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Aims and Scope: The "Cell Journal . " is a peer review and monthly 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 exclusively
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
Accreditation 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 Ref-
erences (Up to 40).

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 refer-
ences. The review article consists of English Abstract (unstructured), Introduction, Conclusion, Author’s Contributions, and
References (Up to 70).

C. Systematic Reviews

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

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 sub-
heading), Acknowledgements, Author’s Contributions, and References (Up to 30).

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, Discussion, Acknowledgements,
Author’s Contributions, and References (Up to 30).

F. Editorial
Editorials are articles should be written in relevant and new data of journals’ filed 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 the editors are 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.

1. Debate

Debates are articles which show a discussion of the positive and negative view of the author concerning all aspect of the issue
relevant to scientific research.

2. Submission process

It is recommended to see the guidelines for reporting different kinds of manuscripts. This guide explains how to prepare 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 interpretation, 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 and copyright

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). Also, no manuscript
would be accepted in case it has been pre-printed or submitted to other websites. | hereby assign the copyright of the en-
closed manuscript to Cell J." Corresponding author must confirm the proof of the manuscript before online publishing. Also,
it is 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 plagiarism
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
abbreviations and symbols

It should be added that an essential step toward the integration and linking of scientific information reported in published
literature 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 recommended
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
following 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 manuscript
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: Itincludes the exact methods or observations of experiments. [fan 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
program used.

Ethical considerations: Please state that informed consent was obtained from all human adult participants and from the
parents 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
Trials (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 caption 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 isimportant 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 caption 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
Acknowledgements. 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 adenosineAl 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 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: Publishing an article in Cell J requires Article Processing Charges (APC) that will be billed to the
submitting author following the acceptance of an article for publication. For more information please see www.celljournal.org.

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
originality 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 executive 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. The first page of manuscript 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 should be on a separate page. Figures must be sent in color and also in JPEG (Jpg) format.
4. Cover Letter should be uploaded with the signature of all authors.

5. An ethical committee letter should be inserted at the end of the cover letter.

The Editor-in-Chief: Ahmad Hosseini, Ph.D.
Cell Journal ;. ..
P.O. Box: 16635-148, Iran
Tel/Fax: + 98-21-22510895
Emails: Celljournal@royaninstitute.org

info@celljournal.org
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Abstract

Sperm associated antigens (SPAGs) are specific proteins in terms of performance and evolution, that have common
expressions in the testes or sperm cells. Moreover, the humoral immune response against some of SPAGs can result
in immunological infertilities. On the other hand, recent studies have explored several new properties of SPAGs and
shed light on sperm's function, the impact of anti-sperm antibodies (ASA) in immunological infertility, and some tumors
related to SPAGs. This article presents an exhaustive review of SPAGs and their roles in the cell cycle, signaling
pathways, fertility, sperm-oocyte cross-talk as well as their unfavorable positions as prognostic factors in many types

of cancers.
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Introduction

Sperm associated antigens (SPAGs) family comprises
18 proteins, first described as sperm membrane
proteins, which could stimulate immune responses as
immunogens. The molecular weight of these antigens
is considered between 24-71 kDa and each protein-
coding gen is located on a particular chromosome
(Table 1). The role of SPAGs in the structural integrity
of sperm tail, sperm motility, evaluation, fertility, cell
adhesion, and cell signaling of spermatozoa has been
revealed in a study by Bohring et al. (1). Silina et al.
(2); also showed SPAGs 1, 2, 8,9, 12, 13, and 15 may
play roles in male infertility. About 13% of the general
reproductive-age population are suffered from fertility
problems, and malefactors are estimated to up to 30%
of them (3). More than 90% of male infertilities are
due to low count or low quality of sperm cells (4) and
various factors could influence this process. Moreover,
these antigens play a vigorous role in sperm and egg
cross-talk and subsequent development of derived
embryos. In 2017, Cui et al. (5) study showed that
during sperm evolution, the level of expression for
some proteins such as SPAGs 6 and 16 that impact the
processes of spermatogenesis, cellular motility, energy
metabolism, and oxidative phosphorylation has been
increased. Since protein synthesis has been ceased
throughout spermiogenesis, so most of the changes
occurring at the sperm surface are a result of the
sperm’s interaction with the surrounding environment
(6). Any modification of these proteins may result in

a change in sperm function and capabilities (7). The
other factors that affect male fertility are anti-sperm
antibodies. These antibodies can disrupt the power of
sperm fertility and produce types of immunological
infertility. Mainly one of the causes of male infertility
could be due to the interaction between anti-sperm
antibodies and SPAGs (8). In addition, this research
has several practical applications. The most important
case points out to cryopreservation and of molecular
importance of healthy sperms. Using frozen healthy
sperms in infertility clinics in order to artificial
insemination is a case in point. The purpose of
this study is to present a comprehensive review of
databases and many pieces of research on SPAGs and
also the result of our study on the cryopreservation of
human sperm.

Overview of SPAGs expression status and function

SPAG proteins present in many tissues and cells such
as sperm cells. According to their particular functions
in sperm, any deficiency of them may lead to infertility
due to sperm dysfunction. The expression of SPAGs in
various organs or cells is summarised in Table 2.

The performance of these momentous proteins
separately has been investigated in different studies
and comprehensively compiled in this study. So far the
introduction has focused on general information about
SPAGs. The following section will discuss the function
of each SPAG.
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Table 1: A summary overview of the main characteristics of all sperm associated antigen (SPAG) genes

Gene name (Aliases) Chromosome Location Exon count Source (UniProt ID)
SPAGI 8 8q22.2 21 Q07617
SPAG2 (UAPI) 1 1923.3 13 Q16222
SPAG3 (HSPA2) 14 14q23.3 1 P54652
SPAG4 20 20q11.22 13 QINPE6
SPAGS 17 17q11.2 24 Q96R06
SPAG6 10 10p12.2 15 075602
SPAG7 17 17p13.2 8 075391
SPAGS 9 9p13.3 9 Q99932
SPAGY9 17 17921.33 34 060271
SPAGI10 (MFGES) 15 15q26.1 12 Q08431
SPAGI11B 8 8p23.1 7 Q08648
SPAG12 (SNUI3/NHP2L1) 22 22q13.2 6 P55769
SPAG13 (SSFA2/KRAP) 2 2q31.3 22 P28290
SPAG15 (SPAM1/PH20) 7 7q31.32 9 P38567
SPAGI6 2 2q34 33 Q8N0X2
SPAG17 1 Ipl2 56 Q6Q759
SPAG18 (PSMAS) 1 1p13.3 9 P28066

The function of SPAGI is attributed to the cytoplasmic
assembly of the ciliary dynein arms, nucleotide guanosine
triphosphate binding (GTP), and GTPase activity. Recent
evidence suggests that the GTPase activity of SPAGI1
plays a role in mammalian gametogenesis and fertility.
This protein plays an important role in the oocyte via
its potential association in adenosine monophosphate-
activated protein kinase (AMPK) and mitogen-activated
protein kinase (MAPK) signaling pathways (9). Besides,
findings indicated this protein could be involved in female
infertility through anti-sperm antibodies too. SPAG/ gene
indirectly inactivates phosphoinositide 3-kinase/ RAC-
alpha serine/threonine-protein kinase pathway (PI3K/
AKT) which can result in inhibition of immature Sertoli
cell growth via microRNA 638 (miR-638) and can lead to
apoptosis (10).

SPAG?2 is part of the sperm axoneme structural element
in the outer dense fiber (11). The practical roles of this
protein in the cells can be attributed to the biosynthesis
pathway of UDP-N-Acetyl-Alpha-D-glucosamine which
is itself part of nucleotide-sugar biosynthesis. It could be
noted that SPAG2 has a nucleotidyltransferase role in the
cytoplasm (GeneCard ID GCO1P162561).

Based on a study by Bohring et al. (1), which first
described SPAG3 function as heat shock protein family
A member 2 (HSPA2) according to identification by
two-dimensional polyacrylamide gel -electrophoresis
(2D-PAGE) and matrix-assisted laser desorption/

Cell J, Vol 23, No 5, October 2021

ionization mass spectrometry (MALDI-MS); SPAG3 was
assumed as HSPA2. The functional role of HSPA?2 in cells
can be ascribed to molecular chaperone, in a wide variety
of cellular processes (UniProt ID P54652). Research by
Ayazetal. (12) hasargued thatinduced HSPA2 by oxidative
stress (ROS) has a role in male factor infertility, and any
damage in sperm function can result in the reduction of
HSPA?2 expression level, mitochondrial dysfunction, and
induced oxidative stress in varicocele patients (13). In a
study conducted by Bromfield et al. (14), it was shown
that alkylation of HSPA2 with an attendant decrease in
zona pellucida-receptor arylsulphatase A (ARSA) occurs
during capacitation due to oxidative stress. This can
destroy the zona pellucida receptor complex on sperm
surface and consequently have an effect on sperm-egg
cross talk. Subsequent study has unveiled that Protein
Disulfide Isomerase A6 (PDIA6) is a potential HSPA2-
adhering protein that is located in sperm head peri-
acrosomal region and very fragile to oxidative stress (15).

SPAG4 is involved in spermatogenesis and protein
localization in the sperm axoneme. The quoted protein
may assist in the organization and assembly of outer
dense fiber, and sperm tail-specific structure (16). It also
plays a role in nuclear envelope integrity and preservation
(UniProt ID QINPESG). Pairing performance of nucleus-
cytoskeleton in spermatozoa and establishment of strength
in head-tail junction complex are other functions that are
clarified on SPAG4 in sperm cells (17).
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Table 2: An overview of tissues in which sperm associated antigens (SPAGs) are expressed

SPAGs Organs/cells Cellular status
SPAGI Lungs, Large intestine, Kidneys, Brain', Testicles, Neck, and Part of the cytoskeleton microtubules in the Cytoplasm
midpiece of pachytene primary Spermatocytes (UniProt ID
Q07617)
SPAG2/UAPI  Tegticle, Somatic tissues', Low expression level in Placenta, Cytoplasm
Muscle, and Liver (UniProt ID Q16222)
SPAG3/ Ubiquitous, Globus pallidus’ (UniProt ID P54652; GeneCard ~ Cytoskeleton and mitotic cell cycle
HSPA2 ID GC14P064535)
SPAG4 Testicle, Sperm cells (UniProt ID QINPE6) Cytoplasmic membrane, Cytoplasm, Nucleus membrane
SPAG5 Testis, Placenta, Liver, Pancreas, Thymus, Colon™ (UniProt ID Cytoskeleton, Cytoplasm
Q96R06)
SPAG6 Testis' (UniProt ID 075602) Cytoskeleton, Flagellum
SPAG7 Fetal brain (UniProt ID O75391) Nucleus
SPAGS Testis germ cells (UniProt ID Q99932) Nucleus, Cytoplasm
SPAGY Testis' (UniProt ID 060271) Cytoplasm
SPAG10/ Mammary epithelial cell surfaces', Aortic media (UniProt ID External side of the plasma membrane, Endoplasmic
MFGES Q08431) reticulum lumen, can be secreted as extracellular exosome
SPAGI11B Caput and proximal corpus of the epididymis, Epididymal Secret tein”!
epithelium, Sperm head (UniProt ID Q08648; GeneCard ID eetetoty protein
GC0O8M007442)
SPAGI12/ Ubiquitous (UniProt ID P55769) Dense fibrillar component of the nucleolus
SNU13/
NHP2LI
SPAG13/ Pancreas, Testis (UniProt ID P28290)' Plasma membrane, membrane bound arrangement with
KRAP/SSFA?2 ’ extracellular regions
SPAG15/ Testis' (UniProt ID P38567) Human sperm surface, Inner acrosomal membrane
SPAM1
SPAG16 Testis, Brain, Liver, Pancreas, Adrenal glland, Spinal cord, Axoneme of the tail in sperm cells, Nucleus of post-meiotic
Heart, Thyroid, Trachea, Ovary, Kidney" (UniProt ID germ cells
Q8N0X2)
SPAG17 Testis' (UniProt ID 060759 Axonemal central apparatus, Cilia-bearing cells consist of Lung,
estis’ (UniPro Q6Q759) Brain, Uterus, Oviduct, Bronchial, Tracheal epithelial cells
SPAG18/ Ubiquitous (UniProt ID P28066; GeneCard ID GC01M109399) Cytoplasm, Nucleus
PSMAS

" High expression level, "; There are two isoforms of alanine--glyoxylate aminotransferase 1 (AGX1) and AGX2 for SPAG2, which former is numerous in
testicle while the latter is more numerous than isoform one in somatic tissues, "; SPAG5 is highly expressed in testis. By contrast, it is detected at a low
level in the placenta, liver, pancreas, thymus, and colon, V; SPAG6 is highly expressed in the testis; however, it is not detected in the prostate, ovary,
spleen, thymus, small intestine, colon, and peripheral blood leukocytes, ¥; Although it is widely expressed in testis (germ cells), there is no expression in
the liver, kidney, prostate, and small intestine, ' SPAG11 gene encodes several androgen-dependent and epididymis-specific secretory proteins, and Vii;
It appears to be 5 isoforms for SPAG16, which isoform1 is detected in testis while isoform four has been detected in also testis and brain. Also, it is stated
that isoform 4 has a low expression level in the liver, pancreas, adrenal gland, spinal cord, heart, thyroid, trachea, ovary, and kidney.

SPAGS5 is an essential component of the mitotic
spindle required for normal chromosome separation
entry into anaphase. Moreover, it correlates with
the duration of sister chromatid segregation, mitotic
progression, maintenance of spindle pole architecture
and may contribute to the regulation of separase
activity (UniProt ID Q96R06). This protein interacts
with sperm axoneme and outer dense fiber structural
proteins (18), the integrity of centrosome (19), and has

a role in embryonic development of testis (20).

SPAG6 is important for the structural integrity of
sperm tail central apparatus and flagellar motility. In
addition, it contributes to ciliogenesis in bronchial
epithelium cells (21). Recent evidence suggests that
SPAG6 is involved in proliferation, differentiation,
a function of brain neurons (22), and the formation
of the immunological synapses (23). Li et al. (22)
have identified the regulation role of SPAG6 in
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cell apoptosis through the tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) signaling
pathway and fibroblast cell growth. Moreover, SPAG6
contributes to proliferation, migration, and cell
morphology modulation (24). In a study by Huo et al.
(25), one of the important causes of asthenospermia
appears to lie in SPAG6, due to reduced expressions of
solute carrier family 22 member 14 (SLC22414) and
SPAG6 in spermatozoa.

SPAG7 has a molecular function of nucleic-acid
binding protein (UniProt ID O75391). This protein may
be a possible structural element of sperm acrosome
(26). Furthermore, The quoted gene contributes to
periodic fever, aphthous stomatitis, pharyngitis, and
adenopathy (PFAPA) syndrome (27).

SPAGS8 is one of the testis-specific proteins that
is expressed during germ cell differentiation. The
functional role of SPAGS in the cell can be attributed to
its role in spermatogenesis, fertility, and microtubule
formation through interaction with Ran-binding
protein 9 (RANBP9) (UniProt ID Q99932). According
to Li et al. (28), G2/M phase regulation in the cell
cycle is related to SPAGS (possibly due to a delay
in activation of Cyclin-dependent kinase 1 (CDKI1)
required for entry into mitosis). As highlighted by Wu
etal. (29), it has been stated that this protein is involved
in the acrosome reaction and sperm-zona pellucida
interaction that is a vital prerequisite for successful
fertilization. Besides, SPAGS contributes to increasing
actin-like protein (ACT) related transcriptional
cyclic adenosine monophosphate responsive element
modulator (CREM) activity during spermatogenesis.
In addition, it has been declared that sperm-associated
antigen 8 reacts with sera from melanoma patients
(UniProt ID Q99932).

SPAGY is contributes to the positive regulation of
the cell cycle, muscle cell, and neuron differentiation.
It also involves in activation of JUN kinase activity
(Jun proto-oncogene) and spermatogenesis (UniProt
ID 060271). SPAGY has been identified as a scaffold
protein that ties Jun N-terminal kinase (JNK) and
p38 mitogen-activated protein kinase (MAPK)
transcription factors and signaling modules (30). The
relationship between SPAGY9 and endometrial stem cell
differentiation, development of male germ cells, and
also fertility has been widely investigated by Kashef,
2006 and Iwanaga, 2008 (31, 32). A recent study by
Li et al. (33) has highlighted the role of SPAGY in
preventing cancer cells from reactive oxygen species
(ROS) induced cell death. Furthermore, it has control
over cell motility, invasion, and angiogenesis besides
activating host immune responses (34).

SPAG10 has a role in apoptotic cell clearance,
sperm-egg adhesion, mammary gland development,
maintenance of epididymal and intestinal epithelium,
promotion of vascularization, exocytosis, and also
it facilitates antigen presentation (35). The quoted
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protein may act as cell adhesion protein to conjoin
involuntary muscle to elastic fiber in arteries and
contains a phosphatidylserine (PS) binding domain as
well as an (ARG-GLY- ASP) motif, which enables the
binding to integrin (35). SPAG10 attenuates acute renal
injury caused by sepsis, inhibits neointima formation
after arterial damage, and also transfers fatty acids
to the placenta and it can facilitate angiogenesis and
induce recovery from ischemia (36-38). The studies
presented thus far provide evidence that SPAG10
promotes phagocytosis and inhibits inflammation.
Besides, this protein responds to cerebral infarction
by endogenous protective factors. Above and beyond,
the quoted protein has a role in Alzheimer’s disease,
subarachnoid hemorrhage, and prion disease (39). An
overexpression of SPAG10 is correlated with several
carcinomas (40).

The specific functions of SPAG11 have not been
specified yet (UniProt ID Q08648). Nevertheless, it is
thought that this protein is involved in the adhesion,
maturation, storage, and protection of sperm. The most
attractive aspect of this protein is that some of the
isoforms are consist of regions that present resemblance
to beta-defensin, a family of antimicrobial peptides
(41). The functional role of SPAGI11 in the cell can
be attributed to spermatogenesis and inhibition of
inflammatory parameters in rheumatoid arthritis (42).

It can be noted that SPAG12 was originally titled
non-histone chromosome protein 2-likel (NHP2L1),
because of the similarities between the SPAGI2
sequence and Saccharomyces cerevisiae non-histone
protein 2 (NHP2). This protein seems to be a highly
conserved nuclear protein that is a component of the
[U4/U6. US5] tri-snRNP that binds to the 5" stem-loop
of U4 snRNA. Another name of this protein is small
nuclear ribonucleoprotein 13 (SNU13) involved in pre-
mRNA splicing as part of the spliceosome. Moreover, it
binds to the 5" stem-loop of U4 snRNA and contributes
to spliceosome assembly through that (UniProt ID
P55769). SPAGI12 has a role in fertilization and also
functions in elements of the sperm tail, midpiece, and
post-acrosomal region (43). Adjustment disorder in
this gene has been seen in some cancers (44, 45).

SPAG13 is involved in signaling receptor and actin
filament bindings. The most interesting finding of this
protein is that sperm-associated antigen 13 is actively
involved in energy equilibrium and obesity (46).

SPAGI1S5 is a receptor that contributes to sperm-zona
pellucida interaction. Moreover, it is a hyaluronidase
that enables sperm cells to interpenetrate via
hyaluronic acid-rich mass cell layer that surrounds the
egg cell (UniProt ID P38567). SPAG1S5 is involved in
sperm maturation, intracellular signaling (47), fluid
reabsorption, and urine condensation in the kidney
(48).

SPAG16 is appearing to lie in sperm flagella function



and plays a role in motile ciliogenesis as well (UniProt
ID Q8NO0X2). SPAG16 encodes 2 major proteins that
associate with the axoneme of the tail in sperm cells
and the nucleus of post-meiotic germ cells respectively
(49). Knevel et al. (50) has demonstrated that SPAG16
protects against joint demolition in autoantibody-
positive rheumatoid arthritis. The quoted protein
exerts structure, stability, motility, survival, and
stress-induced reaction in astrocytes and neurons of
the brain. Furthermore, with the accentuate increasing
expression of this protein, it is identified as the goal of
autoantibodies in humoral immune responses against
multiple sclerosis (MS) autoimmune disease (51).

SPAG17 is involved in axonemal central
apparatus construction and epithelial cilium beating.
Additionally, it may have a role in endochondral bone
formation, most likely because of the primary cilia
performance of chondrocytes and osteoblasts. Findings
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corroborate that it is localized in the central pair of
the sperm flagellar axoneme and interacts with SPAG6
via the C-terminus so thereby the interaction occurs
on polymerized microtubules. The quoted protein is
identified in the cytoplasm of globular spermatid cells
and the condensing spermatids (UniProt ID Q6Q759).
Asthenozoospermia (AZS) is a prevalent cause of male
infertility which is determined by abnormal reduction
in motility of ejaculated spermatozoa. A recent study
has pointed out a homozygous mutation in SPAGI7
through exome sequencing. Consequently, due to
the fact that SPAG17 is localized in the axonemal
central apparatus, it may be a new pathogenic gene-
associated AZS (52). Moreover, SPAG17 has an effect
on the fertility and differentiation of male germ cells
(53). A report by Teves et al. (54) 2015 pointed out
that deficiency of SPAG17 may result in skeletal
malformations and bone deformation.

