PMSCs in 
human follicular fluid and cumulus cell conditioned media 
into ovarian cell-like cells in vitro (14). Our results in this 
study showed that the differentiated cells have primordial 
germ cell-like cells phenotypes through expression of 
Stella, Prdm14, and Blimp1 proteins. These markers 
cause proliferation and migration induction in primordial 
germ cells (21). Stella plays a significant  role in maturing 
oocytes and preimplantation embryos (22). This protein 
may be involved in germ line determination in ovarian 
ECM. Furthermore, Ki67 as a proliferation protein was 
observed in one-week cultured OVECs. 

Cortiella et al. (23) compared the influence of 
decellularized lung, gelfoam, Matrigel, and collagen 
I hydrogel matrices on mouse embryonic stem cells 
attachment, differentiation and formation in a tissue 
complex. A rotational approach was used for cellular 
seeding and the results showed that decellularized lung 
scaffold had improved cell preservation with more 
differentiation rate of embryonic stem cells into epithelial 
and endothelial cells than those of others. It is believed that 
rotational seeding culture decreases stress and maintains 
a steady flow of nutrients to the developing constructs. 
Collectively, rotational seeding data showed that ovarian 
scaffolds are likely to have the necessary signals to support 
initial attachment, proliferation and differentiation. Ji et 
al. (24) also showed that a dynamic culture system was 
more favorable than static culture in improving seeding 
of mouse bone marrow mesenchymal stem cells into rat 
liver scaffold by creating optimal stream rate and led to 
significantly advanced proliferation. Scaffold induced 
lineage-specific differentiation hepatocyte-like cells from 
MSCs. Moreover, Vermeulen et al. (25) showed that pig 
immature decellularized testicular scaffold is able to 
support human sertoli cells attachment, proliferation and 
functionality. Extremely low expression or even lack of 
expression of CD90 as a MSCs surface marker in our study 
confirmed that rotational seeded and attached PMSCs into 
ovarian ECM, lost mesenchymal properties. However, the 
nature of mesenchymal stem cells were confirmed in the 
cells by immunoflorosent assay before cell injection into 
the ECM. 

Santos et al. (26) believed that microcarrier-based 
stirred culture system subjected to an agitation, affects 
the cell surface antigens and reduces CD90 expression in 
human adipose tissue stem cells. It seems that prolonged 
agitation time to 2 weeks in the mentioned study led to 
alteration in surface markers expression. Therefore, our 
suggestion is that mesenchymal properties of PMSCs 
may change belong to their attachment to ovarian ECM 
and their differentiation. Woloszyk et al. (27) showed that 
mineralized matrix formation potential in human dental 
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pulp stem cells seeded and grown on porous 3D silk fibrin 
scaffolds, is enhanced in the rotational culture system. 
Furthermore, Xue et al. (28) showed that rat adipose tissue 
derived stem cells can attach, grow and differentiate to 
vascular endothelial and tubular cells in rat decellularized 
kidney scaffold.

There is a need to develop a simple, effective and 
inexpensive method for evaluation of cell distribution and 
penetration rates into scaffolds. We calculated the total 
number and density of distributed PMSCs into OVECs 
by the stereological method.  There have, hitherto been 
few studies on the measurement of seeded cell density 
and distribution in tissue-engineered constructs. Thevenot 
et al. (29) investigated the permeability and distribution 
rate of fibroblasts in a variety of seeding protocols. They 
concluded that dynamic seeding technique facilitates 
moving a cell solution along the scaffold and leads to 
cell penetration into the scaffold pores, as well as on the 
outer surfaces. In comparison, the efficiency of rotational 
seeding in our study was 53.5%, which is almost equal 
to centrifuge seeding efficiency (52%) as reported by 
Thevenot et al. (29). Finally, in the current study, the use 
of stereology helped find actual and accurate cell seeding 
ability data and showed that rotational seeding technique 
leads to a wide distribution of PMSCs on ovarian exterior 
surface as well as deep penetration into the center of 
OVEC.

Conclusion
The use of spinner flask causes PMSCs movement 

around the ovarian scaffolds and enhances contact 
between the cells and the scaffold. This makes it a more 
favorable technique for cell seeding into decellularized 
ovarian tissue than conventional and injection methods.
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Abstract
Objective: Mesenchymal stem cells (MSCs) have prominent immunomodulatory roles in the tumor microenvironment. 
The current study intended to elucidate Treg subsets and their cytokines after exposing naïve T lymphocytes to adipose-
derived MSCs (ASCs).   
Materials and Methods: In this experimental study, to obtain ASCs, breast adipose tissues of a breast cancer patient 
and a normal individual were used. Magnetic cell sorting (MACS) was employed for purifying naïve CD4+ T cells 
from peripheral blood of five healthy donors. Naïve CD4+ T cells were then co-cultured with ASCs for five days. The 
phenotype of regulatory T cells (Tregs) and production of interleukine-10 (IL-10), transforming growth factor beta 
(TGF-β) and IL-17 were assessed using flow cytometry and ELISPOT assays, respectively. 
Results: CD4+CD25-FOXP3+CD45RA+ Tregs were expanded in the presence of cancer ASCs but 
CD4+CD25+Foxp3+CD45RA+ regulatory T cells were up-regulated in the presence of both cancer- and normal-ASCs. 
This up-regulation was statistically significant in breast cancer-ASCs compared to the cells cultured without ASCs 
(P=0.002). CD4+CD25+ FOXP3+Helios+, CD4+CD25- FOXP3+Helios+ and CD25+ FOXP3+CD73+CD39+ Tregs were 
expanded after co-culturing of T cells with both cancer-ASCs and normal-ASCs, while they were statistically significant 
only in the presence of cancer-ASCs (P<0.05). Production of IL-10, IL-17 and TGF-β by T cells was increased in the 
presence of either normal- or cancer-ASCs; however, significant effect was only observed in the IL-10 and TGF-β of 
cancer-ASCs (P<0.05).                        
Conclusion: The results further confirm the immunosuppressive impacts of ASCs on T lymphocytes and direct them 
to specific regulatory phenotypes which may support immune evasion and tumor growth.    
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Introduction
Mesenchymal stem cells (MSCs) are multipotent 

adult stem cells and their primitive origin is mesoderm. 
They possess self-renewal ability and are capable of 
differentiating into not only mesodermal cell lineage, 
but also ectodermic and endodermic cell lineages 
(1, 2). MSCs have the ability to home and engraft at 
sites of injury in the pathological conditions such as 
inflammation, neoplasia and tissue repair. These cells 
are recruited into tumor microenvironment in response 
to cytokines and chemokines produced by tumor cells. 
Within the tumor mass, MSCs can differentiate into 
fibroblasts, myofibroblasts, pericytes and carcinoma-
associated fibroblast and cooperate with endothelial and 
inflammatory cells exacerbating tumor status (3, 4). 