Table 3: A summary overview of cancers in which sperm associated antigens (SPAGs) are involved

SPAG Cancer type

SPAG1 Pancreatic tumorigenesis (55), Renal cancer, Seminoma, Colon cancer, Breast cancer (2)

SPAG2/UAP1 Prostate cancer (56), Lymphoma, Renal cancers (2)

SPAG3/HSPA2 Pancreatic tumorigenesis (57)

SPAG4 Lung cancer, Kidney cancer (58), Prostate cancer, Liver cancer, Breast cancer (2)

SPAGS Urothelial cancer (59), Breast cancer (2, 60), Lung cancer (61, 62), Gastric cancer (61), Hepatocellular
carcinoma (63), Bladder cancer (2)

SPAG6 Myelodysplastic syndrome (24), Spinal cord neoplasm, Prostate cancer, Colon cancer (2)

SPAG7 Brain cancer, Synovial sarcoma, Prostate cancers (2)

SPAGS Lung cancer, Breast cancer, Cervical carcinoma (2)

SPAG9 Thyroid cancer, Hepatocellular carcinoma, Renal cell carcinoma, Gastric cancer, Endometrial
carcinoma, Lung cancer, Osteosarcoma, Breast cancer, Cervical cancers, Acute myeloid leukemia,
Ovarian cancer (34), Brain cancer (2)

SPAG10/MFGES Breast cancer, Colorectal cancer (40)

SPAG11B Testicular seminoma, Breast cancer (2)

SPAG12/SNU13/ NHP2L1 Bladder cancer, Renal carcinoma (2)

SPAG13/KRAP/SSFA2 Brain cancer, Colorectal cancer, Esophagus cancer (2), Lung adenocarcinoma (64), Oral squamous cell
carcinoma (65)

SPAG15/SPAM1 Breast cancer (66), Laryngeal carcinoma, Brain cancer, Colon cancer, Lung carcinoma, Melanoma (2)

SPAG16 Urothelial cancer, Breast cancer (2)

SPAG17 Pancreatic cancer, Brain cancer (2)

SPAG18/PSMA5 Colorectal cancer cell lines, Chromophobe renal cell adenocarcinoma, Gastric cancer, Bladder cancer,

Lung carcinoma, Head and neck cancer, Melanoma, Pulmonary neuroendocrine tumor (67)

499 Cell J, Vol 23, No 5, October 2021



SPAGs: The Vigorous Influencers

BasedonBohringetal. (1),thatdefined SPAG18 functions
as proteasome subunit alpha type-5 (PSMAS) according
to identification by two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS);
SPAG18 was assumed as PSMAS. Proteasome zeta
chain is another name of the protein which encodes by
this gene. The quoted protein is involved in the cell cycle
progression, mitosis, and proto-oncogene tyrosine-protein
kinase receptor (RET) signaling pathway. Moreover, it
is essential for endopeptidase activity and threonine-
type endopeptidase activity. The 26S proteasome is a
multi-catalytic proteinase complex that is composed
of a ring-shaped 20S proteasome core and two 19S
regulatory subunits. 20S core proteasome complex
is associated with proteolysis of most intracellular
proteins. The structure of the core is barrel-shaped, that
is consists of 4 rings of 28 different subunits; two outer
loops are composed of seven alpha subunits and the
two inner loops are composed of seven beta subunits.
The protease activity is imposed by three beta-subunits
PSMB5, PSMB6, and PSMB7. PSMAS directly
interacts with the proteasome assembly chaperone
PSMG1-PSMG2 heterodimer, which contributes to
20S proteasome assembly. Proteasomes are spread
throughout eukaryotic cells with high concentrations,
and this complex plays numerous essential roles within
the cell by linking with diverse regulatory particles.
It is related to two 19S regulatory particles and
forms the 26S proteasome component. Nevertheless,
it participates in peptides cleavage in an ATP/
Ubiquitin-dependent process through a non-lysosomal
pathway deterioration of ubiquitinated proteins. The
26S proteasome is essential for the maintenance of
protein equilibrium through removing misfolded or
damaged proteins. SPAG18 is correlated with the
proteasome activator PA200 or PA28, which is 20S
proteasome mediates ubiquitin-independent protein
deterioration. This type of protease activity is required
in several pathways consist of spermatogenesis (20S-
PA200 complex) and the major histocompatibility
complex (MHC) class I peptides loading (20S-PA28
complex), which is an essential function of a modified
proteasome (immunoproteasome). PSMAS encodes part
of the peptidase T1-Alpha (T1A) family, which is a 20S
core alpha subunit (UniProt ID P28066; GeneCard ID
GC01M109399).

To date, Scientists have come to understand the role of
SPAGs in the process of various cancers, and different
studies have proven it. In this regard, scientists have
been interested in SPAGs and their contribution to
tumorigenesis and angiogenesis by directly studying
these genes. Table 3 presents the role of all SPAGs
in various cancers. According to these data, SPAGs
9 and 5 have the highest impact on carcinogenesis,
respectively.

Hitherto, a horde of studies has revealed that
various factors can have an impact on gene expression
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likewise sperm functions. In the past years, some evidence
has been provided to explain the unfavorable influence
of cryopreservation procedures on human spermatozoa.
Most papers written on sperm cryopreservation include a
section relating to DNA damage and epigenetic changes as
a consequence of ROS (68, 69) and the detrimental impact
of freezing on momentous macromolecules in particular
transcriptome and proteins (70). To the best of the authors’
knowledge, no report has been found so far studying the role
of the freezing procedure on these consequential proteins.
Thereby, due to the importance of these proteins in the
fertility process and the plentiful application of freezing in
clinical methods such as fertility preservation, the effect of
freezing on the expression of SPAG genes, analysis of the
freezing consequences on all of SPAGs gene expression was
first carried out by Faraji et al. in Royan institute (unpublished
data). Refer to the study above, decreased expression of
some SPAGs genes is considered as a consequence of
cryopreservation. Thereby, this could be a momentous issue
in the research process. However, further studies are needed
to confirm this finding.

Conclusion

Given their biological significance and roles, SPAGs
appear to be a promising research vision for the future.
The current approaches in literature have indicated that
SPAG 2, 3,5, 6,9, 10, and 18 are currently the most
popular sperm-associated antigens for investigating
among scholars. Specifically, any changes that may
occur in the sperm cells, may play a remarkable role
in the development and future of the fetus. From a
cautionary perspective, it could be pointed out that any
alteration in these proteins may affect infant diseases
and likely some diseases appear later on. Sperm-
associated antigens have the ability to be changed
during the freezing process. Although gene activity and
expression are restricted in mature spermatozoa, they
could still be altered during the freezing procedure.
Cryopreservation can alter the gene expression of
SPAGs, and it is an important issue to be concerned
about, for the reason that these changes could be
sustained in the future and even have repercussions on
the next generation.
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Abstract
Objective: Multiple myeloma (MM) is the clonal proliferation of neoplastic plasma cells in the bone marrow. Although
bortezomib (BTZ) is a crucial drug for the treatment of MM, drug resistance is a major problem. OncomiR-19a plays
an oncogenic role in many cancers, including MM; however, the function of miR-19a in the pathogenesis of MM and
drug resistance has not been completely identified. The present research aims to investigate the inhibition of miR-19a
by an antagomir to determine BTZ responsiveness, and determine if miR-19a can be a prognostic biomarker for MM.

Materials and Methods: In this experimental study, viability and apoptosis of myeloma cells were analysed by the
colorimetric 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide (MTT) and Annexin V/propidium iodide (PI)
flow cytometry assays. Quantitative real-time polymerase chain reaction (QRT-PCR) was implemented to evaluate
the expression levels of miR-19a, its targets SOCS3, STAT3, B-cell lymphoma 2 (BCL-2), PTEN and CDKN1A (anti-
apoptotic and cell cycle related genes) at the mRNA level.

Results: miR-19a was downregulated and exacerbated in transfected cells treated with BTZ. The rate of apoptosis in
the myeloma cells after BTZ treatment considerably increased, which indicated an increase in the mRNA of SOCS3,
PTEN, BCL-2, and CDKN1. A decrease in STAT3 was also observed.

Conclusion: OncomiR-19a, as a biomarker, may induce better responsiveness to BTZ in myeloma cell lines through its

targets SOCS3, STAT3 and PTEN. In the future, this biomarker may provide new therapeutic targets for MM.
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Introduction

Multiple myeloma (MM) is a tumour of differentiated B
cells from the germinal centre, plasma cells, within 10% of all
haematologic neoplasms and is considered the second most
commonly occurring non-Hodgkin lymphoma (1, 2). Over
the last two decades, advancements in available treatments
have increased the median survival time of patients with MM
from three to six years. MM accounts for 2% of total cancer
deaths and more than 20% of deaths due to malignancies
(3). Although tremendous advancements have been made in
new healthcare strategies in the past decade, to a great extent,
this tumour is incurable and new therapies are required (4,
5). Despite the innovation and benefits of a new therapeutic
strategy such as proteasome inhibitors, the clinical outcome of
the patients aggravates and most patients with MM eventually
relapse and engenders drug resistance (1).

The proteasome inhibitor, bortezomib (BTZ), is a crucial
Food and Drug Adminisration (FDA)-approved drug for
the treatment of MM, especially in patients diagnosed
with relapsed and refractory MM (6). Although BTZ has
a significant impact on MM treatment (5), drug resistance
or relapse are two major challenges and patients with BTZ
resistance have a poor prognosis (7, 8). Therefore, new
therapeutic methods are urgently required to prevent BTZ
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resistance. In addition, a more profound molecular grasp
of this cancer’s pathogenesis is required to recognize new
molecular targets and present therapeutic agents suitable for
patients (9). There is developing evidence that MM stems
from the deregulation of noncoding RNAs (ncRNAs), which
include microRNAs (miRNAs) (1). Recent studies show that
MM is caused by interruptions in many different signalling
pathways driven by miRNAs that are a class of ncRNAs about
18-22 nucleotides (nt) in length. These miRNAs act as master
regulators of gene expression at the post-transcriptional level
via RNA interference pathways (6). miRNAs are involved
in many biological processes that include differentiation,
senescence, survival and apoptosis (3, 6). Disturbances in
miRNA regulation are accompanied by the pathogenesis
of diseases such as cancer, and miRNA expression profiles
have prognostic implications in numerous types of cancer (6).
Altogether, miRNAs play a fundamental role as an oncogene
and they operate as ‘oncomiRs’ if their targets are tumour
suppressor genes (1). Therefore, controlling oncomiRs may
be an effective treatment strategy.

The miR-17-92 clusters located in chromosome
13931.3, including miR-19a, were the first oncomiRs
discovered. Disturbances in the expression levels of miR-
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17-92 clusters result in malignant progression of MM
(4, 5). miR-19a, a crucial component of the miR-17-92
cluster, is directly involved in myeloma pathogenesis and
progression of MM (9). In addition, target genes of miR-
19a are considered potential biomarkers of this disease
(10). Compared with normal plasma cells, miR-19a is
upregulated in patients with MM and in MM cell lines.

miR-19a can adjust the expressions of proteins essential
for myeloma pathogenesis and include suppressors of
cytokine signalling (SOCSs). miR-19a targets SOCS3,
a potent regulator of the JAK-STAT pathway, which is
followed by a considerable reduction in SOCS3 mRNA
together with enhanced activation of the SOCS3 target,
STAT3 (9). Based on these findings, a strategy that can
be developed to regulate aberrant expressions of miRNAs
in cancer is the inhibition of upregulated miRNAs (1).
Therefore, we assume that the use of mir-19a inhibitors
(antagomir) could be a new treatment approach for MM.

B-cell lymphoma 2 (BCL-2) is one of the anti-apoptotic
members of the BCL-2 family that interacts with these
proteins and in response to drug therapy, it determines
cellular fate decisions and represents an attractive target for
therapy (11, 12). In vitro studies indicated that CDKNIA
might be an oncogene in lymphomas and plasma cell
disorders, and these studies indicate that CDKNIA can act
as a molecular target for drug developments (13). Although
BTZ is used to treat MM, 60% of patients treated with BTZ
experience resistance. Therefore, we intend to investigate
the impact of antagomiR-19a on improving responsiveness
to BTZ. The findings may show that miR-19a can be an
effective biomarker for treatment response (9, 14).

Materials and Methods

Cell lines and cultures

In this experimental study, we purchased the RPM 18226
and U266 cell lines from Pasteur Institute of Iran (IPI),
Tehran, Iran. The cells were grown in suspension in RPMI
1640 medium (Bio-Idea, Bio Idea Group, Iran) supplemented
with 10% foetal bovine serum (FBS, Gibco-BRL, Germany),
100 mg/mL penicillin, 100 mg/mL streptomycin, and 2 mM
L-glutamine (Bio-Idea, Bio Idea Group, Iran). The cells were
maintained at 37°C in an environment of 5% CO, and 95%
air, and were passaged twice per week.

The present study was conducted with the approval of
the Ethical Committee of the Tarbiat Modares University
(IR.TMU.REC.1394.290).

Reagents

BTZ (PS-341, Selleckchem.com, cat. no. S1013) was
dissolved in 0.2603 mL DMSO to prepare a 50 mM stock
solution and stored at -20°C. The LentimiRa-off-has-miR-
19a-3p vector (Applied Biological Materials, Inc., cat. no.
mh30299) that included a green fluorescent protein (GFP)
promoter, miRNA insert and kanamycin resistance gene was
transformed in a DH5a E. coli strain, then isolated with a
Qiagen plus Midi Plasmid Purification kit. The final product
was stored at -20°C until further use.

Cell J, Vol 23, No 5, October 2021

In vitro cell culture and drug treatment

The human myeloma cell lines RPMI 8226 and U266 were
cultured in RPMI 1640 and the stock solution of BTZ was diluted
in RPMI 1640 medium prior to use. RPMI 8226 and U266 cells
were cultured in RPMI 1640 medium, then seeded at a density of
5x10° cells in 96-well plates. These cells were treated with various
working concentrations of BTZ, which was obtained from a 50 mM
stock solution, in order to determine the half maximal inhibitory
concentration (IC,)) for each cell line.The concentrations of BTZ
were based on approximate concentrations noted in the cell assay
part of the BTZ datasheet, which were 0.5, 5, and 50 uM for
U266 and 150, 450, 750, and 1050 nM for RPMI 8226. The BTZ
concentrations and cells were mixed well in RPMI 1640 medium
and 10% FBS, and incubated for 48 hours.

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide colorimetric assay

We used a standard protocol to assess the inhibitory impact
of BTZ on cell growth by the 3-(4, 5-dimethylthiazol-2-y1)-2,
5-diphenyltetrazolium bromide (MTT) assay. Briefly, cells
from the 48-hour cultures were pulsed with 10 pL of 5 mg/
mL MTT in each well for at least four hours of the 48-hour
cultures, followed by 100 uL of isopropanol that contained
0.04 N HCI. Absorbance was measured at 570 nm using a
spectrophotometer and the results were expressed as the mean
of three replicates, as a percentage of the control (100%). The
extent of cytotoxicity was defined as the relative reduction
in optical density, which correlated to the number of viable
cells in relation to the control (100%). In order to decide
the optimum dosage of the drugs for further studies, the cell
viability was plotted in a graph and we calculated the IC, .

Cell viability analysis

The effect of transfection on cellular viability was assessed
by flow cytometry using propidium iodide (PI). PI can only
pass through disordered areas of the membranes of nonviable
cells and intercalate with DNA of the nuclei, emitting a red
fluorescence light. PI solution was used with 1 mg/mL
concetration by dissolving PI (Sigma, P 4170, Germany) in
dH,O. The PI solution was added in a final concentration of 2
ug/mL to 1x10° cells in suspension, incubated in the dark for
five minutes, then analysed by flow cytometry with an Attune
NXT flow cytometer.

Analysis of apoptosis

We assessed the level of apoptosis by annexin V/PI staining
and flow cytometry with an Attune NXT flow cytometer
in transfected cells that were treated with BTZ and in the
untreated cells. The cells were washed in PBS and then in
1X binding buffer before they were resuspended in 1X
binding buffer at 1x10° cells/mL. Then, we added 5 pL of
FITC-conjugated annexin V to 100 pL of the cell suspension
and incubated this suspension for 10-15 minutes in the dark
at room temperature. The incubated cells were washed with
binding buffer and resuspended in it. Next, we added 5 L. P1
staining solution (Sigma, P 4170, Germany) and analysed the
cells with flow cytometry.



Prediction of SOCS3 as a target of miR-19a

TargetScan (version 5) and PicTar were used to confirm
that SOCS3 is a target of miR-19a at its 3"UTR. TargetScan
predicted the biological targets of miRNA by searching for
the presence of conserved 7 and 8 base sites that match its
seed region.

Cell transfection

The cells were grown in RPMI 1640 medium without
antibiotics prior to transfection. The U266 and RPMI 8226
cell lines were transfected by a final concentration of 2 ug
of the pLenti-llIl-miR-Off-has-miR-19a-3p vector that
contained GFP (Applied Biological Materials, Inc., Canada).
Transfection of cells was performed using UltraCruz®
Transfection Reagent (Santa Cruz Biotechnology, Inc.,
Germany). Briefly, before transfection, we prepared
transfection reagent and the vector in Opti-MEM I reduced
serum medium (Gibco, Germany) in accordance with the
manufacturer’s protocol. The transfection reagent and plasmid
were prepared in OPTI-MEM I medium and incubated at
room temperature. Next, we added the plasmid reagent to the
transfection reagent, vortexed it vigorously, and incubated the
mixture for 20 minutes. A total of 6x10° cells were added to
the Eppendorf tube and were poured above mix dropwise to
the cells, then the solution was incubated in the incubator for
two hours. Each 30 minutes the tube was flicked by a fingertip.
After the incubation, the cells were transferred to a six-well
plate and incubated for 24-72 hours, followed by evaluation
of GFP expression by an Attune NXT flow cytometer.

Quantitative real-time polymerase chain reaction
assessment of miR-19a expression

Total RNA was isolated from the untransfected, transfected,
and BTZ-treated RPMI 8226 and U266 cells according to the
TRIzol manufacturer’s protocol (Invitrogen™, USA). A total
of 2000 ng of RNA was reverse transcribed using specific
miRNA stem-loop primers from Qiagen for miR-19a to
generate cDNA using a Hyperscript Reverse Transcriptase
First-strand Synthesis kit (GeneAll Biotechnology Co.,
Ltd., Korea). Snord47 was used as the internal control for
normalization of miRNA expression. Quantitative real-time
polymerase chain reaction (QRT-PCR) was performed with a
SYBR® Premix Ex Tag™ miRNA RT-qPCR Detection Kit
(Takara, USA, cat. no. RR820Q) using a Qiagen Rotor-Gene
Q SPLEX HRM Real-Time PCR. Table 1 shows the primer
sequences used in this experiment. The PCR program cycling
parameters were: 95°C for 15 seconds, 58°C for 30 seconds,
and 72°C for 30 seconds for 45 cycles. Data analysis was
done by 224¢T to calculate the fold change for relative miR-
19a expression compared to the untreated control.

Quantitative real-time polymerase chain reaction
analysis for the SOCS3, STAT3, PTEN, BCL-2 and
CDKNIA genes

Total RNA was isolated from the untransfected, transfected,
and BTZ-treated RPMI 8226 and U266 cells according to
the TRIzol manufacturer’s protocol (Invitrogen™, USA).
A total of 2 pg of total RNA was reverse transcribed into
cDNA using a Hyperscript Reverse Transcriptase First-strand
Synthesis kit with oligo-dT primers in accordance with the
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manufacturer’s instructions (GeneAll Biotechnology Co.,
Ltd., Korea) for evaluation of the SOCS3, STAT3, BCL-2,
CDKNIA and PTEN genes. f-Actin was used as the internal
control. qRT-PCR was performed with the SYBR® Premix
Ex Tag™ miRNA RT-qPCR Detection Kit (Takara, USA, cat.
no. RR820Q) using a Qiagen Rotor-Gene Q SPLEX HRM
Real-Time PCR. The PCR program cycling parameters were:
95°C for 15 seconds, 58°C for 30 seconds, and 72°C for 30
seconds for 45 cycles. Data analysis was performed by 2-44¢T
to calculate the fold changes for the relative expressions of
the above genes compared to the untreated control.

Statistical analysis

Data was presented as mean + standard deviation. The
statistical analysis was performed with the Graphpad
prism 8.4.0 software The mean values of two groups or
multiple groups were compared by one-way analysis of
variance (ANOVA). P<0.05 was considered statistically
significant. Flow cytometric assays were analyzed with
flowjo version 7.6.1.

Results

Determination of the IC,, for bortezomib in the U266
and RPMI 8226 multiple myeloma cell lines

We treated the RPMI 8226 and U266 cell lines with
different concentrations of BTZ to determine the optimal
IC to treat the cell lines with proper concentrations of
BTZ throughout the analysis. The MTT assay and viability
test with PI by flow cytometry showed that the optimized
concentration of BTZ for the U266 cell line was 5 uM and
it was 150 nM for the RPMI 8226 cell line (Fig.1A-D).
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Fig.1: IC,  evaluation of the U266 and RPMI 8226 cell lines to optimize the
concentration of bortezomib (BTZ). A, B. The U266 and RPMI 8226 cell
lines were incubated with increasing concentrations of BTZ (0 to 50 uM)
and (0 to 1050 nM), respectively, for 48 hours. Cell viability was assessed
by the 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide
(MTT) colorimetric assay. C, D. Treated U266 and RPMI 8226 cells were
incubated with propidium iodide (Pl) and the percentage of nonviable
cells was assessed by flow cytometry.
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Downregulation of miR-19a decreased cell viability
and prevented proliferation of the myeloma cell lines

We first evaluated the expression levels of miR-19a in the non-
transfected (control) RPMI 8226 and U266 myeloma cell lines.
After transfection of these cell lines with the LentimiRa-off-has-
miR-19a-3p vector, the efficiency of transfection was monitored by
GFP fluorescence as observed by fluorescent microscopy (Fig.2A,
3A) and flow cytometry (Fig.2B, 3B). The expression levels of
miR-19a were determined in the transfected RPMI 8226 and
U266 myeloma cell lines by gqRT-PCR. As shown in Figures 2C
and 3C, the expression level of miR-19a significantly decreased in
the transfected group compared with the un-transfected myeloma
cell line. The data showed that the antagomir-19a downregulated
expression of miR-19a, a previously-known oncomiR. After
transfection of the RPMI 8226 and U266 myeloma cell lines
with the LentimiRa-off-has-miR-19a-3p vector, we evaluated cell
viability after 72 hours with PI and the rate of viability was detected
by flow cytometry (Fig.2D, 3D). The data confirmed the possibility
of the analyses of the cell lines within 72 hours after transfection,
and indicated a decrease in cell viability because of miR-19a
downregulation. When compared with the negative control group,
this finding suggested that miR19a suppression decreased cell
proliferation.
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Fig.2: RPMI 8226 cells were transfected with the LentimiRa-off-has-mir-19a-
3p vector. A, B. The transfection efficiency was assessed by fluorescence
microscopy and flow cytometry through GFP fluorescence. C. miR-19a
expression was assessed by quantitative real-time polymerase chain reaction
(qRT-PCR) in the non-transfected RPMI cell line (control), transfected RPMI cell
line with the LentimiRa-off-has-mir-19a-3p vector, treated RPMI cell line with
bortezomib (BTZ) and treated RPMI cell lines with BTZ after transfection with
the LentimiRa-off-has-mir-19a-3p vector The ratios of miR-19a were calculated
relative to Snord47. Values are expressed as the mean + standard deviation
of three independent experiments. D. Evaluation of RPMI 8226 myeloma cell
line viability at 72 hours after transfection. RPMI 8226 cells were transfected
with the LentimiRa-off-has-mir-19a-3p vector, then incubated with propidium
iodide (PI). Cell viability was assessed by flowcytometry. *; P<0.05 vs. the
control and ****; pP<0.001.

Reduction in miR-19a expression in the myeloma cell
lines after bortezomib treatment

We used qRT-PCR to evaluate the expression level of miR-
19a after treatment with BTZ. Our data showed a reduction
in its expression in the treated cells compared to the non-
treated cells. miR-19a expression was also evaluated in cells
transfected by the LentimiRa-off-has-miR-19a-3p vector. The
data showed a substantial reduction in miR-19a expression
after BTZ treatment compared to the non-treated and non-
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transfected controls (Fig.2C, 3C). Cell viability evaluation
after 72 hours with PI using flow cytometry showed that it
was possible to evaluate every analysis on the transfected cell
lines 72 hours after transfection. On the other hand, viability
of the cell lines decreased due to downregulation of miR-19a
(Fig.2D, 3D).
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Fig.3: U266 cells were transfected with the LentimiRa-off-has-mir-19a-
3p vector. A, B. The transfection efficiency was assessed by fluorescence
microscopy and flow cytometry through GFP green fluorescence. C.
Expression of miR-19a was assessed by quantitative real-time polymerase
chain reaction (qRT-PCR) in the non-transfected U266 cell line (control),
U266 cell line transfected with the LentimiRa-off-has-mir-19a-3p vector,
U266 cell line treated with bortezomib (BTZ) and U266 cell line treated
with BTZ after transfection with the LentimiRa-off-has-mir-19a-3p vector.
The ratios of miR-19a were calculated relative to snord47. Values are
expressed as the mean * standard deviation of three independent
experiments. D. Evaluation of U266 myeloma cell viability 72 hours after
transfection. U266 cells were transfected with the LentimiRa-off-has-
mir-19a-3p vector then the cells were incubated with propidium iodide
(P1) and cell viability was assessed by flow cytometry after 72 hours. **;
P<0.001 vs. the control and ****; P<0.0001.

Anti-miR-19a increased susceptibility to bortezomib-
induced apoptosis

We investigated the effect of antagomir-19a on BTZ-
induced apoptosis on the myeloma cell lines. The LentimiRa-
off-has-miR-19a-3p transfected myeloma cells were
incubated for 48 hours with BTZ (5 uM for U266 and 150 nM
for RPMI 8226) followed by annexin V/PI staining and flow
cytometry analysis to determine the percentage of apoptosis.
The percentage of cells that underwent apoptosis increased
after transfection in the RPMI 8226 (23.5% vs. 68.2%,
P=0.0038) and U266 (25.2% vs. 96.4%, P=0.0006) cell lines
compared with the non-transfected cell lines and the negative
control (Fig.4A-D). The data showed that antagomir-19a
could increase myeloma cell susceptibility to drug-induced
apoptosis.

SOCS3 and STAT3 mRNA expression levels after
transfection of myeloma cell lines with the LentimiRa-
off-has-miR-19a-3p vector

SOCS3 is a target of miR-19a. Therefore, we evaluated
mRNA levels of SOCS3 and its target, STAT3, in the
myeloma cell lines after transfection with the Lentini-off-
has-mir-19a-3p vector. There was an increase in mRNA
expression of SOCS3 and a decrease in STAT3 mRNA



expression compared with the non-transfected cell lines
(negative control) (Fig.5A-D).
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Fig.4: Evaluation of apoptosis by annexin V-FITC/propidium iodide (PI)
staining and analysis by flow cytometry in RPMI 8226 and U266 myeloma
cell lines. A. Untreated and nontransfected cell lines are the negative
controls. B. After bortezomib (BTZ) treatment. C. After transfection
with the LentimiRa-off-has-mir-19a-3p vector. D. After treatment of the
transfected RPMI cell line with BTZ.
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Fig.5: SOCS3 and STAT3 gene expression analyses at the mRNA level in
RPMI 8226 and U266 cell lines by quantitative real-time polymerase
chain reaction (qQRT-PCR). The RPMI 8226 and U266 cells were cultured
and treated with bortezomib (BTZ) (150 nM for RPMI 8226 and 5 uM for
U266), transfected with the LentimiRa-off-has-mir-19a-3p vector and
treated with BTZ (150 nM and 5 pM, respectively) after transfection. A, B.
Expressions of SOCS3 and STAT3 were examined in RPMI 8226 cells after
48 hours of BTZ treatment and transfection with the LentimiRa-off-has-
mir-19a-3p vector and after 48 hours of BTZ treatment in the transfected
cells. C, D. SOCS3 and STAT3 expressions were examined in U266 cells after
48 hours of BTZ treatment and transfection with the LentimiRa-off-has-
mir-19a-3p vector and after 48 hours of BTZ treatment in the transfected
cells. Untreated RPMI 8226 and U266 cells were used as the controls to
evaluate the relative gene expressions. The data are presented as mean +
SD of three independent experiments. 8-Actin was the control in the qRT-
PCR assessment. *; P<0.05, **; P<0.01, ***; P<0.001, and ****; P<0.0001
vs. the control.
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Anti-miR-19a induced downregulation of PTEN, BCL-2,
and CDKNIA in the bortezomib-treated myeloma cell
lines

Transfection of the LentiviRal-off-has-miR-19a-3p
vector caused a decrease in PTEN, BCL-2 and CDKNIA
mRNA expressions in the BTZ-treated cell lines, which
was consistent with downregulation of miR-19a after
transfection compared to the BTZ-treated non-transfected
cell lines (Fig.6).
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Fig.6: B-cell lymphoma 2 (BCL-2), PTEN and CDKN1 expressions at the
mMRNA level in the U266 and RPMI 8226 cell lines according to quantitative
real-time polymerase chian reaction (qRT-PCR) analysis. The U266 and
RPMI 8226 cells were cultured and treated with bortezomib (BTZ), 5 uM
and 150 nM, respectively, transfected with the LentimiRa-off-has-mir-19a-
3p vector and treated with BTZ (5 uM and 150 nM, respectively) after
transfection. A-C. Expressions of BCL-2, PTEN and CDKN1 were examined
in U266 cells after 48 hours of BTZ treatment and transfection with
LentimiRa-off-has-mir-19a-3p vector, and after 48 hours of BTZ treatment
in the transfected cells. D-F. Expressions of BCL-2, PTEN and CDKN1
were examined in RPMI 8226 cells after 48 hours of BTZ treatment and
transfection with LentimiRa-off-has-mir-19a-3p vector, and after 48 hours
of BTZ treatment in the transfected cells. The U266 and RPMI 8226 cells
treated with BTZ were used as the controls to evaluate the relative gene
expressions. The data are presented as mean + SD of three independent
experiments. B-Actin served as the control for the qRT-PCR assessment.
*: P<0.05, **; P<0.01, ***; P<0.001, and ****; P<0.0001 vs. the control.

Discussion
Based on findings of previous studies (15), the first

Cell J, Vol 23, No 5, October 2021



Myeloma Drug Responsiveness and Antagomir-19a

outcome of deregulated miRNA expression in MM was
reported by Loffler et al. (16) when they reported that
miR-21 ectopic expression made MM cells independent
from IL-6 growth stimulus. Pichiorri et al. (17) identified
a miRNA signature associated with transformation of
normal PCs to clinical MM via monoclonal gammopathy
of undetermined significance (MGUS) and demonstrated
that miR-32, miR-21, miR-17-92, the miR-106b-25
cluster, and miR-181a/b upregulated in both MM cell
lines and primary tumours versus normal PCs. Among
these, the miR-17-92 cluster was only highly expressed
in patients with MM. OncomiR-19a, one of the members
of the miR-17-92 cluster, plays a role in promotion of
cell proliferation, migration, and induction of apoptosis,
and it is suggested to have a critical role in myeloma
pathogenesis (10). Patients with low levels of miR-
19a in their sera have a better response and shortened
progression-free with downregulation of it obtained from
others studies (18). Here, we evaluated the response of two
MM cell lines to BTZ in the presence of antagomiR-19a
in an attempt to avoid resistance to MM through targets
of miR-19a. The results of recent studies have shown that
SOCS3 is a target of miR-19a and a negative regulator of
SOCS3 (19, 20), and showed that the molecule beneath it,
STAT3 is a significant promoter of cancers such as MM
when activated (5, 21, 22). STAT3, one of the components
of the JAK/STAT pathway, acts as an oncogene in human
cancers (22, 23). Some miRNAs have close relativity
with drug resistance; for example, it has been shown that
miR-181a expression is in consistence with MM tumour
load and could be a biomarker for treatment monitoring,
as much as miR-20a, which is a potential diagnostic
biomarker (4, 6). BTZ is a proteasome inhibitor and an
effective treatment for MM in some patients; however,
drug resistance is a major problem for 60% of these
patients (8, 24). Our data primarily showed that
antagomir-19a downregulated miR-19a expression. BTZ
inhibited miR-19a in a concentration-dependent manner
and, in the presence of antagomir-19a and BTZ, miR-19a
efficiently downregulated in parallel with an increase in
the proportion of apoptotic cells following treatment with
BTZ. On the other hand, our viability studies showed that
the ratio of proliferation of myeloma cell lines decreased
after transfection with the antagomiR-19a vector. The data
supported the results of other studies where miR-181a and
miR-20a were inhibited by BTZ (6).

We observed downregulation of STAT3 and
upregulation of SOCS3 at the mRNA level, which
confirmed that miR-19a is a negative regulator of
SOCS3. This finding supported data from previous
studies (19, 20). The oncogenic function of STAT3
has been previously reported (21, 22); therefore, we
could conclude that inhibition of miR-19a caused
suppression of STAT3. Our results showed that the
expression level of STAT3 in BTZ-treated cells highly
decreased when used in parallel with anatago-miR-19a.
Thus, inhibition of miR-19a could be used to improve
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BTZ responsiveness in myeloma cells. The results of
another study showed that PTEN plays critical roles
in regulating cell proliferation, differentiation and
apoptosis, and a molecular study identified PTEN as
a downstream target of miR-19a, which was inversely
correlated with miR-19a expression in ovarian cancer
tissues (10). We also assessed BCL-2, which is an
attractive target for therapy. In this context, there
is a drug that targets BCL-2 in BCL-2-dependent
haematologic malignancies, such as chronic lymphoid
leukaemia and mantle cell lymphoma (11, 25). In
a recent study, miR-19a promoted drug resistance
of myeloma cells to chemotherapeutic agents by
upregulation of BCL-2 (11). A previous study indicated
that CDKNI is an oncotarget in Burkitt lymphoma and
MM. Currently, CDKN1I is more broadly considered to
be a regulator of fundamental cell-fate decisions such
as proliferation, differentiation, and senescence (13).

In accordance with these studies, our data showed that
inhibition of miR-19a by the antagomiR-19a and BTZ
treatment of cells increased the expression levels of
PTEN, BCL-2, and CDKNI. However, their expressions
decreased in myeloma cell lines treated with BTZ after
induction of antagomiR-19a. The results supplement the
findings that miRNAs are differentially expressed in BTZ-
resistant myeloma cells. miR-19a could be a possible
prognostic biomarker for responsiveness to BTZ in MM
patients. In order to overcome resistance and improve the
level of responsiveness to BTZ, miR-19a targets such
as SOCS3 and STAT3 could be tracked. We faced some
restrictions in our studies that must be adverted. They
include the use of other MM cell lines and myeloma cells
obtained from MM patients, and evaluation of targets at
the protein level expression and downstream molecules,
which could have helped us to generalize our results.

Conclusion

Overall, our data indicated that induction of antagomir-
19a in myeloma cell lines resulted in downregulation of
mir-19a and enhanced responsiveness to BTZ treatment.
On the other hand, the ratio of apoptosis in the BTZ-treated
cell lines was drastically more effective in the presence
of mir-19a inhibition. Thus, mir-19a could be a potential
prognostic biomarker in MM treatment. Downregulation
of the PTEN and CDKNI1 oncogenes due to inhibition of
oncomiR-19a following BTZ treatment would most likely
lead to a better treatment response.
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Abstract
Objective: Growth factors [transforming growth factor-B (TGF-B), epidermal growth factor (EGF), endothelin-1 (ET-
1)] stimulate proteoglycan synthesis resulting in retention and accumulation of low density lipoprotein (LDL) in vessel
intima and leading to atherosclerosis development. This study investigated the role of ET-1 on the expression of
CHSY1, proteoglycan synthesizing enzyme, through both EGF and TGF-f receptor transactivation in human vascular
smooth muscle cells (VSMCs). Also, we explored the involvement of NADPH oxidase (NOX), an important intermediate
of redox signaling, in ET-1 transactivated EGF receptor (EGFR) through endothelin receptors.

Materials and Methods: In this experimental study, phosphorylated ERK1/2 and CHSY1 protein levels in the human
VSMCs were measured by Western blot analysis using anti phospho-ERK1/2 (Thr202/Tyr204) and anti CHSY1
antibodies.

Results: ET-1 (100 nM) and EGF (100 ng/ml) stimulated ERK1/2 phosphorylation and inhibited in the presence of
bosentan (ET receptor inhibitor), AG1478 (EGFR inhibitor), and DPI (NOX antagonist). Also, ET-1 treatment increased
CHSY1 enzyme level; this response was suppressed by bosentan, AG1478, DPI, and SB431542, TGF-3 receptor
antagonist. This study revealed that ET-1 increases expression of CHSY1 through transactivation of EGF and TGF-f3
receptors.

Conclusion: Transactivation through the EGF receptor mediated by phospho-ERK1/2 leads to expression of CHSY1

protein. EGF receptor transactivation by ET-1 is shown for the first time, to be dependent on NOX enzymes.
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Introduction

Basedonthe "responsetoretentionhypothesis'stating,
atherosclerosis is commenced by atherogenic lipoprotein
entrapment by proteoglycan in the vessel wall. This
is one of the crucial causes of atherosclerosis early
stage. Proteoglycans are highly glycosylated proteins,
consisting of core protein, which is covalently linked
to glycosaminoglycan (GAG) chain. GAG chain is
negatively charged due to the sulfate and carboxylic
acid groups of chondroitin/dermatan sulfate (CS/
DS) chains. Therefore low density lipoprotein (LDL)
particle (apo B100 has positively charged amino acid
residues) interact with negative GAG chain results
in retention of LDL in intima space of artery wall.
Due to interactions with extracellular matrix (ECM)
proteoglycan, LDL retention in the extracellular space
of the arterial increases the chance of its oxidation
and accumulation, promoting atherosclerosis (1, 2).
Studies have shown that an increasing GAG chain
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length association with lipid binding affinity results
in LDL retention in vascular wall and atherosclerosis
development (3, 4).

Chondroitin sulfate synthase 1 (CHSY1) is one of the
family of GAG synthesizing enzymes involved in
hyper elongation of GAG chain (5, 6). Previous
atherosclerosis mouse model studies have
demonstrated that GAG synthesizing enzymes genes
elevated expression is correlated with increase in the
GAG chain length and lipid deposition in vascular
wall (3, 7).

Several growth factors have been shown to mediate
alteration and modification (hyper-elongation) of
proteoglycan structure via regulated expression of GAG
bio-synthesis enzymes in the vascular smooth muscle
cells (VSMCs) (8, 9). Endothelin-1 (ET-1) is a novel
vasoconstrictor peptide, a 21 amino acid peptide that
was produced by endothelial cells in the vascular wall
(10, 11). Studies have revealed that ET-1 level increases



in cardiovascular diseases such as atherosclerosis (12).
Ballinger et al. (13) reported that ET-1 mediated elevation
in radiosulfate incorporation secreted proteoglycan
and induced proteoglycan synthesis in the VSMCs. ET-1
receptors (type A and type B) belong to G protein coupled
receptors (GPCRs) family. GPCRs are seven transmembrane
cell surface receptors which mediate pathophysiological
cellular response through three signaling pathways. First,
in classical pathway, GPCR agonists cause conformational
changes in receptor that leads to downstream signaling
activation. Second is B-arrestin scaffold pathway (14, 15)
and third is transactivation pathway; transactivation signaling
pathway was initially described by Daub et al. (16) who
reported that GPCR agonists such as angiotensin II (Ang II)
lead to activation and phosphorylation of epidermal growth
factor receptor (EGFR) resulting in phosphorylation of
downstream signaling mediators such as extracellular signal-
regulated kinases (ERKs). GPCR agonists such as ET-1 and
thrombin mediated TGF-f receptor type I (TPRI) activation
by C-terminal phosphorylation of smad2 (pSmad?2) induction,
which is immediately TBRI downstream regulation that also,
followed by increasing proteoglycan synthesis (14, 17, 18).

Chen et al. (19) reported that ET-1 mediated EGFR
transactivation stimulated NADPH Oxidase (NOX), which
produced reactive oxygen species (ROS) in different cell
types such as cardiac fibroblasts. ROS generation is one
of the critical components of the ET-1 signaling pathway.
ROS activates and regulates numerous signal transduction
cascades and gene expression in VSMC stimulated by ET-
1, Thrombin, and Ang II. NOX enzymes especially produce
ROS through acting as an electron donor to oxygen molecule
in the superoxide anion formation. NOXI1 is important
in atherosclerosis pathogenesis. And, it is expressed in
endothelial cells and VSMCs (20-22).

In this study, we tested hypothesis that ET-1 could increase
CHSY 1 enzyme level through transactivation of EGF receptor
and whether NOX is involved in this transactivation signaling
pathway. The results revealed that ET-1 mediated p-ERK1/2
via EGFR transactivation. ET-1 from transactivation of two
receptors (EGFR and TGFR) increased the expression of
CHSY 1 protein and NOX as an important mediator involved
in this signaling pathway.

Material and Methods

This study was approved by the Research Committee
and The Ethical Committee of The Ahvaz Jundishapur
University of Medical Sciences (IR.AJUMS.
REC.1395.575).

Methods and Materials

In this experimental study, Dulbecco’s Modified
Eagle Medium (DMEM F12), trypsin EDTA 0.025%,
penicillin streptomycin, and fetal bovine serum (FBS)
were purchased from Gibco (Invitrogen, Carlsbad, USA).
SB431542, Tyrphostin AG 1478, bosentan, transforming
growth factor B (TGF-B), ET-1 (Sigma, USA, cat no:
E7764), EGF, Tween 20, bovine serum albumin (BSA),
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and dimethyl sulfoxide (DMSO) were from Sigma
Alderich (USA). Bicinchoninic acid (BCA) protein assay
kit was purchased from Pars Tous (Iran). Polivinilydene
difluoride (PVDF) membrane was purchased from Roche
Diagnostic (Mannheim, Germany). Tris, Glysine, SDS,
TEMED, and acrylamide were from Merck (Germany).
Phospho p44/42 MAPK (ERK1/2) (Thr202/Tyr204)
Rabbit monoclonal antibody (Cell signaling: 4370S)
and HRP- anti-rabbit IgG- peroxidase were from Cell
Signaling Technology (Beverly, MA, USA). Anti GAPDH
antibody and anti CHSY1 antibody (Abcam, USA, cat no:
153813) were purchased from Abcam (Cambridge, MA,
USA). Chemiluminesence ECL detection kit was from
BIO-RAD (Hercules, CA, cat no: 1705061).