The anti-inflammatory and immune-modulating 
properties of MSCs have been shown in many studies. 
For instance, prohibiting effector T-cells activation along 
with increase in regulatory T cells (Tregs) population 
(5, 6) are known as important immune-modulating 
mechanisms. The suppression mechanism of T-cells by 
MSCs could be direct (cell-cell contact) or may occur 

indirectly by secreting soluble factors such as nitric oxide 
(NO), indoleamine 2,3-dioxygenase (IDO), prostaglandin 
E2 (PGE2), interleukine-10 (IL-10) and transforming 
growth factor beta (TGF-β) (7, 8). They inhibit activation 
and function of T-cells by down-regulating major 
histocompatibility complex (MHC) class II molecules 
and IL-12, decreasing interferon-γ (IFN-γ) and inducing 
generation of Tregs through IL-10 production, besides 
of releasing human leukocyte antigen-G (HLA-G) (9, 
10). Tregs are generally characterized by the expression 
of forkhead box transcription factor (FOXP3) and play 
prominent roles in peripheral tolerance and controlling 
immune responses, towards the autoimmune diseases, 
allergies, infection-induced organ pathology and tumors 
(11, 12). 

Soluble mediators such as TGF-β, IL-10 and IL-35 in 
addition to immunosuppressive metabolites, including 
adenosine production, are responsible for the suppressive 
mechanisms of Tregs (13-15). Naturally occurring Treg 
cells and antigen-induced CD4+CD25+FOXP3+ Tregs 
have been widely studied. However, other additional 
subsets and markers of Treg cells have received less 
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attention in identification and characterization of these 
cells (16). CD45RA, CD25, CD73, CD39 and Helios are 
among the most important markers of Treg cells, whose 
roles have recently been identified (17). CD39 and CD73 
are recognized as markers of Tregs with the capability of 
circular adenosine monophosphate (cAMP) or adenosine 
mediated suppression (18). Recent studies confirmed 
that MSC-exposed Tregs carry more immunosuppressive 
properties than Tregs co-cultured without MSCs (19). 
Here, we further clarified Treg subsets through assessment 
of CD45RA, CD73, CD39 and Helios expression after 
adipose derived mesenchymal stem cell (ASC)-T cell 
crosstalk. Then, expression level of IL-10, TGF-β and 
IL-17 were determined in T cells co-cultured in the 
presence of ASCs.

Materials and Methods 
This experimental study was approved by the Ethics 

Committee of Shiraz University of Medical Sciences 
(Shiraz, Iran, Code No. 9113). All donors were provided 
written and signed informed consent to take part in this 
study.

Isolation, culture and characterization of human 
adipose-derived mesenchymal stem cells 

ASCs were provided from breast adipose tissues of 
one breast cancer patient and one normal individual 
undergoing mammoplasty surgery as previously 
explained (15, 20, 21). Briefly, fragments of adipose 
tissue were washed with phosphate buffered saline 
(PBS), minced and digested using 0.2% collagenase 
type I (Gibco, USA) at 37˚C for about 45 minutes. 
The digested materials were centrifuged at 400 g for 
10 minutes. The stromal vascular fraction (SVF) was 
separated using Ficoll gradient (Biosera, UK) through 
centrifugation at 400 g for 20 minutes. The cells 
were washed with PBS and plated into T-25 plastic 
cell culture flasks in Dulbecco’s Modified Eagle’s 
Medium (DMEM, Biosera, UK) containing 10% fetal 
bovine serum (FBS, Gibco, USA) and 1% penicillin/
streptomycin (Gibco, USA). The cultured cells were 
incubated at 37˚C and 5% CO2 with 95% humidity. 
Following 24 hours incubation, non-adherent cells 
were discarded. The medium was exchanged every 72 
hours. The harvested cells were sub-cultured and used 
for further experiments. To characterize the cells with 
flow-cytometer, ASCs were stained with fluorescein 
isothiocyanate (FITC)-conjugated mouse anti-human 
CD45, CD34 and CD14 (BD Biosciences, USA) as 
well as phycoerythrin (PE)-conjugated mouse anti-
human CD90, CD105, CD44, CD73 (BD Biosciences). 
To evaluate differentiation capacity of the cells, 
they were treated with conditioned medium for 
osteocyte, chondrocyte and adipocyte differentiation, 
as previously described (15, 20, 21). ASCs isolated 
from the breast cancer patient and normal subject are 
hereafter called cancer-ASCs and normal-ASCs in this 
article.

Isolation of naïve CD4+ T cells from human peripheral 
blood mononuclear cells 

Peripheral blood mononuclear cells (PBMCs) were 
isolated by density gradient centrifugation using Ficoll 
gradient (Biosera, USA) from six healthy donors with 
respectively the mean ± standard deviation (SD) and 
median age of 33.8 ± 2.7 and 35 years old. To exclude 
monocytes from mononuclear cells, isolated PBMCs 
were cultured at 37˚C for 45 minutes. After incubation 
time, the remaining flout cells were collected as 
peripheral blood lymphocytes (PBLs). Separation of 
naïve CD4+ T cells was performed using the Human 
Naive CD4+ T cell Isolation Kit II (Miltenyi Biotec, 
Germany). In brief, highly pure naïve CD4+ T cells 
were achieved by depletion of magnetically labeled 
non-CD4+ T cells and CD45RO+ memory T cells using 
a cocktail of biotin-conjugated antibodies against 
CD8, CD14, CD15, CD16, CD19, CD25, CD34, 
CD36, CD45RO, CD56, CD123, T cell receptor (TCR)
γ/γ, HLA-DR, CD235a and anti-Biotin micro-beads 
(Miltenyi Biotec, Germany). The cell subset purity 
was regularly tested using flow cytometer, for the 
expression of CD4 and CD45RA. 

Co-culture of adipose-derived mesenchymal stem cells 
and naïve CD4+ T cells

Naïve CD4+ T cells (25×104) were directly cultured with 
ASCs (25×103) at a ratio of  10  to 1 in RPMI 1640 (Biosera, 
UK) containing 10% FBS, 1% penicillin/streptomycin, 20 
ng/ml phytohemagglutinin (PHA, Roche, Germany) and 
7% autologous serum of  healthy donors. The culture was 
incubated at 37˚C and 5% CO2 with 95% humidity for 
five days.

Flow cytometry analysis
T cells were removed from culture and subjected to flow 

cytometer for characterization. To blockade Fc receptors, 
all cells were incubated for 10 minutes at 4˚C with 10 µl/ml 
human serum before staining with fluorescent antibodies. 
Fluorescent antibodies and the respective isotype 
controls were then added. Flow cytometry analysis was 
performed with a FACSCalibur (BD Biosciences) using 
directly labeled monoclonal Abs (mAbs), PerCP mouse 
anti-human CD4, FITC mouse anti-human CD25, APC 
mouse anti-human CD45RA, PerCP-CYTM5.5 mouse 
anti-human CD73, APC mouse anti-human CD39, PE 
mouse anti-human FOXP3 (BD Biosciences), APC anti-
mouse/human Helios (Biolegend, Germany) and isotype 
control antibodies, all according to the manufacturers’ 
protocol. The collected data were analyzed using FlowJo 
7.6 software.