Cell culture

Human VSMCs were grown in DMEM-F12
supplemented with 10% FBS and 1% Penicillin-
Streptomycin at 37°C in 5% CO, followed by 24
hours starvation in DMEM-F12 with 0.1% FBS before
treatments.

Western blotting

After treatment with various agents, the cells were
washed twice with cold PBS and lysed in 75 pl RIPA
buffer), and all cell lysates were collected. Protein
concentration was measured by BCA assay. Equal
amounts of protein (50 pg) were loaded and resolved on
10% SDS-polyacrylamide gel electrophoresis, transferred
to PVDF membrane, and then incubated overnight at 4°C
with anti p-ERK1/2 ( Thr202/Tyr204) antibody (1:2000)
and anti CHSY1 antibody (1:1000), followed by HRP-
anti rabbit IgG (1:10000), secondary antibody, for 1 hour
at room temperature, and protein band visualized by ECL.
To determine equal loading of proteins, the membrane
was striped and re-incubated with GAPDH polyclonal
antibody (1:2500) followed by a secondary HRP-
conjugated antibody (1:10000) followed by development
with enhanced chemiluminescence ECL clarity (Bio-Rad,
Hercules, CA) and bands were visualized with BioRad
ChemiDoc. Image J software was used to describe the
intensity of protein bands (23).

Statistical analysis

Results are presented as the mean =+ standard error of the
mean (SEM) of three independent experiments. Statistical
analysis was performed by one way ANOVA test, and
P<0.05 and P<0.01 were considered significant.

Results

EGF-mediated phosphorylation of ERK1/2 (Thr202/
Tyr204) in VSMCs

In order to verify whether ERK1/2 is phosphorylated by
EGF through its receptor (EGFR), VSMCs were treated with
increasing dose of EGF, respectively, 10, 50, 100 ng/ml. We
observed EGF at 100 ng/ml dose stimulates phosphorylation
of ERK1/2 significantly (P<0.05) at 5 minutes. Also, AG1478
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(5 uM), the antagonist of EGFR, inhibited EGF-stimulated
ERK1/2 phosphorylation (P<0.05, Fig.1) which showed EGF
through its receptor induced ERK1/2.

AG1478 (5 pM)

EGF
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Fig.1: EGF induced ERK1/2 (Thr202/Tyr204) phosphorylation via EGFR.
VSMCs were treated with AG1478 (5 uM) for 30 minutes before adding
EGF. After 5 minutes, stimulation with EGF cell lysates were immuneblotted
with anti ERK1/2 (Thr202/Tyr204) followed by HRP-conjugated rabbit I1gG
secondary antibody. The band intensity of three independent blots were
measured by densitometric quantitation. *; P<0.05 control vs. EGF, ##;
P<0.05 antagonist vs. EGF, EGFR; Epidermal growth factor recptor, ERK;
The extracellular signal-regulated kinases, VSMCs; Vascular smooth
muscle cell, and HRP; Horseradish peroxidase.

ET-1 caused phosphorylation of ERK1/2 (Thr202/
Tyr204) in VSMCs

To examine whether ET-1 induced ERK1/2, VSMCs
were treated with ET-1 (100 nM) at different time points
respectively, 5, 15, 30 minutes and 1, 2, 4, 6 hours. Our
results showed that maximum ERK1/2 phosphorylation
was at minute 5 (P<0.01, Fig.2).

ET-1 (100 nM)
- 5 15 30 1 2 4 ¢  Hours

p-ERK1/2 (Thr202/Tyr204)

a7 | | carpn

Phospho ERK1/2
(fold change)

- 5 1530 1 2 4 6
Hours

Fig.2: ET-1 mediated phosphotylation of ERK1/2 (Thr202/Tyr204) in the
VSMCs. VSMCs were treated with ET-1 (100 nM) for 6 hours. Cell lysates
were immunoblotted with anti ERK1/2 (Thr202/Tyr204) followed by HRP-
conjugated rabbit 1gG secondary antibody. The band intensity of three
independent blots were measured by densitometric quantitation. *;
P<0.05, **; P<0.01 control vs. ET-1 treated group, ET-1; Endothelin-1, ERK;
The extracellular signal-regulated kinases, VSMC; Vascular smooth muscle
cell, and HRP; Horseradish peroxidase.
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ET-1 mediated ERK1/2 (Thr202/Tyr204)
phosphorylation increase via both of ET receptors and
EGFR transactivation

To investigate ET-1 mediated increase in p-ERK1/2
via its receptor, the cells were treated in the presence
and absence of bosentan (10 uM), the antagonist of
ET-1receptors (ETA and ETB receptors), for 30 minutes
prior to treatment with ET-1 (100 nM). ET-1 had
about 2-fold increase in the ERK1/2 phosphorylation
(P<0.01) at minute 5. Bosentan completely inhibited
the stimulatory effect of ET-1 on p-ERK1/2 (P<0.01).
To explore the EGFR role on ERK1/2 phosphorylation
by ET-1, ET-1 and EGF were stimulated in the
presence of AG1478. AG1478 (P<0.01) abolished
ET-1 stimulated phosphorylation of ERK1/2 (Fig.3).

Bosentan AG1478
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44 o
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Fig.3: ET-1 stimulation increased phosphorylation of ERK1/2 (Thr202/
Tyr204) via its receptor and receptor tyrosine kinase EGF (EGFR)
Transactivation. VSMCs were treated with bosentan (10 uM) and AG1478
(5 uM) for 30 minutes before stimulation with EGF (100 ng/ml) or ET-1
(100 nM) for 5 minutes. Cell lysates were immunoblotted with anti ERK1/2
(Thr202/Tyr204) followed by HRP-conjugated rabbit 1gG secondary
antibody. The band intensity of three independent blots were measured
by densitometric quantitation. *; P<0.05, **; P<0.01 control vs. growth
factor treated group, #; P<0.05, ##; P<0.01 antagonist vs. growth factor
treated group, ET-1; Endothelin-1, ERK; The extracellular signal-regulated
kinases, EGF; Epidermal growth factor, VSMC; Vascular smooth muscle
cell, and HRP; Horseradish peroxidase.

NOX acted as a mediator of ET-1 stimulated of
p-ERK1/2 (Thr202/Tyr204) through EGFR

To evaluate the implication of NOX in phosphorylation
of ERK1/2 caused by ET-1 or EGF, DPI (5 pM), the
inhibitor of NOX, was used for 2 hours prior to the
treatment with ET-1 or EGF. DPI completely attenuated
the stimulatory effect of ET-1 and EGF (P<0.01) on
p-ERK1/2 (Fig.4).

ET-1, TGF-p, and EGF stimulation invoked an
increase in the level of CHSY1 protein

To confirm the stimulatory effect of ET-1, TGF-, and
EGF on the CHSY1 protein level, VSMCs were exposed
to ET-1 (100 nM), EGF (100 ng/ml), and TGF-B (2 ng/
ml) for 24 hours. About 2-fold increase was observed on



the level of CHSY Iprotein following of ET-1 addition
(P<0.01). Also, VSMCs treated with EGF and TGF-§
showed an increase on the level of this protein (P<0.05,
Fig.5A).
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Fig.4: ET-1 and EGF induced phosphorylation of ERK1/2 (Thr202/Tyr204)
involving NOX. VSMCs were pre-treated with DPI (5 uM) for 2 hours
before treatment with EGF (100 ng/ml) or ET-1 (100 nM). Cell lysates
were immunoblotted with anti ERK1/2 (Thr202/Tyr204) followed by HRP-
conjugated rabbit 1gG secondary antibody. The band intensity of three
independent blots were measured by densitometric quantitation. **;
P<0.01 control vs. growth factor treated group, ##; P<0.01 antagonist vs.
growth factor treated group, ET-1; Endothelin-1, ERK; The extracellular
signal-regulated kinase, NOX; NADPH oxidase, VSMC; Vascular smooth
muscle cell, DPI; Diphenyleneiodonium, and EGF; Epidermal growth factor.

ET-1 induced increase level of CHSY1 protein via
transactivation of EGFR and TPRI, a process that
also mediated by NOX

It is important to show that which receptors or
pathways are involved in ET-1 induced CHSY1 protein
synthesis. Also, the CHSY 1 protein level was upregulated
following ET-1 stimulation (100 nM, for 24 hours), and
this response was blocked in the presence of bosentan
(P<0.05), indicating the specific role of ET-1 receptors
which mediated increase in CHSY 1 protein.

SB431542 (TPRI inhibitor) was used to assess ET-1 as
well through transactivation of TBRI, increasing the level
of CHSY1 protein. Our result showed that SB431542
(10 uM) reduces the CHSY1 protein induced by ET-1
(P<0.05).

To confirm EGFR transactivation by ET-1 increased
CHSY 1 protein level as a target protein; the role of EGFR
was also examined in this transactivation pathway by
utilization of AG1478. We obseved ET-1 induced increase
in CHSY1 protein level is attenuated in the presence of
AG1478 (P<0.01).

ET-1 exerts its effect to induce expression of gene such
as CHSY protein through transactivation of both EGFR
and TPRI. To evaluate the role of NOX as a mediator in this
pathway, we used DPI (5 uM) for 2 hours before treatment
with ET-1. DPI significantly reduced ET-1 stimulatory effect
on the level of CHSY Iprotein (P<0.01, Fig.5B).
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Fig.5: ET-1, TGF-B, and EGF increased CHSY-1 mediated by NOX. A. ET-
1, TGF-B, and EGF mediated increase CHSY1 protein level. VSMCs were
treated with ET-1 (100 nM), TGF-B (2 ng/ml), and EGF (100 ng/ml) for
24 hours. Cell lysates were immunoblotted with anti CHSY1 antibody
followed by HRP-conjugated rabbit 1gG secondary antibody. The band
intensity of three independent blots were measured by densitometrics
quantitation. *; P<0.05 and **; P< 0.01 control vs. growth factor treated
group. B. ET-1 mediated increases CHSY1 protein level by transactivation
of EGFR and TBRI, and NOX is a mediator of this signaling pathway.
VSMCs were treated with ET-1 (100 nM) in the presence of each of the
following inhibitors: Bosentan (10 uM), SB431542 (10 uM), and AG1478
(5 uM) for 30 minutes; DPI (5 uM) for 2 hours before treatment with
ET-1 (100 nM) for 24 hours. Cell lysates were immunoblotted with anti
CHSY1 antibody followed by HRP-conjugated rabbit 1gG secondary
antibody. The band intensity of three independent blots were measured
by densitometrics quantitation. *; P<0.05 control vs. ET-1, #; P<0.05, ##;
P<0.01 antagonist vs. growth factor treated group, ET-1; Endothelin-1,
TGF-B; Transforming growth factor-B, EGF; Epidermal growth factor,
VSMC; Vascular smooth muscle cell, DPI; Diphenyleneiodonium, and
HRP; Horseradish peroxidase.

Discussion

The role of ET-1 transactivation of EGFR and TBRI was
studied on phosphorylation of ERK1/2 and production
of GAG synthesizing enzyme, CHSY 1. ET-1 stimulates
phosphorylation of ERK1/2 and increases the level of
CHSY1 protein via EGFR and TBRI, and NOX has a
crucial role in this pathway.

EGF induced p-ERK1/2 and also stimulated VSMC
by ET-1, that resulted in the ERK1/2 phosphorylation,
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which is consistent with the data observed by Yogi in
VSMCs (24). Bosentan, a specific antagonist of ET
receptors, attenuated ERKI1/2 phosphorylation, that
verified the specific role of ET-1 receptors in ERK1/2
phosphorylation. Daub et al. (16) presented the first
evidence of GPCR transactivation on protein tyrosine
kinase receptor (PTKR) in rat fibroblasts. They proved
that transactivation of PTKR such as EGFR by GPCR
agonists like ET-1, thrombin, and lysophosphatidic
acid mediated ERK1/2 phosphorylation and activation
of downstream signaling pathways. ERK1/2 plays an
important role in the GAG hyper-elongation in VSMCs
(3). We found that AG1478 (EGFR antagonist) reduced
the ET-1 effect on p-ERK1/2, suggesting that p-ERK1/2
level increase by ET-1 mediation is dependent on EGFR
transactivation. GPCRs transactivated EGFR through
two major mechanisms: ligand dependent and ligand
independent pathways. In ligand dependent EGFR
transactivation pathway, activation of EGFR depends
on the binding of active ligands such as heparin binding
EGF like growth factor (HB-EGF) which comes from
the cleavage. This cleavage is mediated by a disinterring
and a metalloproteinase (ADAM), a group of matrix
metalloproteinase (MMP). Activated MMPs cleavage
HB-EGEF ligand and release EGF into extracellular space
that resulted in exposure to the EGF receptor. And, this
causes the dimerization and stimulation of EGFR. Further,
the activated receptor is able to stimulate ERK MAP
kinase pathway, the downstream signaling cascade. In the
ligand independent mechanism, EGFR transactivation
via GPCR agonists occurs through activation of several
second messengers such as Ca?", ROS, and Src tyrosine
kinase (15, 25, 26). ET-1 has been shown to be associated
with the elevation of NOX activity and consequently the
production of ROS generation in the human VSMCs (22),
which has a main role in the majority of GPCR signaling
pathways (19). Similarly, assessing the NOX role in
EGFR transactivation mediated by ET-1, we observed
that it causes ERK1/2 phosphorylation in VSMCs. It was
found that DPI decreased apparently p-ERK1/2 induction
by ET-1 and EGF, confirming that NOX has an important
role in ET-1 transactivation of EGFR which brings about
ERK1/2 phosphorylation. This is also consistent with
previous studies, reporting that GPCR agonists, including
Ang II and thrombin mediated EGFR transactivation are
dependent on NOX in VSMCs (27, 28).

Based on studies, retention of LDL on hyper-elongated
GAG chains on proteoglycans such as biglycan results
in increased foam cell formation and progression
of arterial wall atherosclerosis (1). CSs are widely
prevalent sulfated carbohydrates on cell surfaces and in
the ECM. CS belongs to the GAG family that consists
of disaccharide units containing glucuronic acid and
N-acetylgalactosamine residues. It is synthesized as a
CS proteoglycan by attaching linear CSs to Ser residue
in the core protein. Also, CHSY1, glycosyltransferases
enzyme, is responsible for biosynthesis of chondroitin and
dermatan sulfate GAG. It is shown that increased sulfated
GAG, mainly CSc, enhances CHSY1 transcriptional
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activity (29). Anggraeni et al. (7) showed that 8 weeks
high fat diet feeding increased plaque development and
markedly elevated level of CHSY1 mRNA expression in
a mouse model. The current results demonstrated that
ET-1 enhanced CHSY1 level expression in VSMCs.
Also, EGF and TGF-B, both which are known to be
involved in the atherosclerosis development, up-regulates
CHSY1 level. Recent studies demonstrated that TGF-3
mediated proteoglycan synthesis and up-regulated mRNA
expression of CHSY 1 in retinal choroidal endothelial cell
and VSMC:s (8, 30). Also Kamato et al. (31) demonstrated
that EGF treatment of VSMCs increased GAG length
and induced mRNA expression of CHSY1 through
downstream intermediate ERK1/2 which is blocked
by AG1478. Rostam et al. (30) reported that increased
protein level of CHSY1 and other GAG synthesizing
enzymes were associated with elevated induction of their
mRNA expression. It has been previously reported that
thrombin transactivated EGFR and TBRI that both of them
are involved in phosphorylation of Smad2 linker region
and increase of CHSY1 enzyme mRNA expression (23,
31). It was found that ET-1, stimulated increased level of
CHSY 1 protein that were inhibited by the ET-1 receptors
antagonist. This issue suggested that the response is
mediated through ET-1 receptors. Also, ET-1 was reported
to cause enhanced proteoglycan synthesis and GAG chain
hyper-elongation (11-13). In addition, CHSY1 is induced
by ET-1 and also, decreased by SB431542 and AG1478.
It is suggested that the ET-1 stimulation of CHSY1 is
mediated by transactivation of EGFR and TBRI1. To
address the role of NOX on mediating the transactivation
of EGFR and TPRI, we investigated the level of CHSY1
protein in the presence of DPI, NOX antagonist,; it was
confirmed that NOX is involved in ET-1 transactivation
of EGFR, and TPR1 mediated the elevation of CHSY'1
expression.

The strength of the current study is the involvement of
NOX in ET-1 transactivation of both EGFR and TBRI that
mediated elevation on CHSY 1 protein level.

Conclusion

It was demonstrated that ET-1 increased the level of
p-ERK1/2, and this response was attenuated by AG1478,
suggesting that ET-1 causes ERK1/2 phosphorylation,
mediated through transactivation of EGFR. Also, this
mechanism is dependent on NOX signaling. It was
indicated that ET-1 mediated the elevated level of
CHSY1 protein, which is implicated in hyperelongation
of GAG chain through transactivation of EGFR and
TPRI. Moreover, TGF-B and EGF mediated the elevation
of CHSY lprotein level, which was inhibited by NOX
antagonist.
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Abstract
Objective: Trimethylamine-N-Oxide (TMAO) is considered as a risk factor for atherosclerosis which further leads to
inflammation during atherosclerosis. The exact mechanism(s) by which TMAO induces the inflammatory reactions
remains to be determined. TMAO can cause the endoplasmic reticulum (ER) stress that triggers activation of Toll-Like
Receptors (TLRs). In macrophages, this process stimulates the production of proinflammatory cytokines. This study
designed to evaluate the expression level of TLR4 in TMAO-treated macrophages.

Materials and Methods: In this experimental study, different concentrations of TMAO (37.5, 75, 150, and 300 pM)
were exposed to murine macrophage (J774A.1 cell line) for 8, 18, 24, and 48 hours. The cells were also treated with 2.5
mM of 4-phenyl butyric acid as well as 2pg/ml of tunicamycin respectively as negative and positive controls for inducing
ER-stress. We measured the viability of treated cells by the MTT test. Besides, the expression levels of TLR4 gene
and protein were evaluated using western blotting and reverse transcription- quantitative polymerase chain reaction
(RT-gPCR) analysis. One-Way ANOVA was used for statistical analysis.

Results: No cell death was observed in treated cells. The cells treated with 150 and 300 uM doses of TMAO for 24
hours showed a significant elevation in the protein and/or mRNA levels of TLR4 when compared to normal control or
tunicamycin-treated cells.

Conclusion: Our results may in part elucidate the mechanism by which TMAO induces the macrophage inflammatory
reactions in response to the induction of ER stress, similar to what happens during atherosclerosis. It also provides

documentation to support the direct contribution of TLR4 in TMAO-induced inflammation.
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Introduction

Trimethylamine N-Oxide (TMAO) is acommon metabolite
in humans and other species (1) mainly produced from the
oxidation of Trimethylamine (TMA) by hepatic flavin-
containing monooxygenase 3 (FMO3) (2). The bacterial flora
of gastrointestinal tract converts choline, phosphatidylcholine,
and carnitine to TMA, known as TMA/FMO3/TMAO
metaorganismal pathway. Recently, TMAO has been
extensively reconsidered for its role in development of several
diseases including atherosclerosis and other cardiovascular
diseases, non-alcoholic fatty liver (3), Alzheimer (4), type
2 diabetes mellitus (5), chronic kidney disease (6), insulin
resistance (7), and gastrointestinal cancers (8).

Nowadays, TMAO is certainly known as a new risk factor
for atherosclerosis (2, 9). Atherosclerosis is a multifactorial
and gradual disease that is also known as an inflammatory
disorder. Macrophages are one of the main cells involved
in the inflammation. The role of inflammation has been
identified in all stages of diseases including onset, progression
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and the rupture of atherosclerotic plaques. Risk factors for
atherosclerosis can lead to inflammation or exacerbation
of symptoms from the beginning of life. Various risk
factors for atherosclerosis including both biochemical and
environmental stressor are associated with atherosclerosis
pathology through a common fundamental mechanism.
They all cause endoplasmic reticulum (ER) stress which
in turn disrupts the proper folding of newly synthesized
proteins (10). Aggregation of misfolded proteins starts the
Unfolded Protein Response (UPR) pathway. UPR increases
the expression of heat shock proteins (HSPs) to correct or
degrade the misfolded protein (11). Prolonged stimulation
of HSPs, as a danger signal, induces humoral and cellular
immune responses and exacerbates inflammation of various
vascular cells including macrophages (12). HSPs bind to
toll like receptors (including 7LR4) to stimulate production
of inflammatory cytokines (13). TMAO has a potential to
induce ER stress and activation of UPR pathway (14). It
also induces the inflammatory reactions in macrophages (2,



15). Furthermore, TMA/FMO3/TMAOQO pathway has been
documented to induce the inflammatory reactions in other
cells (15-17). The detailed mechanism by which TMAO
induces the inflammatory reactions in macrophages is still
unclear.

TLRs are known as cell surface receptors that is highly
expressed in macrophages, T and B lymphocytes, and other
cells. These molecules recognize the pathogen-associated
microbial patterns (PAMPs) presented by microbial pathogens,
and/or danger-associated molecular patterns (DAMPs) which
have been released from dead cells. TLRs are known as a part
of our innate immune system and their activation stimulates the
expression of proinflammatory cytokines which consequently
triggers the inflammatory reactions as well as other metabolic
regulations (18-20). 7LR4 is a member of this big family
that can initiate a signaling pathway resulting in production
of pro-inflammatory cytokines (19). Considering the role of
TMAO in activation of ER stress-induced inflammation of
macrophages as well as the possible contribution of 7ZLR4 in
this pathway, this study was designed to evaluate the amount
of TLR4 in macrophages treated with different concentrations
of TMAO.