Measurement of cytokine production by enzyme 
linked immunosorbent spot assay

ASCs (25×103) were directly co-cultured with isolated 
naïve CD4+ T cells (25×104) in RPMI 1640 containing 
10% FBS, 1% penicillin/streptomycin, 20 ng/ml PHA and 
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7% autologous serum of  healthy donors. After five days, 
T cells were extracted from the culture and the production 
of cytokines including IL-10 (U-CyTech Biosciences, 
Netherland), TGF-β (R&D, USA) and IL-17 (U-CyTech 
Biosciences, Netherland) was measured. The ELISPOT 
assays were performed according to the manufacturers’ 
instruction. 

Statistical analysis

The data are represented as mean ± standard error 
mean (SEM). All statistical analyses were performed 
using statistical package for the social sciences 
(SPSS, Chicago, IL, USA) software version 16.0, 
nonparametric Mann-Whitney U test, Friedman and 
Dunn’s and Kruskal-Wallis H tests. All graphs were 
plotted and evaluated by means of FlowJo 7.6.2 
and GraphPad Prism 5 software. The P<0.05 were 
considered statistically significant.

Results
Adipose-derived mesenchymal stem cells isolation and 
characterization

ASCs had adhesion properties to the bottom of culture 
flasks and they were appeared as a homogenously spindle 
shaped population (Fig.1A). The flow cytometry analysis 
of ASCs revealed that more than 90% of all cancer and 
normal ASCs were positive for the stem cell specific 
markers, including CD90, CD105, CD44 and CD73, but 
they were negative for the expression of hematopoietic 
specific markers, such as CD45, CD34 and CD14 (Fig.1B).

Purity of the isolated naïve CD4+ T cells
After isolating naïve CD4+ T cells from peripheral 

blood of healthy donors, their purity were verified by CD4 
and CD45RA expression analyses using flow cytometry. 
Results showed more than 96% purity for CD4+ CD45RA+ 
cells (Fig.2).

Fig.1: Morphological characterization of adipose-derived mesenchymal stem cells (ASCs) as well as flow cytometry analysis. A. ASCs were appeared with spindle shape 
in culture (scale bar: 100 µm) and B. The flow cytometry analysis of ASCs illustrate that more than 90% of all cancer and normal ASCs were positive for stem cell specific 
markers including CD44, CD105, CD73 and CD90, but they were negative for the expression of hematopoietic specific markers such as CD14, CD45 and CD34.
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Fig.2: Purity of the isolated naïve CD4+ T cells was evaluated using flow 
cytometry for the expression of CD4 and CD45RA (solid histograms). 
Results illustrate more than 96% purity for CD4+ and CD45RA+ cells. 
Solid and lined histograms represent isotype control and unstained cells, 
respectively. 

Phenotypic analysis of harvested regulatory T cells
Phenotype of the harvested Tregs was studied more in 

detail, as CD45RA+ and Helios+ T cells were determined 
in the population of CD4+CD25+FOXP3+ and CD4+CD25- 
FOXP3+ T lymphocytes. CD73+CD39+ T lymphocytes 
were also assessed in the population of CD25+ FOXP3+ 
and CD25- FOXP3+ cells. 

CD45RA+ T cells in the population of CD4+CD25+ 
FOXP3+ and CD4+CD25-FOXP3+ cells

After five days co-culturing naïve T cells with 

normal- and cancer-ASCs, CD45RA+ T cells were 
investigated in the population of CD4+CD25+FOXP3+ 
and CD4+CD25-FOXP3+ cells. Results showed that the 
effect of cancer-ASCs was more significant than normal-
ASCs on augmenting CD45RA+ cells, compared to the 
control group (P=0.002). Mean ± SEM percentage of 
CD4+CD25+FOXP3+CD45RA+ phenotype was 24.05 ± 
5.5%, 21.36 ± 4.7%, and 9.51 ± 3.6% respectively after 
co-culturing with cancer-ASCs and normal-ASCs and in 
the control group (Fig.3A). Although naïve T cells co-
culture with cancer-ASCs resulted in approximately two-
fold expansion of CD45RA+ T cells in the population of 
CD4+CD25-FOXP3+ cells compared to the control group, 
this expansion was not statistically significant (P>0.05, 
Fig.3B).

Fig.3: The percentage of CD45RA+CD4+CD25+FOXP3+ and CD45RA+CD4+CD25-

FOXP3+ Tregs population. After five days culturing of naïve CD4+ T cells with 
adipose-derived mesenchymal stem cells (ASCs), the percentage of A. 
CD45RA+CD4+CD25+FOXP3+ T cells and B. CD45RA+CD4+CD25-Foxp3+ T cells 

was evaluated by flow cytometry method. The results illustrate mean ± 
SEM of cell percentages. **; P<0.01 compared to the control group.

A

B



          Cell J, Vol 22, No 2, July-September (Summer) 2020 240

ASCs and Tregs

Helios+ T cells in the population of CD4+CD25+FOXP3+ 
and CD4+CD25-FOXP3+ cells

Presence of normal-ASCs and cancer-ASCs in the 
culture increased Helios+ T cells in the population of 
CD4+CD25+FOXP3+ cells. The results showed that 
effect of cancer-ASCs was more significant than 
normal-ASCs on augmenting Helios+ cells compared to 
the control group (P=0.005). Mean ± SEM  percentage 
of T cells with CD4+CD25+FOXP3+Helios+  phenotype 
were 15.59 ± 4.6%, 12.63 ± 3.6%, and 5.90 ± 2.6% in 
the presence of cancer-ASCs and normal-ASCs and in 
the control group, respectively. (Fig.4A). 

Helios+ T cells, in the population of CD4+CD25- 
FOXP3+, were increased in the presence of normal-
ASCs and cancer-ASCs. Additionally, the effect of 
cancer-ASCs on augmentation of Helios+ T cells was 
significant, compared to the control group (P=0.005, 
Fig.4B).

CD4+CD25+FOXP3-Helios+ and CD4+CD25+FOXP3+Helios- 
T lymphocytes were also investigated in this study. The results 
showed that co-culturing naïve CD4+ T cells with cancer-
ASCs and normal-ASCs caused decreased population of 
CD4+CD25+FOXP3-Helios+ in comparison with the control 
group (P=0.028 and 0.028, respectively). Mean ± SEM 
percentage of CD4+CD25+FOXP3-Helios+ phenotype was 11.15 
± 0.6%, 12.47 ± 0.9% and 31.02 ± 4.2% after co-culturing with 
cancer-ASCs, normal-ASCs and control group, respectively. 
Changes in the phenotype of CD4+CD25+FOXP3+Helios- T 
lymphocytes were not statistically significant (P>0.05).

CD73+CD39+ T cells in the population of CD25+FOXP3+ 
and CD25-FOXP3+ cells

When we compared presence of the normal-
ASCs and cancer-ASCs to the control group, the 
percentage of CD25+FOXP3+CD73+CD39+ phenotype 
was increased in both normal and cancer-ASCs. 
Although, this was only significant in the presence 
of cancer-ASCs (P=0.005). Mean ± SEM percentage 
of CD73+CD39+CD25+FOXP3+ T cells cultured with 
cancer-ASCs, normal-ASCs and control group were 
respectively 4.00 ± 0.84, 2.41 ± 0.47, and 0.93 ± 0.08. 
Phenotypic changes of CD39+CD73+ T cells in the 
population of CD25-FOXP3+ was not significant (P> 
0.05, Fig.5A, B).

The populations of CD39+CD73+CD25+FOXP3+ 
and CD39+CD73+CD25-FOXP3+  T lymphocytes were 
phenotypically compared when naïve CD4+ T cells 
cultured with cancer-ASCs, normal-ASCs and control 
group. Results showed significant phenotypic changes 
between these two populations when naïve CD4+ T 
cells were cultured with normal-ASCs and cancer-
ASCs (P=0.017 and 0.008, respectively). 

Mean ± SEM percentage of CD73+CD39+CD25+FOXP3+ 

and CD73+CD39+CD25-FOXP3+ T cells, cultured with 
cancer-ASCs, were 4 ± 0.8 and 0.88 ± 0.2, respectively. 
Mean ± SEM percentage of CD73+CD39+CD25+FOXP3+ 
and CD73+CD39+CD25-FOXP3+ T cells, cultured with 
normal-ASCs, were respectively 2.4 ± 0.4 and 0.67 
± 0.2. Phenotypic changes of these two populations, 
when naïve CD4+ T cells cultured as control group, 
was not statistically significant (P >0.05).

Fig.4: Percentage of the Helios+ Tregs population. After five days 
culturing of naïve CD4+ T cells with adipose-derived mesenchymal 
stem cells (ASCs). Percentage of A. The CD4+CD25+FOXP3+Helios+ T cells 

was evaluated by flow cytometry method and B. Percentage of the 
CD4+CD25-FOXP3+Helios+ T cells population was also determined. The 
results illustrate mean ± SEM of cell percentages. **; P<0.01 compared 
to the control group.
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Fig.5: Percentage of the CD39+CD73+ in CD25+FOXP3+ and CD25-FOXP3+ 

T cells population subsequent to co-culturing with adipose-derived 
mesenchymal stem cells (ASCs). After five days culturing of naïve CD4+ 

T cells with ASCs, percentage of CD39+CD73+ T cells in A. CD25+FOXP3+ 

population and B. CD25-FOXP3+ population was evaluated by flow 
cytometry method. The results illustrate mean ± SEM. **; P<0.01 
compared to the control group. 

Measurement of cytokine production by ELISPOT assay 
Production of IL-10, TGF-β and IL-17 by T cells was 

evaluated in the presence and absence of ASCs, employing 
ELISPOT technique. The results showed that production of 
the cytokines was increased in the presence of ASCs. IL-10 
production was increased by T cells, after exposure of naïve 
CD4+ T cells to either normal- or cancer-ASCs. This effect 
was statistically significant for the cancer-ASCs compared 
to the control group (P=0.038). Mean ± SEM number of 
IL-10 spots by T cells cultured with cancer-ASCs, normal-
ASCs and control group were 47.17 ± 15.1, 23.17 ± 7.5, and 
3.167 ± 0.72, respectively. TGF-β production of the T cells 

was increased in the presence of cancer-ASCs compared to 
normal-ASCs and absence of the ASCs (P=0.0006 and 0.003, 
respectively). Mean ± SEM number of TGF-β spots by T 
cells, cultured with cancer-ASCs, normal-ASCs and control 
group were respectively 36.08 ± 4.7, 15.96 ± 2.8, and 10 ± 
1.4. IL-17 production of T cells was increased while they 
were co-cultured with ASCs and the effect of normal-ASCs 
on IL-17 production was significant compared to the naïve T 
cells which were not cultured with ASCs  (P=0.015). Mean ± 
SEM of IL-17 spots by T cells, cultured with cancer-ASCs, 
normal-ASCs and control group were respectively 41.5 ± 1.8, 
64.33 ± 17.2, and 3.7 ± 1.9 (Fig.6).

Fig.6: Producing interleukine-10 (IL-10), transforming growth factor 
beta (TGF-β) and IL-17 by T cell after co-culturing with adipose-derived 
mesenchymal stem cells (ASCs). After five days culturing of naïve CD4+ T 
cells with ASCs, IL-10, TGF-β and IL-17 produced by T cells were evaluated 
using ELISPOT method. The results illustrate mean ± SEM. *; P<0.05, **; 
P<0.01 and ***; P< 0.001 compared to naïve T cells which were not co-
cultured with ASCs (control group).
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Discussion
Previous studies have indicated that high infiltration of 

tumors by regulatory CD4+FOXP3+ T cells associate with 
poor prognosis in different types of solid tumors, through 
limiting antitumor immune responses (22).  Low numbers 
of tumor infiltrating FOXP3+ T cells and high numbers 
of infiltrating CD8+ lymphocytes have been suggested 
as favorable prognostic markers for invasive ductal 
carcinoma of the breast (23). It is proposed that tumor 
promoting effects of Tregs is mostly mediated through 
their recruitment to the tumor microenvironment or local 
expansion rather than increased suppressive properties in 
the tumor sites (5, 22). 

Among several cell types in the vicinity of tumor 
cells, MSCs are known as important players with 
immunomodulatory effects on both innate and adaptive 
immunity through direct cell to cell contact or secretion 
of soluble factors (5). Herein, ASC-naïve CD4+ T cell 
crosstalk was assessed and Treg subsets were subsequently 
further clarified in detail. The initial results disclosed 
that normal and cancer ASCs induced both CD25+ and 
CD25- Tregs, but cancer ASCs showed stronger effect 
for inducing CD25- phenotype compared to the normal 
ASCs. The observed expansion of CD25-FOXP3+ Tregs 
in this study has been reported in previous researches (15, 
21). CD25- T cells are a subset of Tregs induced by tumor 
and involved in tumor-induced immunosuppression (24). 
Yang et al. (25)  realized that a specific proportion of 
intratumoral CD4+ T cells in non-Hodgkin lymphoma 
patients was CD4+CD25-FOXP3+ Tregs with the ability 
of suppressing T cells proliferation. In another study, 
both conventional and CD4+CD25-FOXP3+ Tregs were 
detected in tumor draining lymph nodes of colorectal 
cancer patients but CD25- T cells were characterized 
with lower suppressive properties (26). Thus according 
to the results of this part of our study, ASCs from breast 
cancer tissues may suppress immune responses through 
increasing population of CD4+CD25-FOXP3+CD45RA+ 
Tregs, beside the conventional Tregs in the tumor 
microenvironment. 