Material and Methods
Cell culture

This experimental study was approved by Kurdistan
University of Medical Sciences under a project number
of IRRMUK.REC.1395.90. J774A.1 cell line which is a
murine macrophage cell was purchased from Pasture
Institute (Tehran, Iran). Cells were cultured in high
glucose DMEM containing 10% fetal bovine serum,
1% penicillin-streptomycin and 4 mM L-glutamine (all
from Sigma-Aldrich, USA). Cells were maintained in a
cell culture incubator with sufficient humidity, at 37°C
temperature and 5% CO,. Cells were treated in three
separate replicates with different concentrations of
TMAUO including 37.5, 75, 150, and 300 pM for 8, 18, 24,
and 48 hours. Another group of cells were treated with
4-phenyl butyric acid (4-PBA) at 2.5 mM concentration
for 8 hours as negative control for suppressing ER stress.
To provide a positive group for inducing ER stress,
the same numbers of macrophages were treated with
tunicamycin with a concentration of 2 pg/ml for 18 hours.
Macrophages which did not receive any treatment were
used as normal control group. MTT assay was applied to
check the viability of the studied groups.

MTT Test

MTT test was performed as previously described (14, 21).
Briefly, in a 96-well plate, approximately 5,000 cells were
seeded in each well. Different concentrations of TMAO,
4-PBA, or tunicamycin were then added to the wells in six
replications for each group. Subsequently, each well was
incubated with 20 ul of 3-(4, 5-Dimethylthiazol-2-yl)-2,
S-diphenyltetrazolium bromide solution for 3.5 hours.
Formation of crystals was then confirmed by microscopic
assessment and then each well was incubated with 100 pl of
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MTT solvent for 4 hours at room temperature in the dark. A
microplate reader instrument (Synergy HTX, BioTek, USA)
was used to measure the absorbance of each well at 570 nm.
Corrected absorbance was used to calculate the viability of
treated and untreated cells using the following equation: %
cell viability=(mean of sample absorbance /mean of control
absorbance)*x100

Western blotting

Total protein was extracted from 2.5x10° cells of each group
(three replicates) using cold Radio-Immunoprecipitation
Assay (RIPA) lysis buffer (Sigma-Aldrich, USA). A complete
protease inhibitor cocktail (at final concentration of 1 pg/ml,
Santa Cruz Biotechnology, California) and PMSF (Phenyl
Methyl Sulfonyl Fluoride, at final concentration of 1 mM,
Sigma-Aldrich, USA) was added to lysis buffer to inhibit any
protease activity. Total protein concentration was measured
using bicinchoninic acid (BCA) assay. For electrophoresis,
100 pg of total protein was loaded on 12% polyacrylamide
gel containing sodium dodecyl sulfate (SDS-PAGE). A semi-
dry blotting for 1.5 hours at 80 mA was applied to transfer the
separated proteins to a preconditioned PVDF membrane (0.2
um, BIO-RAD, USA). To avoid a non-specific binding of
antibodies, the protein-free sites of membranes were blocked
by 5% skim milk. Specific primary antibodies against TLR4
(ab13867, 1:2000, Abcam, USA), and GAPDH (NB300-
328, 1: 10000, Novus Biological, UK) were exposed to
membranes for 60 minutes. After three times washing with
TBST solution, the membranes were incubated with the
appropriate secondary antibody (HAF007, R&D, USA) for
1 hour. The chemiluminescence signals were then exposed
to the X-ray film and visualized using developing and fixing
solutions. The density of each band was analyzed using
Image J 1.48V software. In each sample, the relative amount
of TLR4 protein was normalized to the GAPDH protein.
Finally, the fold change was calculated for each group relative
to the control group.

Reverse transcription- quantitative polymerase chain
reaction

To extract total RNA, approximately 2.5x10° cells
were applied according to manufacturer instruction (Jena
Bioscience, Germany). The quality and quantity of the
extracted RNA were assessed spectrophotometrically using
a Picodrop-Take3 instrument (Synergy HTX, BioTek, USA).
Genomic DNA was eliminated using DNase | treatment
(Scientific Inc, USA). For cDNA synthesis, a PrimeScript™
RT reagent Kit (RR037A, Takara, Japan) was applied in one
cycle of three-step reactions (step 1: 15 minutes at 37°C,
step 2: 5 seconds at 85°C, step 3: 5 minutes at 4°C) using an
Eppendorf thermal cycler (Germany). Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) analysis
was performed by a SYBR GREEN kit (SYBR Premix Ex
Taq II kit, Tli Plus, Takara, Japan) for quantification of 7LR4
(NM_010477) and GAPDH (NM_008084.2) using a Corbett
RG-6000 machine (Australia). For this purpose, about 50 ng
of ¢cDNA and 0.5 ul of gene-specific primers (10 pmol/ul,
Table 1) were used in 40 cycles of two-step reactions (step 1:
5 seconds at 95°C, step 2: 30 seconds at 60°C).
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The entity of RT-qPCR assay was controlled by analysis
of melting curves and gel electrophoresis of related
products. LinRegPCR software (version 2013.x) was
used to calculate the mRNA levels of TLR4 and GAPDH
(22). In each run, the relative amount of 7LR4 mRNA was
normalized to GAPDH mRNA.

Statistical analysis

The relative amounts (fold change) of protein and
mRNA were provided as mean + standard error of
three replication of separate measurements (n=3). SPSS
software, version 20 (IBM® SPSS Inc Chicago), was used
for statistical analysis. To evaluate the mean difference
between the groups, One-Way ANOVA was performed.
Dunnett’s test was utilized as a post-hoc test to compare
the mean values of each group to the control group.
P<0.05 was considered as statistically significant value.

Results

To evaluate whether treatments of cells has any
effects on cell viability, MTT assay was performed. The

viabilities of treated and untreated cells were more than
96% suggesting no treatment-dependent cell death had
occurred in macrophages. Figures 1 to 4 show the western
blotting bands and the relative amounts of TLR4 at protein
and mRNA levels in groups treated with TMAO, PBA
and TUN for different time intervals (8, 18, 24 and 48
hours). One-Way ANOVA showed a significant difference
in protein amount of TLR4 after 8 hours among TMAO-
treated cells (P<0.05). Post-hoc Dunnett’s test showed
that only 150 uM of TMAO significantly increased the
relative amount of TLR4 protein in comparison with
tunicamycin treated cells (P=0.046, Fig.1B).

When cells were treated with TMAO for 18 hours, the
relative amount of TLR4 protein was elevated. A dose
of 37.5 uM TMAUO significantly increased TLR4 protein
amount when compared with normal control (P=0.020,
Fig.2B). Besides, TMAO significantly increased the
protein amount of TLR4 compared to tunicamycin treated
cells at 37.5 and 75 pM concentrations (P<0.05, Fig.2B).
However, TLR4 mRNA levels were not significantly
different from control group (P> 0.05, Fig.2C).

Table 1: Characteristics of specific primers used for reverse transcription- quantitative polymerase chain reaction (RT-gPCR)

Genes Oligonucleotide sequences (5-3") PCR product size (bp) Tm (°C) Accession number
TLR4 F: ACCTGGCTGGTTTACACGTC 201 60 NM 010477
R: CTGCCAGAGACATTGCAGAA
GAPDH F: CCATCCGGGTTCCTATAAAT 198 54 NM_008084
R: AATCTCCACTTTGCCACTG
A
TAO PBA TUN CTR
37.56pM  75uM 150 M 300 pM 25mM 2 pg/ml no treatment
B
X']
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% 2.00 2 7000
g e ; 60.00
= 160 o :
2 140 :E 50.00
g 1.20 g 00
< 100 <
5 0.80 g 30.00
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Fig.1: Protein and mRNA levels of TLR4 in macrophages (J774A.1 cell line) treated with TMAO and PBA (for 8 hours), and TUN (for 18 hours). A. Western
blotting bands. B. Relative TLR4 protein levels. C. Relative TLR4 mRNA levels. Only 150 uM of TMAO significantly increased the protein levels of TLR4. Values
are mean * standard error of three or four separate measurements. P<0.05 were considered significant. #; P<0.05 in comparison with the tunicamycin
group, TMAO; Trimethylamine-N-Oxide, PBA; 4-Phenylbutyric acid, TUN; Tunicamycin, and CTR; Control.

Cell J, Vol 23, No 5, October 2021

518



After 24 hours of incubation, 150 and 300 uM of TMAO
significantly increased the relative amount of TLR4 at
both protein and mRNA levels compared to CTR and/or
TUN groups (P<0.05, Fig.3B, C).

TMAO-treated cells for 48 hours showed no significant
difference in the relative amount of TLR4 at protein level
compared to the control or tunicamycin treated cells

TMA|O
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(P>0.05, Fig.4B). Only 37.5 uM TMAO significantly
increased the mRNA level of TLR4 when compared to the
control (P=0.026, Fig.4C).

These findings suggest in macrophages the expression
level of TLR4 changed in altered in a concentration
and time-dependent manner when treated with TMAO
(P<0.05, Figs.S1, 2, See Supplementary Online Information
at celljournal.org).
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Fig.2: Protein and mRNA levels of TLR4 in macrophages (J774A.1 cell line) treated with TMAO and TUN (for 18 hours), and PBA (for 8 hours). A. Western
blotting bands. B. Relative TLR4 levels. C. Relative TLR4 mRNA levels. Only low concentrations of TMAO significantly increased the protein levels of TLR4.
Values are mean * standard error of three or four separate measurements. P<0.05 were considered significant. *; P<0.05 in comparison with control, ##;
P<0.01 compared to the TUN group, TMAO; Trimethylamine-N-Oxide, PBA; 4-Phenylbutyric acid, TUN; Tunicamycin, and CTR; Control.
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Fig.3: Protein and mRNA levels of TLR4 in macrophages (J774A.1 cell line) treated with TMAO (for 24 hours), PBA (for 8 hours), and TUN (for 18 hours).
A. Western blotting bands. B. Relative TLR4 protein levels. C. Relative TLR4 mRNA levels. Only 150 and 300 uM of TMAO significantly increased protein
or mRNA levels of TLR4. Values are mean + standard error of three or four separate measurements. P<0.05 were considered significant. *; P<0.05, ***;
P<0.001 in comparison with the control, ##, ###; P<0.05, P<0.01, and P<0.001 respectively in comparison with the TUN group, t1; P<0.01 in comparison
with the PBA group, TMAO; Trimethylamine-N-Oxide, PBA; 4-Phenylbutyric acid, TUN; Tunicamycin, and CTR; Control.
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Fig.4: Protein and mRNA levels of TLR4 in macrophages (J774A.1 cell
line) treated with TMAO (for 48 hours), PBA (for 8 hours), and TUN (for
18 hours). A. Western blotting bands. B. Relative TLR4 protein levels. C.
Relative TLR4 mRNA levels. Only 37.5 pM of TMAO significantly increased
the mRNA levels of TLR4. Values are mean * standard error of three or
four separate measurements. P<0.05 were considered significant. *;
P<0.05 in comparison with control, TMAO; Trimethylamine-N-Oxide, PBA;
4-Phenylbutyric acid, TUN; Tunicamycin, and CTR; Control.

Discussion

Macrophages play a major role in inflammation under
stress conditions similar to that in atherosclerosis. In
the present study, we induced ER stress in the murine
macrophages (J774A.1 cell line) using TMAO as has been
described previously (14). Our results showed that TMAO
can induce the expression of TLR4 in macrophages, at
both protein and mRNA levels, in a concentration and
time-dependent manner.

The trend of 7LR4 changes in response to treatment
time and concentration of TMAQO was statistically
significant, although it did not have a particular upward
or downward direction. Cellular responses to ER stress
are physiologically short term, adaptable and strongly
dependent on the concentration and duration of treatment.
The pattern of GRP78 changes in our previous studies
also confirms this finding. GRP78 is known as the main
marker of ER induction (14). The specific concentration
and time for tunicamycin (2 pg/ml for 18 hours, as positive
control) and 4-PBA (2.5 mM for 8 hours, as negative
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control) treatments used in this study, were based on our
prior findings (23-26).

In general, 24-hour treatments of TMAO led to
significant elevations in expression of both TLR4 gene
and protein. Where higher concentrations showed greater
effects with shorter incubation times. Conversely, lower
concentrations of TMAO had a greater effect when the
treatment time was longer. Concentrations of 37.5, 75,
and 150 uM caused a further increase in the 18- and 24-
hour treatments compared to control.

As expected, the TLR4 mRNA pattern of changes is not
fully consistent with its protein level. The stability and half-
life of mRNA is shorter and more variable than protein.
Therefore, for a treatment to produce a significant effect
on the protein level, the mRNA level must be changed
to a greater extent. However, sometimes a single mRNA
molecule is used several times for translation without
the need for multiple productions of mRNA transcripts.
Moreover, similar to cations TMAO has a potential to
form an electrostatic bond with mRNA and stabilizes its
tertiary structure in vitro. This effect may only occurs at
certain concentrations of TMAO (27).

Our work is the first experimental (in vitro) study that
directly measured the effect of TMAO on the expression
of TLR4 in macrophages. In this study we showed that
TMAO directly induced the expression of 7LR4. The
enhancing effect of TMAO on the expression of 7LR4
has been demonstrated in cultured endothelial cells (28),
cardiac fibroblast as well as in animal models (29).

TMAO is known to correlate with the pathogenesis of
different inflammatory diseases. where it plays a majorrole
in the initiation or promotion of inflammation (3,4, 6, 7, 8,
15-17, 30-32) . TMAO stimulates the mitogen-activated
protein kinase as well as nuclear factor-xB cascade to
induce the inflammatory markers (15). Furthermore, our
previous work has also revealed the promoting effect of
TMAO on the expression of proinflammatory cytokines
in human macrophages (33).

There are several mechanisms to elucidate the role
of TMAO in the development of TLR4-mediated
inflammation. TLRs are the major sensors that activate
cellular inflammation (34). They recognize different
endogenous and exogenous ligands to stimulate the
production of proinflammatory cytokine (35). TMAO is
an endogenous ligand that directly interacts with TLR4 to
activate the inflammation, like what happens to oxidized-
low density lipoprotein (ox-LDL) (36).

TMAQO is also supposed to be correlated with
inflammation of macrophages through an indirect
activation of TLR4 mediated by HSPs. Our previous
studies have shown that TMAO induces the expression
of HSPs in murine macrophages (14, 21). Extracellular
form of HSPs binds to TLR4 (13). This interaction in
turn stimulates the production of reactive oxygen species
(ROS) and cytokines (18, 37).
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TMAO-dependent production of ROS during
inflammation of vascular cells was also showed by Chen
et al. (38). Cluster of differentiation 36 (CD36) is another
cell surface receptor of macrophages that identifies the
endogenous ligands produced during atherosclerosis.
It may facilitates the TLR4 signaling pathway when
interacts with endogenous ligands such as TMAO (39).
Wang and his colleagues showed that TMAO increases
the expression of CD36 in murine macrophages (2). The
ability of TMAO to alter the expression of ATP-Binding
Cassette Transporter A1 (ABCA1) as well as macrophage
Scavenger Receptor A1 (SRA-1) cannot be ignored for
the TMAO-dependent mechanism of inflammation (40).

Conclusion

In macrophages TMAO treatment can induce changes
in TLR4 protein and mRNA levels in a concentration and
time-dependent pattern. The present study along with
previous studies may in part elucidate the mechanism
by which TMAO induces the macrophage inflammatory
reactions in response to induction of ER stress such as what
happens during atherosclerosis. From this perspective,
our findings provide a documentation to support a direct
contribution of TLR4 to pathogenesis of TMAO-induced
macrophage inflammation. To confirm this conclusion,
more detailed studies are needed to investigate the
direct interaction of TMAQO with TLR4 of macrophages.
Bioinformatics studies such as investigation of docking
and molecular dynamics for binding TMAO to TLR4, or
using specific labeled isotopes and functional assays may
be useful for this purpose.
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Abstract
Objective: We performed this bibliometric analysis to identify global scientific research on the SARS-CoV-2 vaccines.

Materials and Methods: This bibliometric analysis study inclusive search of English-language publications related to
the SARS-CoV-2 vaccines was conducted in the Scopus, PubMed, and Dimensions databases without year limitations.
The results of bibliometric analysis comprised a time-dependent citation density trend, the name of the journal, journal
impact factor (IF), year of publication, type of article, category, subscription or affiliation, co-authorship, and co-
occurrence network.

Results: Astudy of the scientific literature from three databases (Scopus, PubMed, Dimensions) shows that investigators
have focused more on studying the structure of the coronavirus at different levels (organismic, cellular, and molecular).
In addition, the method of virus penetration into the cell and features of the influence of coronavirus on animals are
well-studied. Various methods and strategies are being used to develop the vaccines, including both animal-tested
methods and computer models. The Dimensions database is the most representative in terms of coverage of research
on development of the SARS-CoV-2 vaccines.

Conclusion: This research is a scientific investigation based on bibliometric analysis of papers related to the SARS-CoV-2
vaccines. The Dimensions database provides the most representative research coverage on the creation of a vaccine
against coronavirus. It is characterized by a large number of formed verbose terms (length of more than four words) related

to coronavirus, which makes it possible to track trends in the development of methods for creating a vaccine.

Keywords: Bibliometric Analysis, COVID-19/SARS-CoV-2, Vaccine

Cell Journal(vaknten), Vol 23, No 5, October 2021, Pages: 523-531

Citation: Rahim F, Khakimova A, Ebrahimi A, Zolotarev O, Rafiei Nasab F. Global scientific research on SARS-CoV-2 vaccines: a bibliometric analysis. Cell

J. 2021; 23(5): 523-531. doi: 10.22074/cellj.2021.7794.

This open-access article has been published under the terms of the Creative Commons Attribution Non-Commercial 3.0 (CC BY-NC 3.0).

Introduction

The COVID-19 outbreak has caused many economic
and psychological effects, and many casualties (1).
This virus has spread worldwide with indescribable
speed over a short period of time. According to experts,
the COVID-19 pandemic could last for years; hence,
numerous scientists worldwide are working to eradicate
this virus as soon as possible (2). After the increase in
cases and global spread, the World Health Organization
(WHO) announced that the new coronavirus is the sixth
public health emergency worldwide (3).

Diagnosis of a COVID-19 infection is generally
based on laboratory and radiological assessments, and
radiological examinations are extremely important in
early diagnosis and treatment of this disease (4). Severe
lung damage due to COVID-19 infection has resulted
in high mortality rates in patients who are infected and
requirements for mechanical ventilation are also high
(5). There is no specific antiviral treatment for the

COVID-19 infection, and the mainstay is supportive
care that includes sustaining vital signs, oxygen
therapy, and the reduction of complications such as
multiple organ dysfunction and failure (6). Due to
the lack of standard treatment and effective vaccines
for this infection, prevention of infection is the best
recommendation.

A vaccine is a biological preparation that protects
the body against certain infectious diseases. Vaccines
usually contain a pathogen, which is similar to the
microorganism that causes the disease and is often
obtained from a sample of weak or dead microbes,
toxins, or one of its surface proteins. Vaccines are
either for prevention (to prevent or help cure an
infection by a natural or artificial pathogen) or for
treatment (such as a cancer vaccine that has not yet
been discovered). SARS-CoV-2 vaccines fall into two
groups of genetic vaccines that use one or more of
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the genes of the coronavirus to stimulate an immune
response or a vaccine that carries the virus where
the virus is used to deliver the corona virus gene to
cells and stimulate an immune response (7). Studies
for SARS-CoV-2 vaccines development are ongoing;
despite significant progress in vaccine development,
challenges still exist (8). The development of a safe,
effective vaccine is a long and complicated process
that typically takes 10 to 15 years (9). Currently more
than 100 candidates for the SARS-CoV-2 vaccines are
in various stages of development and a small number
are in the early phases of human clinical trials (10).
SARS-CoV-2 vaccines approved by the WHO are
in clinical trials (11) and a close competition exists
between them to achieve a positive result.

In October, 2020, the US Food and Drug Administration
(FDA) approved an antiviral drug, Remdesivir (GS-5734),
for the treatment of patients hospitalised with COVID-19.
This is the first and only approved drug for treatment
of COVID-19 in the United States. Remdesivir, an
intravenous (IV) injectable drug, inhibits the substances
that increase viral replication. Experts warn against the
simultaneous use of this drug with hydroxychloroquine
because hydroxychloroquine inhibits the therapeutic
effects of Remdesivir (12). Remdesivir was originally
developed to treat Ebola, but it was not effective and
eventually discarded. This appears to be happening again
in patients with COVID-19 infection.

The results of recent studies where Remdesivir was
used to reduce the complications of COVID-19 infection
showed that this drug had little effect on patient recovery

(13).

Bibliometric analysis is a tool to determine the status
of research conducted in a particular field (14). Trends
and possible gaps in knowledge play an important role
in management and decision making in science and
technology (15). Bibliometric analysis mainly allows
the development of analytical methods and bibliometric
indicators from statistical criteria, and it is a tool that
manages information records related to publications,
citations, patents, reports, etc. (16). This analysis also
provides additional information about data such as
author(s), affiliation(s), and keywords, in addition to
integrating information to develop research areas on a
specific topic or disciplines.

Despite rapid response from scientists during
COVID-19 pandemic, vaccines and antibody protection
are still out of reach; however, in acute cases, the US FDA
may allow emergency use of promising vaccines that
have not yet fully passed safety tests (17). However, for
at least six months, researchers will not know the benefits
of a vaccine. People exposed to the virus should hope to
strengthen their immune system and receive supportive
care from doctors and nurses to fight this disease.

The necessity and importance of the present research
is that the findings, which include articles from a time
period on SARS-CoV-2 vaccines, can show the status
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of research in this field, reference resources, and reveal
the strengths and weaknesses of these researches. Future
researchers can fill the information gap in this field by
conducting research. In this study, we intend to identify
global scientific research on SARS-CoV-2 vaccines by
using bibliometric analysis.

Materials and Methods
Search method and strategy

We performed a search in the Scopus database by
October 2020 based on a protocol published by Mecenas
et al. (18) in 2020. We searched the Scopus database for
titles, abstracts, and keywords. A total of 1659 publications
were found for 2019-2020 (1657 publications for 2020,
1 publication for 2019). We also performed a search in
the PubMed database on 22/07/2020 and located 6727
articles, of which 6225 were published from 01/01/2019-
31/07/2020. We searched the Dimensions database for
"Vaccine coronavirus" in titles and abstracts and found
2326 publications for 2019-2020 (2169 publications for
2020, 157 publications for 2019). Of these, publications
from PubMed - 1289. Table S1 (See Supplementary
Online Information at www.celljournal.org) provides the
detailed search strategies for each selected database.

Data extraction

Data collection in this study was conducted with a
number of articles and by using a researcher-made form
appropriate to the objectives of the research. The studied
variables included: number of universities, number of
journals in each university, number of articles published,
number of citations, countries, publication types, first
author and contact author, and the number of articles
published in each of the fields of SARS-CoV-2 vaccines.
We used the VOSviewer toolkit to conduct a co-occurrence
analysis for the Scopus, PubMed, and Dimensions
databases. An assessment was made of the intensity of the
use of one term with another. The minimum threshold for
cluster formation was set in a different number of terms
for different databases.

Statistical analysis

For data processing, Excel software and descriptive
statistics indicators such as mean value were used.
(version 1.6.15, Leiden, The Netherlands) was used for
visualization. A P<0.05 was considered as significant.

Results
Citation analysis

Table 1 lists the ten top-cited results. There were 1897
citations and three papers had at least 200 citations. The
first paper had 514 citations and was published by Wrapp
et al. (19) in the Proceedings of Department of Molecular
Biosciences, University of Texas at Austin (Austin, TX,
USA).


http://www.celljournal.org

Table 1: The top-cited studies on SARS-CoV-2 vaccines

Rahim et al.

Title Citation type PMID DOI IF

1 Cryo-EM Structure of the 2019-nCoV Spike in the Perfusion 514 32075877  10.1126/science.abb2507 41.845
Conformation Original

2 Structure, Function, and Antigenicity of the SARS-CoV-2 390 32155444  10.1016/j.cell.2020.02.058 38.637
Spike Glycoprotein Original

3 Angiotensin-converting Enzyme 2 (ACE2) as a SARS-CoV-2 232 32125455  10.1007/s00134-020-05985-9 17.679
Receptor: Molecular Mechanisms and Potential Therapeutic  Review
Target
Open Access

4 Drug Treatment Options for the 2019-New Coronavirus 178 31996494  10.5582/bst.2020.01020 1.690
(2019-nCoV) Communication
Open Access

5 Characterization of Spike Glycoprotein of SARS-CoV-2 on 138 32221306 10.1038/s41467-020-15562-9 12.121
Virus Entry and Its Immune Cross-reactivity with SARS-CoV Original

6 Preliminary Identification of Potential Vaccine Targets for the 114 32106567  10.3390/v12030254 3.816
COVID-19 Coronavirus (SARS-CoV-2) based on SARS-CoV Original
Immunological Studies
Open Access

7 Structure of Mpro from SARS-CoV-2 and Discovery of Its 96 32272481 10.1038/s41586-020-2223-y  42.778
Inhibitors Original
Open Access

8 Characterization of the Receptor-binding Domain (RBD) of 80 32203189 10.1038/s41423-020-0400-4  8.484
2019 Novel Coronavirus: Implication for Development of Original
RBD Protein as a Viral Attachment Inhibitor and Vaccine

9 A SARS-CoV-2 Protein Interaction Map Reveals Targets for 78 32353859 10.1038/s41586-020-2286-9  42.778
Drug Repurposing Original
Open Access rigina

10 Emergence of Genomic Diversity and Recurrent Mutations in 77 32387564  10.1016/j. 2.611
SARS-CoV-2 Review meegid.2020.104351

PMID; PubMed ID, DOI; Digital object identifier, and IF; Impact factor 2019.

Journals

The "Journal of Bimolecular Structure and Dynamics"has
an extremely large number of contributions to COVID-19
research with 33 publications followed by "Nature" with 15
papers and "Medical Hypotheses" with 14 papers. Altogether,
the ten highest-ranking journals issued 129 articles, which
accounted for 17.25% of all publications in this area from
a total of 748 (100%) publications. Table 2 lists the top ten
funding agencies and highest-ranking journals.

A total of 30 (4.02%) publications were supported by
the National Natural Science Foundation of China and 29
were funded by the National Institutes of Health (03.88%)
(Table 2).

Journal impact factor

Impact factors (IFs) for the journals with the top-
cited articles ranged from 1.322 to 42.778 (median:
3.324). Overall, 52 of the top-cited studies were
published in journals that had IFs above 15 (Table 2).
Finally, the correlations between the number of top-
cited papers and journal IFs did not show any statistical

significance (P>0.05).

Publication type
Overall, 1868 articles were cited 12 675 times and

1089 review papers were cited 9710 times. The articles
were had a higher average citation per study (429 times)
compared to the review papers, which were cited 378
times. Medicine was the most popular research category,
followed by biochemistry, genetics, immunology, and
microbiology. In terms of research category, there were
60 published studies that pertained to clinical research,
of which 11 papers were about therapeutic vaccines
(eight full papers and three protocols, including nine that
pertained to phase I/II research studies and two phase 11
studies) (20-30). Table S2 (See Supplementary Online
Information at www.celljournal.org) provides detailed
information about these clinical trials.

Language and year

All of these papers were published in English from
2019 to 2020.
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Table 2: Top funding sources and jogrnals for studies about SARS-CoV-2 Country
vaccines
No. Field IF (2019) N % The United States produced the most publ}catlons
with 190 papers (25.40%), followed by India (126
Journal publications, 16.84%) and China (88 papers, 11.76%).
1 Journal of 322 33 4.41 The United States rankfed first in terms of gross fiomesFic
Biomolecular product (GDP) and articles per million population, with
Structure and 0.009 articles per billion GDP (Table 3).
Dynamics
2 Nature 42.778 15 201 Co-authorship network by authors
3 Medical Hypotheses  1.322 14 1.87 Ip the Scopus database, we found 1659 articles of
4 Frontiersi 6.420 " 147 which there were 6545 authors. From the 6545 authors,
hilomnulﬁgslélgly ' ' 59 authors had at least five published papers.
. The co-authorship Scopus network included 59 authors in
5 {j’i‘rl(r)?gl of Medical 2.049 1 1.47 nine clusters. However, clusters 8 and 9 included only one
&y author (Fig.S1A, See Supplementary Online Information at
www.celljournal.org). Table S3 (See Supplementary Online
6 Cell 38.637 10 1.34 . . .
Information at www.celljournal.org) lists clusters 1-7. We
7 Chaos Solitons and 3.380 10 1.34 located 6225 articles in PubMed and 26 509 authors in the
Fractals corpus. For comparison with the co-authorship network
8 Vaccine 3269 9 12 obtained for the corpus from Scopus, we selected_59 authors
who had at least six publications. The co-authorship PubMed
9 Cell Host and Microbe 15.923 8 1.07 network included 59 authors in 19 clusters (Fig.S1B, See
10 Diab q 1940 . 07 Supplementary Online Information at www.celljournal.org).
Ml:ta%tglsifréyndrome : : There were 2326 articles from the Dimensions database
Clinical Research and with 10356 authors in the corpus. We selected 59 of the
Reviews most cited authors who had at least five publications to
Funding sponsors compare the co-authorship network obtained for the corpora
‘ from Scopus and PubMed. All authors of the articles were
! ga.“‘)”alFNat”éa:. . - 30 4.02 selected for consideration. The co-authorship Dimensions-
C‘f;ﬁqr;ce oundation o network included 59 authors in ten clusters (Fig.S1C, See
Supplementary Online Information at www.celljournal.org).
2 National Institut - 29 3.88 . .
R fafllzzih fstitutes Only nine authors were present in the three text corpora
(Bonilla-Aldana D.K., Rodriguez-Morales A.J., Sah R.,
3 National Institute - 16 2.14 Bottazzi M.E., Du L., Hotez PJ., Jiang S., Kumar S., and
of Allergy and Zhang Y.) (Fig.1).
Infectious Diseases
4 Bill and Melinda - 10 1.34
Gates Foundation
5 National Basic - 8 1.07
Research Program = Ve e
of China (973 R
(Program e et St
6 National Science _ 7 0 94 Liu W,, Shoenfeld Y., Tsiodras S., Yuen K-Y. - . Liw. An\nln?a:dsnm\;n‘;rmnke;;\
Foundation
7 Chinese Academy - 6 0.8
of Sciences
8 National Research - 6 0.8
Foundation of g G
Korea /
9 Science and - 6 0.8 W |
Engineering &
Research Board Las
10 Welcome Trust - 6 0.8
Fig.1: Comparison of the most cited authors of articles in three databases
N; Number, %; Percentage, and IF; Impact factor. (Scopus, PubMed, Dimensions) that pertain to the vaccine against SARS-CoV-2.
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Table 3: Adjusted gross domestic product (GDP) and articles that pertained to studies on the SARS-CoV-2 vaccines per million population

No. Country/territory Number (%) N per million population N per billion GDP
1 United States 190 25.4 5.8 0.009
2 India 126 16.84 9.31 0.04
3 China 88 11.76 6.31 0.006
4 United Kingdom 59 7.89 8.87 0.02
5 Italy 53 7.09 8.77 0.02
6 Australia 27 3.61 1.08 0.01
7 Germany 26 3.48 3.15 0.006
8 Pakistan 26 3.48 1.22 0.08
9 Canada 25 3.34 6.74 0.01
10 France 23 3.07 3.73 0.009

Co-authorship network by organizations

Out of 5185 organizations of the corpus in the Scopus
database, five had connections and published at least five
scientific papers. There were 34 organizations that had at
least three publications. We identified 34 organizations
that formed 22 clusters in the co-authorship network (Fig.
S2A, See Supplementary Online Information at www.
celljournal.org).

Out of 15 718 organizations of the corpus from PubMed,
82 had at least three publications. We selected 34
organizations to compare with the co-authorship network
obtained for the corpus from Scopus. The co-authorship
PubMed network included 34 organizations in 14 clusters
(Fig.S2B, See Supplementary Online Information at
www.celljournal.org). Of the 1684 organizations of the
corpus from the Dimensions database, 34 organizations
had at least 12 publications. The 34 organizations formed
a co-authorship network of six clusters (Fig.S2C, See
Supplementary Online Information at www.celljournal.
org). Table S4 (See Supplementary Online Information
at www.celljournal.org) shows the first six clusters. We
compared the composition of clusters of co-authorship
networks by organizations obtained by the corpora from
the Scopus, PubMed and Dimensions databases in Table
S4 (See Supplementary Online Information at www.
celljournal.org).

Co-occurrence network map of keywords

A co-occurrence analysis of keywords was performed
that displayed the existing links between keywords
used in the publications. In the central part of the map,
the terms most frequently encountered in publications
are displayed. The keywords/terms were extracted
from the title field. A term is presented as a chain of
elements (nouns with definitions) with a noun at the
end of the phrase [van Eck and Waltman, (31)] (Fig.
S3, See Supplementary Online Information at www.
celljournal.org).

In our analysis of the corpus from Scopus, we set the
threshold of the minimum number of keyword occurrences
atten. This analysis resulted in 39 keywords out of a total of

3625 (Table S5, See Supplementary Online Information
at www.celljournal.org). For correct comparison, we
choose the same number of terms in the corpus of the
Dimensions database. A threshold for the minimum
number of keyword occurrences was set at 15. The
analysis resulted in 71 keywords out of a total of 4865.
We used VOSviewer, which automatically extracted
40% of the least relevant terms; therefore, we chose 43
terms. The common terms “use”, “India”, “time”, and
“knowledge” were excluded from the general list (Table
S6, See Supplementary Online Information at www.
celljournal.org). For correct comparison, we chose the
same number of terms in the corpus of the PubMed
database. We set the threshold of a minimum number
of keyword occurrences at 90. The analysis resulted
in 88 keywords out of a total of 26 884. VOSviewer
filtered out about 40% of the terms; hence, 53 terms
were chosen. We excluded 14 common terms such as
“Saudi Arabia”, “vitro”, “South Korea”, and “lesson”
from the general list (Table S7, See Supplementary
Online Information at www.celljournal.org). Only five
terms were present in the three text corpora (COVID
-19), China, novel coronavirus, prevention, nCoV)

(Fig.2).

The previous experiment was limited in the number
of terms. In addition, manual filtering of terms might
have affected the result. So, we repeated the experiment
with more terms. We choose the conditions of mapping
(minimal number of occurrences, minimal cluster size)
such that the number of terms approximated 450 and the
number of clusters was four (Fig.S4, See Supplementary
Online Information at www.celljournal.org).

For correct comparison, we choose the same number
of terms in the corpora of the PubMed and Dimensions
databases. A threshold of a minimum number of keyword
occurrences equal to four for PubMed and three for
Dimensions was set. The analysis resulted in 783
keywords out of a total of 10 784 for PubMed and 577
out of 4865 for Dimensions, except for the 40% that were
deleted by VOSviewer. Finally, we chose 462 terms for
PubMed and 459 terms for the Dimensions database. We
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did not exclude any terms from the final list. In order to
have four clusters, we set limits of at least 60 words in a
cluster for PubMed and 80 for the Dimensions database.

PubMed

Dimensions

protein, expression, 5
replication, monaclonal A
antibody, SARS, / child,
protection,
infectious bronchitis
protease, virus, MER,
T TEE AT, / antibody, middle east
sirain, chicken, /
| EnsmESibe | respiratory syndrome
[ gastroenteritis coronavirus,
| virus, induction, avian | MERS CoV,
| infectious bronchitis | structure
\ virus, pathogenicity, swine, |
ccoronavirus disease,
pneumonia,
respiratory virus,
middle east respiratory coronavirus,
syndrome, mouse, . prevention,
mouse hepatitis virus, MHY, \ " nCoV

evaluation, challenge,
characterization,
porcine epidemic diarthea virus,
coronavirus vaccine, perspective,
SARSCoV2, spread,
vaccine design, virtual screening,
drug repurposing, prediction,
design, spike glycoprotein

nucleocapsid protein,
enzyme, inhibition,

act,

impact,
& identification,
main protease,
potential inhibitor,
molecular docking,
management, diagnosis,
eepidemiology, overview,
spike protein, severe acute respiratory
syndrome coronavirus, efficacy

"\ feline infectious peritonitis

pandemic, insight
case, india, BCG,
fight, approach,
drug, target,
pathogenesis,
development,
emergence, patient,
vaccination, effect,
mortality, severity,
era, analysis,
systematic review

Fig.2: A comparison of the key terms from different corpora (Scopus,
PubMed, Dimensions).

The main keywords for each of the four clusters (Top-20)
from term co-occurrence maps (rank based on total link
strength) are presented in Table S8 (See Supplementary
Online Information at www.celljournal.org) for the
Scopus database, Table S9 (See Supplementary Online
Information at www.celljournal.org) for the PubMed
database, and Table S10 (See Supplementary Online
Information at www.celljournal.org) for the Dimensions
database.

Table S10 (See Supplementary Online Information
at www.celljournal.org) presents a comparison of the
received terms (450 units) from different corpora. The
common vocabulary, general scientific vocabulary, and
general medical vocabulary were excluded (Fig.3).

We compared the names of coronavirus diseases used in
the resultant text corpora (Table S11, See Supplementary
Online Information at www.celljournal.org) and analysed
the vocabulary of the terms. We divided the terms into
the following groups: i. Common vocabulary, ii. General
scientific vocabulary, iii. General medical vocabulary,
and iv. Thematic vocabulary. The first group included
the following terms: Germany, entry, 21% century,
general population, Hubei Province, policy, adult, age,
era, future perspective, human, nature, social media,
Africa, alternative, communication, community, decision,
delay, February, belief, adolescent, adoption, climate
change, difference, human right, seasonality, Seattle,
disruption, billion compound, chapter, characteristics,
characterization, female, goal, Google Scholar,

Cell J, Vol 23, No 5, October 2021

government, guidance, mankind, market, performance,
period, week, whole world, Wuhan city, emergence,
environment, worldwide, and Wuhan.

BUnique terms

B PubMed+Dimensions
B)Scopus+Dimensions
B Scopus+PubMed

B Scopus+PubMed+Dimensions

500 -
450 -+
400 +
350 +
300 +
250 -+
200 +
150 -+
100 -+

Number of terms

Scopus PubMed Dimensions

Fig.3: The ratio of repetitive and unique terms in different corpora. There
were a total of 450 units for all corpora.

The second group included the following terms:
discovery, comparison, assessment, bibliometric analysis,
biomedical research, correlation, systematic review,
cross-sectional study, meta-analysis, current knowledge,
validation, current review, observational study, current
study, database, further investigation, mathematical
model, publication, PubMed, comparative analysis,
mathematical assessment, mathematical prediction,
computational, deep learning, computational approach,
science, scientist, computational investigation, and
computational method.

The third group included the following terms: diagnostic,
clinical manifestation, cancer patient, case report,
silico approach, human health, clinical consideration,
clinical course, clinical features, clinical implication,
clinical management, hospitalisation, hospitalised child,
prophylactic, hospitalised patient, blood, patients, breath,
morbidity, mortality, therapeutic approach, therapeutic
strategy, cancer, clinical experience, clinical sample,
cardiovascular disease, clinical data, clinical evidence,
clinical presentation, clinical study, healthcare, healthcare
system, healthcare worker, supportive care, clinical
symptom, clinical treatment, clinical use, and clinician.
Terms from the fourth group are presented in Table
S12 (See Supplementary Online Information at www.
celljournal.org).

Figure S5 (See Supplementary Online Information
at www.celljournal.org) shows the relationship of the
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terms of each group between corpora from the different
databases. The most common terms in publications
related to research in the field of vaccine and coronavirus
was “sars cov” in the PubMed database, which was
organized based on the time of appearance (Fig.S6, See
Supplementary Online Information at www.celljournal.

org).

Discussion

This is the first bibliometric research that summarizes
numerous characteristics of the investigations of the
SARS-CoV-2 vaccines. An understanding of the features
of global researches on SARS-CoV-2 vaccines may be
beneficial. In this bibliometric study, we reviewed the
literature from three databases - Scopus, Dimensions,
and PubMed. We identified 1659 articles from Scopus
and 6545 authors in the corpus, of which 59 authors had
at least five publications. The co-authorship network
includes these authors in nine clusters.

For 6225 articles from PubMed, 26 509 authors were
listed in the corpus with the co-authorship network that
includes 59 authors in 19 clusters. Moreover, for 2326
articles from the Dimensions database, 10356 authors
were in the corpus, of which 59 authors who had at least
five publications with the co-authorship network of ten
clusters were included. As can be deduced from the results,
although there have been many studies on the SARS-
CoV-2 vaccine, as well as number of vaccine showed
acceptable efficacy against SARS-CoV-2; therefore, we
cannot with certainty expect a fully safe and effective
vaccine against this disease, especially for various age
groups and various viral strains (32).

To our surprise, we found that that at most, there
were 9 authors duplicated in all three corpora of the
publications. Scopus and PubMed had nine, whereas
Scopus and Dimensions had eight, and PubMed and
Dimensions had three mutual authors. There were 33
(55.9%) non-recurring authors in the Scopus-network, 37
(62.7%) in the PubMed network, and 39 (66.1%) in the
Dimensions network. It should be noted that Chinese and
Indian authors prevailed among Scopus authors. There
is a prevalence of European authors in PubMed and the
Dimensions database is comprised of European, Chinese,
and Indian authors.

To date, there are more than 300 approved candidates
for the SARS-CoV-2 vaccines, and 32 have already
undergone clinical trials. In addition, the paradox of
vaccine production has been raised in some countries
(33). Vaccines can help prevent the spread of disease
by stimulating the immune system. Our knowledge
of COVID-19 is far less than our ignorance, and the
complexity of this disease makes us think more deeply
about a vaccine. In the first stage, the vaccine is tested
on a small number of subjects in order to prove that it is
safe. In the second phase, the vaccine will be tested on
a larger number of patients to evaluate its effectiveness.
Both safety and efficacy of a vaccine are very important

Rahim et al.

and vital (34).

The organizations that were identified in the mapping
of co-authorship also differed for the three corpora.
Organizations that met twice were: University College
London, Fudan University, University of Washington,
Tehran University of Medical Sciences (Tehran, Iran), Ohio
State University, and Yale University. No organization met
three times. In a preliminary experiment, our comparison
showed considerable variation in terminology. Common
words comprised disease names (COVID19, novel
coronavirus, nCoV), disease prevention, and country
of origin (China). Although unlikely, the COVID-19
outbreak could abruptly end before a safe and effective
vaccine is available; therefore, we must continue our
efforts to find such vaccines in order to be prepared to
fight this disease if an outbreak recurs (35). Given that
all scientists and research and development centres are
in a race and competition to develop the SARS-CoV-2
vaccines, it is necessary to accelerate and streamline that
process because a vaccine may be the only approach that
enables the development of immunity to SARS-CoV-2
across a population (36).