It was thought that majority of Tregs have memory 
phenotype, while they were defined by high expression 
of CD45RO and low expression of CD45RA. Memory 
Tregs survive longer than naïve Tregs and they have 
specialized subsets in different tissues (27). CD45RA+ 
Tregs showed increased level of FOXP3 and strong 
suppressive ability as well as memory Tregs (28). Herein, 
there was no reduction of CD45RA+ lymphocytes after 
co-culturing with neither cancer nor normal ASCs and the 
likelihood of increased memory population (CD45RO+ 
Tregs). It seems that the balance between naive and 
memory Tregs is reversed in some autoimmune diseases, 
such as multiple sclerosis (MS) showing reduced number 
and function of CD45RA+ Tregs, while expansion of 
memory Tregs has been reported in these patients (29, 
30). Anyway, for achieving more reliable conclusions 
from our results, it was better to check CD45RO+ Tregs or 

co-culture the cells for a longer period of time. 
Helios, is an Ikaros transcription factor family member 

known as a marker of natural Treg (nTregs). Although 
recently, several reports have also shown that inducible 
Tregs (iTregs) express Helios in vitro and in vivo (31, 32). 
Other studies on mixed populations of naïve and memory 
Helios+ or Helios- Tregs showed higher expression of 
IFN-γ, IL-17 and IL-2 by Helios- Tregs compared to 
Helios+ Tregs (33). In contrast, Himmel et al. (34) revealed 
that Helios+ and Helios- nTregs are not different in their 
functional properties for suppressing T cell proliferation. 
In the present study, we investigated the expression of 
Helios in the population of both CD4+CD25+FOXP3+ 
and CD4+CD25-FOXP3+ Tregs and the results revealed 
expansion of this subset in both population after exposing 
the cells to ASCs, specially to cancer ASCs. Consequently, 
ASCs not only increase the population of FOXP3+ Tregs, 
but also induce the expression of Helios in these cells. 
This transcription factor, along with FOXP3, can increase 
suppressive activity of Tregs and since Helios+ cells 
produce less inflammatory cytokines than Helios- cells 
(33), the former cells probably show more suppressive 
activity in the tumor site. The significance of this role of 
ASCs for inducing Helios is more pronounced when we 
refer to Yates et al. (35) study. They reported that under 
the chronic inflammation, Tregs may lose their Helios 
expression which can result in differentiating to effector T 
helper cells and consequently suppressing tumor growth. 

Tregs mediate their immunosuppressive functions 
through various mechanisms including cell to cell contact, 
secretion of IL-35, IL-10 and TGF-β as well as the 
conversion of adenosine triphosphate (ATP) to adenosine 
through expression of CD39 and CD73 (36). CD39 
and CD73 are two ectonucleotidases that collaborate 
in the production of extracellular adenosine through 
ATP hydrolysis. Indeed, CD39 generates adenosine 
monophosphate (AMP), which is in turn used by the CD73 
ectonucleotidase to synthesize adenosine. Consequently, 
co-expression of CD73 and CD39 on Tregs surface is 
necessary for the maximum suppressor function (37, 38). 
In the present study, expressions of CD73 and CD39 were 
studied when naïve CD4+ T cells were co-cultured with 
ASCs. The results revealed that co-culturing of naïve T 
cells with ASCs increased CD73+CD39+, but not CD73-

CD39+ and CD73+CD39- subsets of T cells,  which was 
statistically significant in the presence of cancer-ASCs. 
Interestingly, CD25- FOXP3+CD73+CD39+ cells were 
reduced after exposing to both cancer- and normal-ASCs 
compared to the control group. The results suggest that 
induced CD25+ Tregs in the presence of ASCs, especially 
cancer-ASCs, may have stronger immunosuppressive 
effects compared to the CD25- counterparts due to 
co-expression of CD73 and CD39. This can result in 
inducing metabolic disruption of the recruited effector 
T cells to the tumor site. The current results are further 
confirmed by Saldanha-Araujo et al. (39) who showed 
that the amount of adenosine and CD73+ T lymphocytes 
augmented significantly after exposing to bone marrow 
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MSCs. Collectively, it can be proposed that adenosine 
signaling would be important for immunomodulatory 
properties of ASCs. 

According to the results of functional assay obtained 
from co-cultured naïve T cells, all three cytokines, IL-
10, TGF-β and IL-17 were increased upon co-culturing 
of naïve T-cells with ASCs. Although cancer-ASCs had 
more significant effects on developing IL-10- and TGF-β- 
producing Tregs, normal-ASCs induced IL-17-producing 
Tregs. Despite most studies indicate secretion of anti-
inflammatory cytokines by Tregs, it is well demonstrated 
that specific subgroups of these cells are capable of 
producing pro-inflammatory cytokines, such as IL-17 
with immunosuppressive functions (40). 

Conclusion
Both cancer and normal ASCs create immunomodulatory 

effects, but it seems that tumor cells educate ASCs for 
inducing immunosuppressive Tregs. Herein, the obtained 
results may represent a better understanding of how 
immune cells and stromal components of tumor site, in 
particular MSCs, communicate with each other. This can 
help us predict more successful therapeutic approaches 
for treatment of breast cancer. 
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Abstract
Objective: The embryonic cerebrospinal fluid (e-CSF) contains various growth factors and morphogens. Recent 
studies showed that e-CSF plays significant roles in embryonic brain development. Adipose tissue-derived stem 
cells (ADSCs) have a mesodermal origin that can be differentiated into mesodermal and ectodermal lineages. 
This study aimed to evaluate the effects of e-CSF on the proliferation, viability, and neural differentiation of 
ADSCs in rats.
  
Materials and Methods: In this experimental study, adipose tissue was dissected out from the inguinal region of adult 
male rats. Then, ADSCs were isolated by enzymatic digestion from adipose tissues and mesenchymal cells were 
confirmed using the flow cytometry analysis that measured the cell surface markers including CD90, CD44, CD73, 
CD105, CD34, CD45, and CD11b. The multi-potential characteristics of ADSCs were assessed by osteogenic and 
adipogenic potentials of these cells. Under suitable in vitro conditions, ADSCs were cultured in DMEM supplemented 
with and without additional 10% e-CSF. These fluids were collected from Wistar rats at the E17, E18, and E19 
gestational ages. Cellular proliferation and viability were determined using the MTT assay. Immunocytochemistry was 
used to study the expression of β-III tubulin in ADSCs. The neurite outgrowth of cultured cells was assessed using the 
ImageJ software. 
Results: The results of the present study demonstrated that the viability of ADSCs in cell culture conditioned with E17 
and E18 e-CSF were significantly increased in comparison with controls. Cultured cells treated with e-CSF from E18 
and E19 established neuronal-like cells bearing long process, whereas no process was observed in the control groups 
or cultured cells treated with E17 e-CSF.                        
Conclusion: This study showed that e-CSF has the ability to induce neuronal differentiation and viability in ADSCs. 
Our data support a significant role of e-CSF as a therapeutic strategy for the treatment of neurodegenerative diseases.    
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Introduction

Cerebrospinal fluid (CSF) is a clear and colorless 
fluid, secreted mainly (about two-third of its volume) 
from the epithelial structure in the choroid plexus, 
and it could also be released from other regions 
in the brain such as capillaries surrounded by 
astrocytes, ependymal epithelium of the ventricles, 
and subarachnoid plexus (1). The CSF secretion starts 
at the early stages of the neural tube development. 
It contains many morphogenic and growth factors 
such as neurotrophin-3 (NT-3), hepatocyte growth 
factor (HGF), transforming growth factor-β (TGF-β), 
insulin-like growth factor (IGF), nerve growth factor 
(NGF-3), basic fibroblast growth factor (b-FGF), and 
brain-derived neurotrophic factor (BDNF), involved 

in the proliferation, differentiation, and survival of 
neural cells (2, 3). 

Previous studies have shown that embryonic 
cerebrospinal fluid (e-CSF) is a rich source of proteins, 
which are involved in the proliferation, differentiation, 
and migration of neural progenitor cells during brain 
development. E-CSF affects the neuroepithelial cells 
by regulating the proliferation, differentiation, and 
survival of these types of cells. Similar to CSF, e-CSF 
is a cocktail of various growth and morphogenesis 
factors (4, 5).

Adult stem cells are characterized by self-renewal ability, 
long-time survival, and multipotency (6). Compared with 
the embryonic stem cells, adult stem cells are immune-
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compatible, non-tumorigenic, and working with them has 
no ethical issues (7).

Due to easy accessibility, mesenchymal stem cells 
(MSCs)-commonly obtained from the bone marrow - are 
a new cell resource for clinical practice and research (8). 
However, the clinical use of bone marrow-derived stem 
cells is restricted due to its highly invasive nature required 
for cell extraction and low proliferative capacity of the 
isolated cells (9). In a search for an alternative MSCs 
source, recently MSCs has been isolated from adipose 
tissues (10). 

Adipose tissue-derived stem cells (ADSCs) have high 
proliferation potential that can be differentiated into a 
variety of mesenchymal cell lineages such as osteoblasts 
and adipocytes. They also have regenerative properties 
and potency to differentiate into nerve and Schwann 
cells (11, 12). As they could be obtained using minimally 
invasive methods and have high proliferation capacity, 
ADSCs are a promising tool for regenerative medicine 
(13). Thus, the current study aimed to evaluate whether 
e-CSF can induce neural proliferation and differentiation 
in ADSCs, as well as assessing the impact of e-CSF on the 
viability of ADSCs.

Materials and Methods

Animals

In this experimental study, 22 male and 56 pregnant 
female Wistar rats were used. The animals were kept in 
an animal house located in the Department of Biology 
at the Kharazmi University. They were kept in large rat 
boxes with free access to food and water under a 12:12 
light/dark cycle. All animals were treated according to 
the guidelines set by the Kharazmi University based on 
the National Institutes of Health (NIH) Guidelines for 
the Care and Use of Laboratory Animals (C: 616/919). 
Individual male and female rats were mated and 
checked daily for the vaginal plug presence, designated 
as embryonic day 0 (E0). The embryonic age was 
calculated from E0. At specific times, pregnant rats 
were euthanized with urethane (1.5 g/kg urethane i.p., 
Sigma, UK), and the uterus was quickly evacuated into 
an icebox. Then, litters were immediately separated 
from pregnant Wistar rats. Each pregnant rat delivered 
separated from litters in each delivery.

Collection of embryonic cerebrospinal fluid samples

To evaluate e-CSF effects on ADSCs cultures, e-CSF 
was collected from cisterna magna of rat embryos 
on day 17 (E17), 18 (E18), and 19 (E19) using a glass 
micropipette. Because of large fluid space, the cisterna 
magna is an ideal site for extracting uncontaminated 
e-CSF. Besides, the cisterna magna is exposed upon 
dissecting the skin and the removal of the overlying 
muscles. Due to the lack of bone formation in this area 
and its flexibility, the risk of blood contamination in CSF 

would be decreased. All samples were collected in sterile 
microtubes and centrifuged immediately at 4000 rpm 
for 5 minutes to separate the fluid from cellular debris. 
Afterward, the supernatant was transferred and preserved 
in a new sterile tube. The samples were stored at -40˚C 
until the subsequent use. About 10 to 50 µl of e-CSF was 
collected from each litter. All steps mentioned above were 
carried out on an ice box to avoid denaturation of e-CSF 
proteins (14).

Isolation and culture of adipose tissue-derived stem 
cells

Adult male rats (180-220 g) were anesthetized with 
urethane (1.5 g/kg i.p.). Under sterile conditions, all 
parts of white adipose tissue samples were isolated 
from the abdominal inguinal region and transferred into 
phosphate-buffered saline (PBS, Gibco, UK). Adipose 
tissues were minced to pieces in sizes between 1 and 
2 mm3 using scissors and then washed repeatedly with 
equal volumes of PBS to remove blood cells. Next, 
each piece was transferred into a falcon tube containing 
0.075% collagenase type I enzyme (Sigma Aldrich, 
USA). Tubes were placed on a shaker incubator at 37˚C 
for 30 minutes. After that, samples were centrifuged 
at 2000 rpm for 5 minutes. Undigested pieces were 
removed, and the remaining suspension containing stem 
cells were collected. Extracted ADSCs were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 
Invitrogen, USA) containing 10% fetal bovine serum 
(FBS, Gibco, UK) and 1% penicillin/streptomycin. The 
cultures were kept in a humidified atmosphere incubator 
at 37˚C with 5% CO2. The culture media were renewed 
every three days (15). In this study, cell cultures were 
divided into five groups: I. Control: without e-CSF 
treatment, II. E17: treatment with e-CSF from E17 (10% 
v/v), III. E18: treatment with e-CSF from E18 (10% v/v), 
IV. E19: treatment with e-CSF from E19 (10% v/v), and 
V. β-Mercaptoethanol (β-ME): treatment with β-ME (10 
ng/ml) as the positive control.

Cell viability assay

In the present study, the harvested ADSCs were 
rinsed with PBS, transferred into 24-well plates 
(7×104 cells/well), treated with e-CSF (E17, E18, 
and E19) (10% v/v), and β-ME (10 ng/ml, Sigma 
Aldrich, USA) for six days. The wells without any 
treatment were considered as controls. Cell survival 
and viability were measured by the MTT assay. MTT 
(3-(4,5-Dimethylthiazol-2 thiazolyl)-2,5- diphenyl 2 
tetrazolium bromide) is a yellow tetrazolium dye that 
responds to activated mitochondrial dehydrogenases 
and changes the yellow color of samples to dark blue 
formazan crystals. The cells were incubated with MTT 
(5 mg/mL in PBS, Merck, Germany) at 37˚C for 3 
hours. Finally, the absorbance was recorded at 570 nm 
using a plate reader (ELx808TM, BioTek® instruments, 
USA). Each experiment was repeated in triplicate (16).
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Adipose tissue-derived stem cells multi-lineage 
differentiation potential

Another feature of mesenchymal cells is their ability to 
differentiate into osteocytes and adipocytes. Therefore, 
in the present study, the differentiation of MSCs into 
adipose and bone cells was evaluated. For this purpose, 
ADSCs were harvested at three passages and cultured in 
the osteogenic and adipogenic inducing medium for 21 
days. Osteogenic differentiation culture media consisted 
of DMEM-LG (low glucose) supplemented with 10% 
FBS, 0.1 μM dexamethasone, 10 μM β-glycerophosphate, 
and 50 μM ascorbate. To assess mineralization, cultures 
were stained with 2% Alizarin Red (Sigma-Aldrich, 
USA). Adipogenic inducing culture media contained 
DMEM-LG, supplemented with 10% FBS, 0.5 mM 
IBMX (3-isobutyl-1-methylxanthine), 10 mg/ml insulin, 
1 mM dexamethasone, and 100 mM indomethacin. Cells 
were stained with Oil Red (Sigma-Aldrich, USA) for the 
detection of adipocytes (17).