As a result, scientific biomedical information
databases are often used by physicians and researchers.
In this article, we compared different aspects of basic
biomedical scientific information databases. PubMed is a
very significant resource for physicians and researchers,
whereas Scopus covers a wider range of journals and
citation analysis capabilities compared to the other
databases (37). At the same time, both the PubMed and
Dimensions corpora overlapped in eight terms. The
Scopus and Dimensions corpora overlapped in 13 terms.
Both the Scopus and PubMed corpora did not overlap
in any of the terms. In order to clarify terminological
mapping, we conducted research on a large number
of terms. The results of the previous study could have
been influenced by human factor because we excluded a
number of uninformative terms at the last stage. In the
current study, we considered all terms without exception.
The main term common to the Scopus and PubMed
databases was 2019-COV. The PubMed and Dimensions
databases had eight terms in common (new coronavirus,
novel coronavirus covid, novel coronavirus SARS-CoV,
porcine deltacoronavirus, porcine epidemic diarrhoea
virus, SARS CoV2, SARSCoV2 infection, and severe
acute respiratory syndrome). Therefore, PubMed had
more research with animal models on COVID-19 diseases
compared to the other databases (38). In addition, more
accurate names of this disease were used in this corpus,
which was not surprising given the medical nature of this
database.

We analysed the lexical groups of the terms, of which
the thematic vocabulary group is of interest as it contains
terms related to the field of vaccine development (39).
Surprisingly, the Dimensions database had the most topic-
specific words (249 words), followed by Scopus (221
words) and PubMed (193 words). However, there were
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words that were repeated in the three corpora. Among the
general terms, there were terms that provided an idea that
to design a vaccine toolkit, animal models are essential,
using approaches such as immune-informatics, virtual
screening, molecular dynamics simulation, which are
popular methods for vaccine development so far (40).

The structure of the coronavirus is being studied. Animal
models are mentioned in the PubMed and Dimensions
corpora. Hence, in term of Scopus terms, penetration of
the virus into the cell and the body’s response to the virus
were frequent terms. PubMed has frequent immunological
terms, but the largest number of specific terms were
identified in the Dimensions database. Thus, the corpus
from the Dimensions database provided a more complete
picture of the research topics for SARS-CoV-2 vaccine
development. This could help health policy makers make
decisions about incorporating new researches into vaccine
development (41).

We attempted to analyse temporal dynamics using the
PubMed corpus as an example by taking into account the
medical specifics of this database because these collections
were less represented in the Dimensions and Scopus
databases. The time slot is wider in the PubMed database.
Unlike other databases, PubMed contains many articles
about previous strains of coronaviruses. Nevertheless,
the interval of publication activity was small. Hence, we
decided to consider temporal dynamics in future studies.

There were 10874 terms in the PubMed collection. We
chose 147 terms because they were the most relevant
and popular. The clustering of these terms resulted in
ten clusters. There were eight clusters with the minimum
cluster size that equalled one.

Conclusion

This study is a scientific bibliometric analysis of studies
on SARS-CoV-2 vaccines. A comparative analysis of
scientific literature was carried out for three bases:
Scopus, PubMed, and Dimensions. As a result, we
determined that tremendous attention is paid to the study
of the coronavirus structure at the organismic, cellular
and molecular levels. Penetration of the virus into the
cells is well-studied. A variety of methods and strategies
are being used to develop a vaccine. The features of the
influence and development of coronavirus on animals
are well understood. Both animal and computer models
are being used to create a vaccine for humans. The most
representative from the point of view of the coverage of
research on the creation of a vaccine against coronavirus
is in the Dimensions database. It is characterized by a
large number of formed verbose terms (more than four
words) related to coronavirus, which makes it possible to
track trends in the development of methods for creating a
vaccine.
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Abstract
Objective: lonizing radiation is a tremendous risk factor for cancer development. MicroRNAs (miRNAs) are regulators
that utilize cell pathways, which are implicated in human cancer prognosis. In addition, miRNAs respond to anti-cancer
therapy and proliferation after irradiation. However, the changes in miRNA expression profiles in response to irradiation
have not been comprehensively analysed. The present study was designed to assess potential changes that occur in
miRNA expression following irradiation.

Materials and Methods: In this experimental study, we used quantitative real-time polymerase chain reaction (qRT-
PCR) to measure the expressions of miR-155, miR-21, and let-7a in MCF-10A (normal breast cells) and MCF-7 (breast
cancer cells) six hours after the cells were exposed to five different irradiation doses (50, 100, 400, 2000, and 4000
mGY).

Results: After irradiation from the low to high doses, we observed an upsurge in miR-155 (more than 100%) expression
and reduction in let-7a (more than 87%) expression. However, there was an increase and a reduction in miR-21
expression (more than 100%).

Conclusion: Irradiation can play an important role in cancer development in normal breast cells (MCF-10A) at low dose

irradiation. However, the results showed little difference at high doses of radiation.
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Introduction

Breast cancer is a complicated disease with genetic
diversity that encompasses a wide range of changes in
structure and gene expression. Since breast cancer is very
prevalent and is the second cause of mortality amongst
women, further research is vital in this field (1).

MicroRNAs (miRNAs) play important role in the
diagnosis and treatment of cancers (2). MiRNAs comprise
19-25 nucleotides and they play a role in the arrangement
of gene expressions. There are a few studies on radiation
and miRNAs (3). In addition, miRNAs play a major role
in several processes, such as apoptosis, differentiation,
cell migration, and proliferation (4). Recently, the number
of identified miRNAs in the process of gene arrangement
has significantly increased (3). In order to achieve their
intended target, miRNAs can play the role of tumour
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suppressor or oncogene (5).

MiRNAs can be potential candidates for breast cancer
biomarker and used for early prognosis and diagnosis (6).
MiR-155 increases in several cancers, including breast
cancer (7). Recently, the influence of evidence-based
miR-155 on suppressor of cytokine signalling 1 (SOCS1)
was found to play a role in tumour suppression. An
increase in miR-155 results in a decrease in SOCS1 levels
(8). In addition, in another study the impact of miR-155
on caspase3 was observed as a suppressor with a major
role in apoptosis (9).

In a study of rat breast cancer epithelial cells, miR-155,
an inter-mediator in the TGFB pathway, was found to have
a central role in cell formation epithelial-mesenchymal
transition (EMT) and increased considerably (10). In
general, although miR-155 increases in breast cancer, in



some research, a decrease in miR-155 in some hormonal
receptors has been seen (11). Increases in miR-21 have
been reported in some cancers, including breast cancer (12,
13). The increase in miR-21 in cancer cells was shown to
be specific when compared to normal breast cells (13). An
investigation of 199 breast cancer patient and 21 healthy
control by real-time polymerase chain reaction (qRT-
PCR) showed a significant level of miR-21 (14). The
amount of miR-21 expression in grades 2 and 3 cancer
cells is higher than grade 1. MiR-21 is one of the major
regulators of miRNAs in different cell pathways; this
miRNA regulates metastasis and can control cell viability.
Tropomyosin-1 is an important growth-inhibiting protein
that is negatively regulated by miR-21 (15-17).

Let-7a is part of the first known miRNAs, with a 12
member’s family (18). Let-7a regulates many targets in
cell pathways and the levels of these targets increase in
breast cancer. There is a negative feedback between let-7a
and 1in-28 (19). Gene producer let-7a is on chromosome
13, a fragile part of the gene that is constantly being
deleted. Studies have shown that in undifferentiated
cells, let-7a is also absent and the chance of cancer is
also increased (20). The results of one study showed a
decrease in let-7a in breast cancer cells (BT-IC) and an
increase in let-7a in differentiated cells (21). Dingo and
colleagues reported a role for let-7a in breast cancer
metastasis by RKIP regulation. RKIP is a gene suppressor
in breast cancer cells (22). The changes in miRNA
expression profiles in response to irradiation have not
been comprehensively analyzed. The present study was
designed to assess potential changes that occur in miRNA
expression following irradiation.

Materials and Methods

This experimental research was designed to examine
the effect of ionizing radiation on expression changes in
three miRNAs - miR-155, miR-21, and let-7a. This study
was conducted at Shiraz University of Medical Sciences
with the support of the Vice Chancellor for Research
and was registered by the Ethics Committee (IR.SUMS.
REC.1397.538).

Cell culture

We obtained both human breast cancer cell lines (MCF-
7) and human normal breast cell line (MCF-10A) from
Pasteur institute of Iran (Tehran, Iran). The cells were
supplemented with 10% foetal bovine serum (FBS, Merck,
Germany) and 1% penicillin-streptomycin (Merck,
Germany), and cultivated in 20 flasks in medium at 37°C
and 5% CO, under carefully controlled conditions. Each
group was cultured in three flasks and twice testing was

performed for each flask.

Ionizing radiation treatment

The cultured cells were irradiated with different doses of
ionizing radiation. The cells received 50, 100, 400, 2000,
and 4000 mGY administered by a linak accelerator (Elekta
Company, Sweden) at 6 mv and source-skin distance
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(SSD) of 100 cm and a dose rate of 200 mu/minutes. The
experiments were conducted at Namazi Hospital, Shiraz,
Iran. The irradiated cells were maintained at 37°C and 5%
CO, for six hours prior to total RNA extraction conducted
in accordance with the manufacturer’s instructions.

RNA extraction

Total RNA was extracted from the cultivated MCF-7
and MCF-10A cell lines using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) in accordance with the manufacturer’s
instructions. Both the RNA concentration and integrity were
quantified in each sample by a NanoDrop (Bioner, South
Korea) instrument before the samples were stored at -70°C.

c¢DNA synthesis and real-time polymerase chain
reaction

cDNA synthesis was conducted with a KIT protocol
(Exiqon, Denmark) according to the manufacturer’s
instructions. An average of 2 pl of the total miRNAs
was used for cDNA synthesis based on the evaluation
of the NanoDrop instrument. For recognizing miRNAs
expression and RT-PCR, we used 10 ml of ROX and
SYBR-green (Exiqon, Denmark), 1 pul cDNA, 1 pul
primer, and 8 pul DEPC Water (DW) according to the
manufacturer’s instructions. In order to specify the
amount of miRNA expression and for RT-PCR analysis,
we used Oligo-dT primer to design specific primers for
miR-155, MiR-21, and let-7a. MiR-5s was purchased
from mentioned company (Exiqon, Denmark), for internal
control. The expression levels of these three miRNAs
were evaluated by an ABI Step One QPCR according
to the manufacturer’s instructions. Briefly, all samples
were incubated for 60 minutes at 42°C, followed by heat
inactivation of the reverse transcriptase (RT-enzyme) at
95°C for 5 minutes. Additionally, 5S rRNA gene was
used as an internal control. The RT-PCR reactions were
performed at 95°C for 10 minutes, followed by 40 cycles
at 95°C for 10 seconds, and 60°C for one minute with an
ABI 7500 qRT-PCR system (Applied Biosystems, Foster
City, CA, USA).

Bioinformatics analysis

Identification of putative and validated target genes among
the differentially expressed genes for all the studied seven
miRNAs was performed by using Web-based software
analysis. The corresponding gene, miRBase ID, and
sequence of each miRNA in this study were assigned before
analysis. The Web-based software used to investigate the
miRNA targets were: miRTarBase (http://miRtarbase.mbc.
nctu.edu.tw), miRecords (http:/miRecords.biolead.org/),
TargetScan (http://www.targetscan.org/), miRanda (http://
www.microrna.org), DIANA microT (http://diana.imis.
athena-innovation.gr/DianaTools), and miRwalk (http://zmf.
umm.uni-heidelberg.de/apps/zmf/miRwalk2/).

Statistical analysis

All experiments were performed in duplicate. Data
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were analysed by software used in an ABI instrument
by taking into consideration the obtained cycle threshold
(CT) numbers and the estimated melting curve using
device for any miRNA in each irradiation. We had a CT
number which was normalized to internal control (miR-
5s) by Graph Pad Prism 5.0 (Graph Pad Software, Inc.,
La Jolla, CA, USA), finally use 2 2V were expressed as
log2 values.

Results

The MCF-7 and MCF-10A cell lines were cultivated
under appropriate conditions and subsequently irradiated
with varying doses (50, 100, 400, 2000, or 4000 mGY).
After six hours, we evaluated miRNA expression levels
by qRT-PCR. Irradiation from low to high doses showed
an increase in miR-155 expression in the cancer cell line
in comparison with normal cells, and this represented the
probability of breast cancer at the various doses. Down-
regulation occurred between the 100 to 400 mGY doses,
which could be considered a reduction related to the
chance of breast cancer at the 400 mGY dose compared to
the lower doses. We observed up-regulation in the doses
after 400 mGY (Fig.1).
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Fig.1: The relative expression of miR-155 in the MCF-10A and MCF-7 cell
lines after irradiation at 50, 100, 400, 2000, and 4000 mGY. MicroRNA
(miRNA) expressions were assessed after six hours. There is a chance for
breast cancer in the low to high doses.

MiR-21 expression was up-regulated and down-
regulated in the cancer cells in comparison with the
normal cells. There was up-regulation in 50 and 100
mGY doses; hence, it could be said that the probability
of breast cancer increased in this dose due to the increase
in miR-21 expression in breast cancer. However, we had
a decrease in the expression of miR-21 in the cancer cells
compared to normal cells at the 200 mGY dose, followed
by an overlap to 4000 mGY. The minimum possibility to
develop cancer in miR-21 after irradiation was 400 mGY
where we had a significant difference between normal
cells and cancer cells (Fig.2).

The reduction in let-7a in cancer cells compared to
normal cells is a fact. Overally, we observed a decrease
in let-7a expression in cancer cells compared with normal
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ones, which could be considered as an increased chance
for breast cancer in the low to high doses. There was
no significant increase or decrease in let-7a expression
in the low to high doses; however, the most significant
amount change to level of let-7a expression between
normal and cancer cells was observed at the 400 mGY
dose (Fig.3).
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Fig.2: Relative expression of miR-21 in the MCF-10A and MCF-7 cell lines
after irradiation at 50, 100, 400, 2000, and 4000 mGY. MicroRNA (miRNA)
expressions were assessed after six hours. Up-regulation and down-
regulation were observed at different doses.
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Fig.3: Relative expression of let-7a in the MCF-10A and MCF-7 cell lines
after irradiation at 50, 100, 400, 2000, and 4000 mGY. MicroRNA (miRNA)
expression was assessed after six hours. There is a chance of breast cancer
in the low dose to high doses.

The MCF-7 cancer cell line was affected by let-7a
down-regulation and miR-155 and miR-21 up-regulation.
In terms of the irradiation effect, we observed a similarity
in expressions of miR-155 and miR-21 in the cancer cells
after irradiation. The higher probability of breast cancer
was observed at the 100 mGY dose and the minimum
probability was at the 400 mGY dose. For let-7a, the most
significant effect was observed with the least possible
expression, which occurred with the 400 mGY dose and
the least irradiation effect was at 4000 mGY, which had
the most expression (Fig.4).
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Fig.4: Relative expressions of miR-155, miR-21, and let-7a in the MCF-7
cell line after irradiation at 50, 100, 400, 2000 and 4000 x-rays. MicroRNA
(miRNA) expression was assessed after six hours.

The changes in expressions of miR-155, miR-21 and
let-7a in the MCF-10A cell line (normal cells) are seen in
the form of increase and decrease on different doses. In
the case of let-7a, probability of breast cancer increased at
the 2000 mGY dose compared to the 4000 mGY dose, due
to a reduction in expression level. MiR-21 expression in
normal cells at different doses showed that the probability
of breast cancer has increased followed by a decrease at
2000 mGY compared to 400 mGY. MiR-155 expression
in normal cells had no significant decrease or increase;
however, it can be said that probability of breast cancer
after irradiation was high at the 400 mGY dose compared
to the other doses because we observed the highest
expression (Fig.5).
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Fig.5: Relative expressions of miR-155, miR-21, and let-7a in the MCF-10A
cell line after irradiation at 50, 100, 400, 2000, and 4000 mGY. MicroRNA
(miRNA) expression was assessed after six hours.

Discussion

There are recent significant developments in the field
of molecular analysis and problem-solving aetiology.
MiRNAs are a new category of endogenous RNA
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molecules that have aroused great interest in the scientific
community. MiRNAs are often expressed in cancer. A new
source of upstream molecular factors of gene expression
has been discovered, which warrants extensive research
to clarify their roles in cancer.

We studied the association between miRNAs and breast
cancer. The role of miRNAs as an effective diagnostic
factor for breast cancer was the focus of our research.
MiRNAs have important roles in cancer diagnosis that are
very important like germ cell tumours (23). Although one
of the most important factors that influences the process
of cancer is radiation, there are few studies of irradiation
on miRNAs and breast cancer. A recent study showed the
effect of different radiation doses on two types of cancer
cell lines through the miRNA pathway (24). miRNAs are
also used to treat breast cancer (25).

A double strand break (DSB) is a fatal damage caused
by ionizing radiation that should be restored; one of
the major components in this restoration is RADS1.

Gasparini et al. (26) reported that the increase in miR-
155 in breast cancer cells would lead to a reduction
in RADS51 levels and would affect the cell response to
radiation. Consequently, along with radiation and an
increase in miR-155 and consequent decrease in RADS1,
cell sensitivity to radiation will increase. The results of
the present study indicated increased miR-155 expression
in the normal cell line compared to the cancer cell line,
which could increase radio-sensitivity and the chance of
breast cancer. Although in different doses we observed
an increase and decrease. An important finding of miR-
155 is the relationship with BRCA1. Chang et al. (27)
showed that BRCAI play an important role in damage to
DNA repair and cell cycle. The function of BRCAT1 will
decrease with cell mutations and increases in miR-155.
Based on the results of our research, an increase in
miR-155 expression and a decrease in the performance
of BRCAT1 can lead to an increased chance for breast
cancer.

One direct target of miR-21 is CDC25a, which has
a tremendous effect on cell repair and increase of
checkpoint arrest (28, 29). Also, miR-21 can be use as
a radio-resistance, since, with increasing radiation dose
and the need for DNA repair, an increase in miR-21 and
CDC25a has been observed and this result can be seen
in the 100 mGY dose. Although miR-21 is observed in
breast cancer, there is no clear pattern of gene target of this
miRNA, like PTEN; therefore, additional investigation is
necessary (15) .

Let-7a has a key role in proliferation, differentiation
and tumour suppression (30). There are contradictory
results regarding increases or decreases in let-7a
after radiation. The results of a study on lung cancer
indicated down-regulation of let-7a. There was up-
regulation in the entire let-7a family in a glioma cell
line (31). In addition, the p53 path in determining
the amount of let-7a expression is interesting after
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radiation. In a study after ionizing radiation (IR), we
observed down-regulation of let-7a in cells sensitive
to radiation, such as the lungs and bone marrow, while
there was up-regulation in let-7a in cells resistant to
radiation, like the brain and muscles (32). This change
could come from several factors, including the type
and amount of radiation and paths involved in let-7a
regulations (e.g., line 28 and RAS) (33). We observed
a significant decrease in let-7a in the cancer cells
compared to the normal cells; hence, it can be inferred
that there was a chance of breast cancer from the low
dose to the high dose of irradiation.

Conclusion

According to the results from various studied that
investigated the relationship between miRNAs and
radiation, we concluded that irradiation affects breast
and other cancers. Our findings showed up-regulation
of miR-155 and let-7a with an increase in irradiation
dose. It could be said that the probability of breast
cancer increases following irradiation in normal and
cancer cells. However, we did not see miR-21 up-
regulation with increased irradiation. We observed
up-regulation and down-regulation at different doses.
We could not say that the probability of breast cancer
increased after irradiation in miR-21. The current
and previous research studies could be a promising
approach for the effect of radiation on miRNA
expression. The role of miRNAs in breast cancer is
suggested in diagnostic radiology and radiotherapy
and in radiation accidents.
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Abstract
Objective: Methadone is one of the widely used drug substances prescribed in treatment of opioid dependence and
pain management; however, several studies have shown its neurotoxic effects on individuals and animal models. The
purpose of this study was to assess neuroprotective effects of Coenzyme Q10 (CoQ10) on neurotoxicity induced by
methadone in hippocampus of adult NMRI male mice.

Materials and Methods: In this experimental study, 48 adult NMRI male mice were randomly divided into 4 groups
(n=12 in each) including Methadone, Methadone with sesame oil, Methadone with CoQ10 and saline. The injections
of methadone, saline and sesame oil were performed intraperitoneally for 20 days. 24 hours after last injection, half of
the animals in each group (n=6) were randomly assessed for evaluating of spatial memory by radial maze. Following
behavioral study, animals were sacrificed, and their brains were removed to evaluate pyknotic cells through histological
assessment. The remaining were used to study the expression of Arc, Bax, Bcl-2 and Bdnf genes.

Results: Results of the present study showed that daily administration of methadone increased the number of pyknotic
neurons in the CA1 hippocampus and altered the expression of Bax, Bdnf, Arc and Bcl-2. However, it did not alter
spatial memory comparing to saline group. CoQ10 treatment significantly reduced the number of pyknotic cells and
expression of Bax, Bdnf, Arc when compared to the vehicle group treated by sesame oil. However, the expression of
Bcl-2 significantly increased as a result of CoQ10 treatment.