Flow cytometry analysis

After second consecutive passages, to measure the 
cell surface markers of MSCs and to confirm their 
development, we used the following conjugated 
antibodies: PE Mouse Anti-Rat CD44, PE Mouse Anti-
Rat CD73, PE Mouse Anti-Rat CD105, FITC Mouse 
Anti-Rat CD90, PE Mouse Anti-Rat CD34, PE Mouse 
Anti-Rat CD45, PE Mouse Anti-Rat CD11b, and isotype 
control antibody. After trypsinization of the cells with 
0.25% trypsin/ ethylenediaminetetraacetic acid (EDTA) 
solution, they were re-suspended in PBS and counted 
using hemocytometer. A number of 1×106 cells were 
incubated in fluorochrome-conjugated antibody at a 
dilution ratio of 1:10 at room temperature for 20 minutes 
in the dark place. The stained ADSCs were analyzed using 
a BD FACSCaliber™ flow cytometer (BD Biosciences, 
USA) and the FlowJo software (version 10.4). A total of 
200,000 cells were assessed in each sample.

Morphological properties and neurite-like processes 
assessment

In order to evaluate the morphology and growth 
rate of ADSCs, cells were imaged using an inverted 
microscope (Olympus, Japan) and the obtained images 
were analyzed by the ImageJ software (NIH). The 
morphological properties of the cells, as well as the 
length of neurite-like processes, were compared 
among cell treatments.

Immunocytochemistry
In this study, β-III tubulin was considered a neural 

differentiation marker. After three times washing with 
PBS, cells were fixed with cold 4% paraformaldehyde 
for 15 minutes. Then, 0.1% Triton X-100 (Merck, 
Germany) was employed for the increase of cell 
permeability at room temperature for 30 minutes. The 

cells were blocked with 1% BSA (Sigma-Aldrich, 
USA) in T-PBS (Tween 20 in PBS) (T-PBS, Gibco, 
UK) at room temperature for 1 hour. After that, the 
cells were incubated at 4˚C overnight in the presence 
of anti-β III tubulin (1:100 Dilution, Abcam, UK) as a 
primary antibody. The next day, cells were rinsed three 
times with T-PBS and incubated with a Cy3-conjugated 
secondary antibody (1:300 Dilution, Abcam, UK) 
at room temperature for 1 hour. Finally, cells were 
washed with PBS, and nuclear staining was carried out 
with 4’,6-Diamidino-2-Phenylindole (DAPI, Sigma-
Aldrich, USA). Photomicrography was done under a 
fluorescent microscope (Olympus, Japan).

Statistical analyses
Ordinary one-way analysis of variance (one-way 

ANOVA) was applied for the statistical analysis, followed 
by Tukey’s post hoc test to compare multiple groups. Data 
are expressed as the mean and standard error of the mean 
(mean ± SEM). The P<0.05 was considered statistically 
significant. Data were analyzed using the the IBM SPSS 
Statistics for Windows, Version 24.0. Armonk, NY: IBM 
Corp. (Released 2016).

Results
Morphological characteristics and pluripotency of 
adipose tissue-derived stem cells

Cultured cells were adherent and had spindle-shaped 
morphology. Besides, cultured ADSCs were pluripotent 
and differentiated into osteoblasts and adipocytes 
in specific conditioned media. Alizarin red and Oil 
Red staining were carried out for the confirmation of 
ADSCs differentiation into osteoblasts and adipocytes 
(Fig.1A-C).

Flow cytometry analysis of the expression of stem 
cells markers in adipose tissue-derived stem cells 
population

Cell surface markers were utilized on the second 
passage to characterize ADSCs population. The flow 
cytometry analysis of cell surface markers showed that 
these cells expressed CD90, CD44, CD73, and CD105 
as MSCs markers, whereas they did not express CD34, 
CD45, and CD11b markers (Fig.1D).

Effects of embryonic cerebrospinal fluid on adipose 
tissue-derived stem cells viability

After six days of treatment, viability assessment was 
implemented in all cultured groups. As shown in Figure 
2, the MTT absorbance was increased significantly in 
cultured cells conditioned with CSF (10% v/v) from 
E17, E18, and E19. However, the MTT absorbance was 
decreased after the cells were treated with β-ME (positive 
control) compared with the control group. The highest 
viability was observed at E17 and E18 in e-CSF treatment 
(Fig.2).
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Fig.1: Morphological characteristics and pluripotency of adipose tissue-derived stem cells (ADSCs). Photomicrographs of ADSCs show typical spindle-shaped 
morphology. A. Cultured ADSCs in complete growth medium (control group), B. Adipogenic differentiation of ADSCs (Oil Red staining), C. Osteogenic differentiation 
of ADSCs (Alizarin Red staining), (scale bars: 100 µm), and D. Flow cytometry histograms indicating immunophenotype of mesenchymal stem cells isolated from 
rat’s adipose tissue. The cells expressed the cell surface markers namely CD90, CD44, CD73, and CD105, but not CD34, CD45, and CD11b.

Fig.2: Survival rates of adipose tissue-derived stem cells (ADSCs) in cell culture treated with embryonic cerebrospinal fluid (e-CSF, 10% v/v) and 
β-Mercaptoethanol (β-ME, 10 ng/ml) using the MTT assay (n=5). All cultured ADSCs indicated an increase in viability after treatment with e-CSF. The 
increase was significant in treatment with CSF from embryonic days 17, 18 and 19 (E17, E18, and E19). Data are expressed as the percentage of control 
levels (cell culture without the addition of CSF). *; P<0.05, **; P<0.01, and ***; P<0.001 as compared with the control group.
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The Effects of embryonic erebrospinal fluid on neurite 
outgrowth of adipose tissue-derived stem cells

Photomicrographs of the cultured cells are shown in Figure 
3. Neurite outgrowth and morphological differentiation were 
observed in treatment groups with β-M (Fig.3B) and e-CSF 
at E17 (Fig.3C), E18 (Fig.3D), and E19 (Fig.3E), whereas 
no morphological differentiation was evident in the control 
group (Fig.3A). The diameter of ADSCs was measured by 
the ImageJ software. ADSCs treatment with e-CSF at E18 
and E19 significantly increased neurite outgrowth compared 
with the control samples, but the increase in the experimental 
group treated with e-CSF at E17 was not statistically 
significant (Fig.3F).

Immunocytochemistry characteristics of differentiated 
adipose tissue-derived stem cells

For neural induction, ADSCs were incubated whit 
β-ME (traditional neural inducer) as the positive 
control. As shown in Figure 4, the majority of ADSCs 
in this condition have a high level of β III-tubulin 
expression. Moreover, the number of cells were 
positive for β III-tubulin were significantly increased 
in cultured cells conditioned with CSF at E17, E18, 
and E19. However, no changes were observed in the 
expression of β III-tubulin in ADSCs of the control 
group (Fig.4).

Fig.3: Morphological differentiation and neurite outgrowth length of adipose tissue-derived stem cells (ADSCs) after a 6-days period treatment with 
embryonic cerebrospinal fluid (e-CSF, 10%v/v) and β-Mercaptoethanol (β-ME, 10 ng/ml). A. Control without treatment, B. Treatment with β-ME, C. 
Treatment with e-CSF at E17, D. Treatment with e-CSF at E18, E. Treatment with e-CSF at E19. Treatment of ADSCs with β-ME and e-CSF at E17, E18, 
and E19 showed neurite outgrowth (arrows) and morphological differentiation as compared to the control group. No morphological changes were 
observed in the control group (scale bar: 10 µm), and F. The length of neurites in ADSCs treated with e-CSF at E18 and E19 and β-ME (positive control) 
was significantly increased compared to the control sample. Data are presented as the mean ± S.E.M. ***; P<0.001.
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Fig.4: Immunofluorescence localization of β III-tubulin (orange arrow) in adipose tissue-derived stem cells (ADSCs) (green) treated with embryonic cerebrospinal 
fluid (e-CSF) at E17, E18, and E19 (10% v/v) and β-Mercaptoethanol (β-ME, 10 ng/ml). A. ADSCs in the control group without e-CSF expressed no β III-tubulin, 
B. ADSCs treated with β-ME, C. ADSCs treated with e-CSF at E17, D. E18, and E. E19. Cell nuclei are stained with DAPI (blue) (scale bars: 100 μm).

 Discussion
Considering the benefits of the ADSCs in comparison 

with other sources of MSCs, e.g. being less invasive 
compared to lipo-aspiration, having less ethical issues 
(10, 18), providing more homogenous stem cells with 
less variations in morphological features, and being ideal 
for the assessment of environmental changes (19); in 
the present study, ADSCs were taken into account as an 
appropriate model for our investigation. 

Our flow cytometry  data showed that CD90, CD44, 
CD73, and CD105 as MSCs-specific markers were 
expressed by ADSCs, whereas CD34, CD45, and 
CD11b were not, demonstrating the mesenchymal origin 
of ADSCs. ADSCs also share some morphological 
characteristics with MSCs, such as being spindle-shaped 
and possessing fibroblast-like properties (10, 20). MSCs are 
highly multipotent and can differentiate into mesodermal 
lineage such as adipogenic, chondrogenic, and osteogenic 
cells (17). Our findings confirmed that ADSCs could 
differentiate into bone and adipose tissues. There are 
several studies that applied different approaches for the 
neural induction of MSCs, such as β-Mercaptoethanol, 
valproic acid, butylated hydroxyanisole, hydrocortisone, 
azacytidine, isobutylmethylxanthine, indomethacin, 
insulin (17, 19, 21), glial growth factors, as well as a 

mixture of bFGF, platelet-derived growth factor, BDNF, 
and retinoic acid (22). Briefly, the protocols mentioned 
earlier could be divided into two main groups: i. Chemical 
and ii. Growth factor-based methods. It has been 
demonstrated that chemical-based induction methods 
lead to the production of nonfunctional neuron-like cells 
and induce an increment in the rate of apoptosis (23).

The CSF contains various biological factors such as 
neuropeptides and neurotransmitter, possessing different 
concentrations during various gestational ages. Several 
studies also showed that adult CSF isolated from human 
and rat could stimulate the proliferation and viability of 
neural stem cells.

Additionally, e-CSF comprises of several growth 
factors including TGF-β, NGF, BDNF, NT-3, and IGF 
(24, 25). In recent years, several studies demonstrated 
that the changes in the levels of CSF factors have 
multiple impacts on the proliferation and differentiation 
of brain cells in different animal models under various 
conditions (24). In the present study, we observed that the 
application of e-CSF, as a growth factor-based method, 
induced morphological changes in the neural phenotype 
of MSCs and increased cell viability. Yari et al. (26) also 
indicated that e-CSF enhanced the proliferation of neural 
progenitor cells and increased neurosphere size in culture 
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media. Mercaptoethanol, as a chemical inducer, could 
also cause ADSCs differentiation in culture media, but 
significantly reduced cell viability (27).

Dual effects of e-CSF on ADSCs proliferation and 
differentiation are probably caused by various growth 
factors, their concentration changes in different 
embryonic stages, and their interaction in each step. 
Several reports demonstrated that e-CSF collected from 
different embryonic days of the rat brain (E16, E17, 
E18, E19, and E20) has different effects on neuronal 
progenitors derived from the embryonic brain of rats. 
By E16 and E18, these effects have stimulatory roles on 
the proliferation and survival of neuronal progenitors. 
It has been implicated that e-CSF extracted at E20 and 
E19 has a significant impact on the differentiation (26, 
28, 29). Nabiuni et al. (28) evaluated the effect of rat 
embryonic CSF on PC12 cells. They observed that the 
proliferation and viability of PC12 cells that underwent 
exposure to CSF at E18 are significantly elevated, but 
PC12 cells cultured in media supplemented with b-FGF 
(neural inducer) and CSF at E20, represented neural-
like morphology. In another study, Yari et al. (26) 
investigated the effect of embryonic CSF on neural 
progenitors cells. In this study, e-CSF extracted at E18 
induced the proliferative impact on neural progenitors 
cells and significantly increased cell viability. In 
the presence of e-CSF at E18 and E19, the neuronal 
process growth in cultured ADSCs was also markedly 
increased compared with the control samples.

Previous studies indicated that e-CSF isolated at E18 
and E19 might differentiate cells into neuronal cells (26, 
28). The results of the neuronal process growth confirmed 
the differentiation of these cells towards neurons. In 
fact, the effects of e-CSF extracted from different 
gestational days (E17, E18, and E19) on cultured ADSCs 
are age-dependent and probably due to the changes in 
the concentration of various growth factors in a time-
dependent manner. 

The mechanisms by which the e-CSF contents are 
altered in different time points is probably related to the 
developmental changes in the CSF-brain barrier. It has 
been reported that the permeability of CSF-brain barrier 
changes in an age-dependent manner during embryonic 
and adult life. The changes in permeability are due to the 
differential distribution of junctional proteins in the CSF-
brain barrier. Therefore, alterations in permeability could 
be a source of e-CSF composition changes in different 
gestational periods (30).

In this study, there were limitations on e-CSF extraction 
from the cisterna magna region of rats’ embryo. Due to the 
low volume of e-CSF obtained from this area, we suggest 
the extraction of e-CSF could be performed on animal 
models since they provide a high amount of e-CSF for 
the experiment. Also, we propose the application of other 
techniques such as real-time PCR for the precise evaluation 
of the expression of genes involved in differentiation and 
proliferation of ADSCs exposed to e-CSF.

Conclusion
Previous studies have shown that various factors with 

different concentrations are presented in embryonic CSF 
and their level varies on different embryonic days. The 
results of this study indicated the changes in the e-CSF 
compositions in a time-dependent manner, which had a 
positive impact on ADSCs survival and differentiation. 
Considering specific properties of ADSCs, their 
differentiation in response to exposure to e-CSF may be 
regarded as a novel therapeutic strategy for the treatment 
of neurodegenerative disorders.
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