Conclusion: CoQ10 reduced the neuronal damage caused by methadone in the hippocampus CA1.
Keywords: Apoptosis, Bdnf, CoQ10, Hippocampus, Methadone
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Introduction

Methadone is a synthetic opioid derivative prescribed
for treatment of pain syndrome and opioid-related
dependencies to avoid withdrawal symptoms (1). Despite
the extensive therapeutic use of methadone, some studies
have shown it has destructive and harmful effects on
perception and cognition in individuals (2).

It’s been shown that, the expression of some genes is
changed within the body as a result of drug abuse (3).
Bdnfis a member of the neurotrophic factor family, which
plays a role in regulating survival and differentiation of
neurons in the central and peripheral nervous system
(4). Arc, a member of the immediate-early gene (IEG)
family, is another neuroplastic protein that plays a vital
role in learning and memory-related process (5). Arc
causes a series of changes in the pattern of neuronal
activity relative to synaptic plasticity and thus, optimizes
the storage of information in the nervous system (6).
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Long-term consumption of methadone increases the
expression of pro-apoptotic proteins in the cerebral
cortex and hippocampus (7, 8), leading to cell death
activation through mitochondrial-mediated pathway, and
ultimately dendritic atrophy, abnormal neurogenesis, and
neurodegeneration (9). Members of Bcl-2 family proteins
have a crucial role in survival and cell death regulation,
from which Bax is an important proapoptotic player that
induces mitochondrial-mediated pathway of apoptosis
via oligomerization and induction of mitochondrial
membrane disruption (10).

In neurodegenerative disease oxidative stress disrupts
glutathione homeostasis and produces reactive oxygen
species (ROS) (11). An excessive increase in ROS
generation and a reduction in defensive antioxidants
lead to oxidative damage to DNA, lipids and proteins
and therefore leading to cell damage (12). Neuronal
cells in CNS have a lower antioxidant capacity than glia,



that makes them more susceptible to such injuries (13,
14) and hence increasing the antioxidant defense could
provide neuroprotective effects. CoQ10 is a natural fat-
soluble antioxidant that found in cellular organelles
such as peroxisome, lysosomes, Golgi vesicles, and
inner mitochondrial membrane (15, 16). It has been
considered as a neuroprotective agent for treatment of
neurodegenerative diseases. Q10 reduces the damage to
hippocampal neurons (17), prevents nerve damage, and
inhibits lipid peroxidation by reducing radical species
production (18).

Because of the extensive use of methadone in the
treatment of addiction and its negative effects on learning
disruption and neuronal damage in the brain, the aim of
this study was to evaluate the neuroprotective potential of
Q10 as a complementary therapy in reducing methadone-
induced neuronal damage.

Materials and Methods
Animals and treatment groups

All experimental procedures were approved by the
Review Board and Ethics Committee of Arak University
of Medical Sciences (IR.ARAKMU.REC.1395.318).
Forty eight adult NMRI male mice (30-35 g) were
obtained from Razi Institute (Karaj, Iran). Animals
were housed in 12-hour light/dark cycles and water and
food were freely available. Mice were assigned into 4
following groups (n=12 in each) and treatments were
administrated for 20 consecutive days: i. Saline group,
ii. Methadone group: received methadone 10 mg/kg
(i.p) daily, iii. Methadone+sesame oil group; received
methadone 10 mg/kg (i.p) following the injection of
sesame oil 0.2 ml/day (i.p), and iv. Methadone+Q10
group: received methadone 10 mg/kg (i.p) following
the injection of Q10 dissolved in sesame oil 10 mg/kg
daily for 20 consecutive days.

Twenty four hours after the last injection, mice from
each group were randomly divided into 2 subgroups:
half of them were assigned for behavioral study, then
they were sacrificed and their brains were processed for
morphological studies of pyknotic cells. Other half were
used for gene expression analyses of Arc, Bax, Bcl-2 and
Bdnf.

Histological study

The animals were killed by cervical dislocation, the
brains were removed and fixed overnight in formalin10%.
After paraffin embedding, coronal sections with Spum
thickness were prepared from -1.5 to -2.5 mm post bregma
(in accordance with the mouse brain atlas, 2004). Sections
were then dehydrated in the ascending alcohols series,
stained with cresyl violet and mounted on glass slides.
The slides were examined under a light microscope using
an x40 objective lens (BX51, Japan) and images were
captured by a digital camera (Olympus, DP 11, Japan).
The number of pyknotic cells in each CA1 hippocampus
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were counted in three random areas of each section and
five sections were analyzed for each sample. Pyknotic
cells were characterized by their darkly stained condensed
chromatin, a smaller volume and light or absent cytoplasm.

Spatial learning test with radial arm maze

For assessment of memory and learning task, a
radiating eight black Plexiglas arms maze with a central
round platform was used as previously described with
few modifications (19). Briefly the diameter of arms
was 50x15x15 cm and each of arms numbered from
1 to 8. There was a removable door in the entrance of
every arm of maze and at the end of it a well for hiding
of food bite. Various intra and extra maze visual cues
were sited through the testing room to help the animal
for spatial memory task. Trials were performed daily
9:00 to 12:00 am. Habituation phase was done one
day before the training session in which each mouse
was placed in the RAM for adjustment of apparatus
environment.

During the training phase, the animal was placed to the
central platform and allowed for 30 seconds to become
familiar with the place. After that the entry of all doors
were opened and animal was allowed to freely explore
the maze for 5 minutes. Four fixed arms were baited, and
the others arranged in the same configuration throughout
the entire experiment. The final time of spatial memory
experiment were calculated when the mouse visited all
four baited arms once or after 5 minutes, since the start
of the trial.

Training session was done daily, for 5 continuous days.
Access to food was restricted two hours before each trial.
Following each trial, the apparatus was cleaned with 40%
ethanol to avoid of olfactory cues.

To evaluate spatial learning and memory, two types of
errors were calculated: i. Working memory errors (WME):
the number of entries into a baited arm during each trial
session. ii. Reference memory errors (RME): the number
of entries into a non- baited arm during each trial.

Gene expression study

After decapitation, the hippocampus was dissected
and stored at nitrogen -80°C until use. Total RNA was
extracted using RNA plus extraction kit (Sinaclon,
Iran). Three microgram RNA was reverse transcribed
using oligo-dT primer (Yekta Tajhiz Azma, Iran) and
reverse transcriptase (Yekta Tajhiz Azma, Iran) based
on manufacturer’s protocol. The reaction mixtures
were incubated at 42°C for 60 minutes and then
inactivated at 70°C for 10 minutes. Resulting cDNA
was subjected to quantitative real-time polymerase
chain reaction (q-PCR) by using SYBR1 Green Mix
(Yekta Tajhiz Azma, Iran) on a Light Cycler 96 System
(Roche Diagnostics GmbH, Germany). The following
conditions were used for gq-PCR: initial heating for
10 minutes at 95°C, 45 cycles of amplification, each
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composed of 15 seconds at 95°C, 60 seconds at the
annealing temperature, and 60 seconds at 72°C.
The annealing temperatures were 55°C, 53°C, 53°C,
53°C and 54°C for S-actin, Arc, Bdnf, Bcl-2 and Bax,
respectively. Reactions were performed in triplicates.
p-actin was used as an endogenous control to minimize
the effect of sample variations. The fold changes in
gene expression were calculated using AACt method.
Primer were designed using Allele ID 7 software
(Table 1).

Table 1: Designed primers for the gene expression study

Gene name Primer sequence (5-3") Amplicon size

Arc F: ACGACACCAGGTCTCAAG 159
R: GCACCTCCTCTTTGTAATCC

Bax F: CTGAGCTGACCTTGGAGC 413
R: GACTCCAGCCACAAAGATG

Bcl-2 F: CACCCCTGGCATCTTCTCCT 349
R: GACTCCAGCCACAAAGATG

Bdnf F: CACCCCTGGCATCTTCTCCT 118
R: GTTGACGCTCCCCACACACA

P-actin F: GCGCCCATGAAAGAAGTAAA 536

R: GGGCCGCTCTAGGCACCAA

Statistical analysis

Data are presented as mean = SEM. Statistical
analyses were performed using GraphPad Prism
V8.4.0 (GraphPad Software, San Diego, CA, USA).
One-way analysis of variance (ANOVA) was used for
histological, WME, RME and gene expression data,
followed by Bonferroni post-hoc test for further pair-
wise comparisons. Latency of spatial learning was
analyzed by repeated measures ANOVA followed
by Bonferroni post-hoc test. P<0.05 was regarded as
statistically significant.

CoQ10 reduced the number of Methadone-induced
pyknotic cells in CA1

As demonstrated in Figure 1, the numbers of pyknotic
cells in CAl significantly increased in the methadone
group when compared to the control group (treated with
saline) (P<0.001). Daily administration of CoQ10 to the
mice treated with Methadone, significantly reduced the
effect of methadone on pyknotic cells number (P<0.05).
In addition, injection of Sesame oil without CoQ10 to
the mice treated with Methadone showed no significant
effects.
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Co0Q10 did not alter the effects of methadone on spatial
memory

RMA analyses demonstrated there were no significant
differences in mean values of latency to finish the four
baited arms (F, (=1.4, Fig.2A) among experimental
groups. Similarly, the mean number of entries into the
baited arm during the trials (working memory errors,
Fig.2B) and mean number of entries into a non -baited
arm (reference memory errors, Fig.2C) remained
unchanged.

200+
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Bl Methadone
Methadone+sesam oil

150+ ke
m Methadone+CoQ10

100 ###

50+

Mean number of pyknotic neurons

0-

Fig.1: Nissl staining showed CoQ10 reduced the number of pyknotic cells
in CA1 area. Statistical analysis demonstrated a significant increase of the
pyknotic cells in methadone and methadone+sesame oil groups. CoQ10
significantly decreased pyknotic cells. Black arrows show pyknotic cells
and white arrows show normal neurons. A. Saline, B. Methadone, C.
Methadone+sesame oil, D. Methadone+CoQ10 group (scale bar: 100 um).
E. Mean values of the experimental groups. ***; P<0.001 compared with
saline, ###; P<0.05 compared with methadone. All data are expressed as
mean * SEM.

CoQ10 modified the effects
hippocampal gene expression

of methadone on

The results of quantitative PCR showed a significant
enhancement in relative expression of Bdnf and Arc
in all groups received methadone compared to the
saline group (P<0.05). However, CoQ10 treatment
significantly inhibited upregulation of both genes
(P<0.05) in comparison with methadone group and
methadone+ sesame oil group (Fig.3A, B).

The relative expression of Bcl-2 was significantly
reduced in methadone group compared to the saline group
(P<0.05), however; the relative expression of Bax was
significantly increased (P<0.05). Treated animals with
CoQ10 showed significant increase in Bcl/-2 expression
compared to methadone group and methadone+sesame



oil (P<0.05, Fig.3C). In addition, relative expression of
Bax was significantly reduced in methadone+CoQ10
group in comparison with methadone group and
methadone+sesame oil group (P<0.05, Fig.3D). Also,
Bax/Bcl-2 ratio demonstrate a significant increase in
the methadone group and methadone+sesame oil group
compared to Saline group while CoQ10 administration
with methadone significantly reduced this effect (P<0.01,
Fig.3E).
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Fig.2: CoQ10 did not change the effects of methadone on spatial
memory. A. Repeated measured ANOVA analysis showed no significant
differences among experimental groups in latency. One-way ANOVA
showed no significant differences among experimental groups in
B. Working memory and C. Reference memory errors. The data are
presented as mean + SEM.
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Fig.3: CoQ10 modified the effects of methadone on hippocampal gene
expression. A-C. The relative expression of Bdnf, Arc and Bax in methadone
group showed a significant increase compared to the saline group
(P<0.001). D. However, relative expression of Bcl-2 in methadone group
showed a significant decrease compared to the saline group (P<0.01). E.
In addition, Bax/Bcl2 mRNA ratio significantly increased by methadone.
Administration of CoQ10 following methadone significantly attenuated
these effects. All data are expressed as mean + SEM. *; P<0.05: relative
to the saline group, **; P<0.01: relative to the saline group, ***; P<0.001:
relative to the saline group, #; P<0.05: relative to methadone group,
##; P<0.01: relative to methadone group, and ###; P<0.001: relative to
methadone group.
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Discussion

Results of the present study suggested that chronic
administration of methadone led to an increase in number
of pyknotic cells in CAl area of hippocampus, while
did not affect spatial memory assessed by radial maze
analysis. In addition, the rate of mRNA expression of Bax
gene increased, while the expression of anti-apoptotic
gene Bcl-2 declined. Methadone administration also
increased the expression of the Bdnf and Arc genes.
CoQ10 significantly reduced pyknotic cells and Bax gene
expression, butincreased gene expression of Bcl-2, Bdnf
and Arc.

Perez-Alvarez et al. (20) examined the effects of
methadone on mitochondria in the SH-SY5Y cells and
showed that high accumulation of methadone resulted
in cell death.Therefore, the use of opiates may also lead
to irreversible neuronal damage and death of neurons. In
agreement with thisresult our histological finding indicated
increased pyknotic cells in the CA1 hippocampus after
methadone administration.

Friesen et al. (21) showed that methadone inhibited
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proliferation of myeloid leukemia cell line (HL-60) and
induced cell death through caspase 3, 9 activation and
diminishing of anti-apoptotic genes expression. Changes
in calcium homeostasis in the presence of methadone can
induce ROS production and finally cell death (20). Therefore,
we aimed to evaluate the protective effects of coenzyme Q10
(CoQ10) against the adverse effects of methadone.

In the spatial memory test, our results showed no
significant difference in the learning capacity of mice
chronically treated with methadone when compared to
the control group. This finding was consistent with the
results of a study conducted by Cummins et al. (22) in
which, chronic use of methadone showed no statistically
significant difference in memory tests.

In agreement with our findings Sadegh et al. (23)
evaluated the effects of repeated injections of morphine on
spatial memory and found no significant differences among
experimental groups. However, they had shown hippocampus
CA1 synaptic plasticity changed in morphine dependent
rats due to chronic morphine consumption (24). Hence, it’s
possible that methadone, similar to morphine, also affect the
hippocampal neurons with no sign of behavioral learning.

Our histological findings showed increased number of
pyknotic cells in the hippocampus CAl of methadone
administrated animals suggesting cell death induction.
Previous  molecular studies have shown chronic
administration of morphine and other opiates deceased the
number of hippocampal progenitor cells and newly BrdU
positive cells in dentate gyrus (25, 26). Opiates might
directly act on the progenitor cell population. In another
study, TUNEL assay analysis indicated that chronic
treatment of high dose morphine and it’s withdrawal,
induced apoptotic cell death in the brain tissue (27).

Interestingly, the results of our study indicated that
CoQ10 treatment can reduce the number of pyknotic cells
in hippocampal CA1l following hippocampal methadone
injury. Natural antioxidants, such as CoQ10, are effective
in improving mitochondrial complexes dysfunction and
inhibition of oxidative stress damages. Hwang et al. (28)
demonstrated that pretreatment of CoQ10 significantly
prevented motor deterioration in a rat model of spinal cord
ischemia-reperfusion damage, as a result of reduction in
oxidative stress and neuronal apoptosis. Similarly, CoQ10
pretreatment could alleviate hippocampal neuronal loss and
aberrant mossy fiber induced by kainic acid as a model of
temporal lobe epilepsy referred to its potential to modulate
the production of oxidative stress (29). Neuroprotective
function of CoQ10 is associated with its scavenging capacity
on free radicals (30). In our study methadone increased
Bdnf gene expression in hippocampal tissue of methadone
group compared to the saline group. In line with these
results, Baydyuk proposed that Bdnf plays a vital role in
maintenance and proper function of neuronal population. It
also improves the survival of the immature striatal neurons
and facilitates establishment of striatal connections during
brain development. Furthermore it plays a crucial role in
opioid-induced plasticity (31, 32).
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Analysis of a human study indicated that the serum
levels of Bdnf increased in the methadone maintenance
treatment patients compared to healthy controls (33). In
alignment with our study Rouhani et al. showed morphine
administration increased the expression of Bdnf gene in
hippocampus of rats with a dose dependent manner (3).

The mechanism of the action of multiple protective
effects of Bdnf against brain injury are related to its
antiapoptosis, antiinflammation and antineurotoxicity
effects (34). Therefore, the increased level of hippocampal
Bdnfin our study could be a protective response triggering
as a result of neuronal cell damages. Treatment with
CoQ10 could reduce the level of Bdnf gene expression to
almost the baseline.

The results of this study showed that methadone
increased the expression of Bax and reduced the expression
of Bcl-2 when compared to the saline group. In consistent
with our results, Tramullas et al. demonstrated that the
chronic consumption of methadone and heroin in animals
increased pro-apoptotic proteins and their activity in the
cortex and hippocampus (7, 35). But after treatment with
CoQ10, the expression of Bax decreased and the expression
of Bcl-2 increased. Similar to our study, Gholipour et al.
(17) showed that CoQ10 could reduce apoptosis induced
by methamphetamine through reducing apoptotic factors
and increasing the anti-apoptotic pathways in the rat brain.
Lee et al. (36) provided evidence that CoQ10 promotes
survival in ischemic mouse retinal cells by inhibiting
oxidative stress and blocking the Bax/Bad mediated
mitochondrial apoptotic pathway. CoQ10 is also able
to activate the phosphatidylinositol-3-kinases (PI3K)
pathway in neurons and significantly reduces the amount
of ROS production (37). As a limitation of this study we
did not asses the ROS alterations in our experimental
groups and it should be considered for the future studies.

In summary, for the first time our results showed
methadone increased hippocampal gene expression of
Arc and CoQ10 when administrated with methadone was
able to prevent this effect. As an immediate early gene,
Arc contributes to the synaptic plasticity and memory
formation. Previous studies have shown that chronic
morphine administration increased mRNA expression of
immediate early genes such as Arc in the hippocampus
(3, 38). Also, it has been shown that Arc is able to
block cellular pathways associated with apoptosis (13).
Therefore, it is possible that increased expression of Arc
occurring following chronic methadone administration
works as a protective feedback mechanism against the
apoptotic effects of methadone. In addition, CoQ10
might preventthe expression of Arc gene by blocking the
apoptotic effects of methadone.

Conclusion

Finding of our study showed that CoQ10 reduced the
neuronal damage and complications of methadone on
hippocampus CA1, probably by modifying the expression
of pro-apoptotic and anti-apoptotic genes. CoQ10 might
be considered as complementary therapy to prevent



adverse effects of methadone on hippocampus.
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Abstract

Objective: In cancer treatments, smart gene delivery via nanoparticles (NPs) can be targeted for cancer cells, while

concurrently minimizing damage to healthy cells. This study assessed the efficiency of poly lactic-co-glycolic acid

Eglé(éA))-miR 143/206 transfection on apoptosis in mouse leukemia cancer cells (El4) and spermatogonial stem cells
S).

Materials and Methods: In this experimental study, neonatal mouse spermatogonia cells and EL4 cancer cell lines
were used. MicroRNA-PLGA NPs were prepared, characterized, and targeted with folate. Several doses were evaluated
to obtain a suitable miR dose that can induce appropriate apoptosis in EL4 cells, while not harming SSCs. Cells were
treated separately at 3 doses of each miR (for miR 143, doses of 25, 50 and 75 nmol and for miR 206, doses of 50, 100
and 150 nmol). The experiments were performed at 24, 48 and 72 hours. Viability and apoptosis were investigated by
MTT and Annexin Kits.

Results: Based on MTT assay results, the optimal dose of miR 143 was 75 nmol (59.87 + 2.85 % SSC and 35.3 +
0.78 % EL4) (P<0.05), and for miR 206, the optimal dose was 150 nmol (54.82 + 6.7 % SSC and 33.92 + 3.01% EL4)
(P<0.05). The optimal time was 48 hours. At these doses, the survival rate of the EL4 cells was below the half maximal
inhibitory concentration (IC,;) and SSC survival was above 50%. Annexin V staining also confirmed the selected doses
(for miR 143 total apoptosis was 6.62% + 1.8 SSC and 37.4% + 4.2 EL4 (P<0.05), and miR 206 was (10.98% * 1.5
SSC and 36.4% + 3.7 EL4, P<0.05).

Conclusion: Using intelligent transfection by NPs, we were able to induce apoptosis on EL4 cells and maintain
acceptable SSC survival rates.

Keywords: Apoptosis, Cancer, MicroRNA, Poly Lactic-Co-Glycolic Acid, Smart Gene Delivery
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Introduction

Chemotherapy and radiotherapy cause serious damage
to spermatogonial stem cells (SSCs), resulting in early
loss of SSCs and temporary infertility. The proportion of
azoospermic as late effect of cancer was reported 18%,
specifically for leukaemias (1).

Today, there are promising ways to manage the
consequences of infertility in adulthood such as
transplantation of SSCs (2) or testicular tissue
transplantation (3). Adult males will have a chance to
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maintain fertility through ejaculation and cryogenic
preservation before starting treatment, but this is not an
option in pre-puberty. A promising method to preserve
fertility in children with cancer is via testicular biopsy
before the onset of cancer treatment, followed by isolation,
proliferation, maintenance and transplantation (4, 5). But,
a major concern with this method is the possibility of
tissue contamination with cancer cells which introduces
the risk of recurrence of the cancer (6, 7). At this time,
magnetic-activated cell sorting (MACS) and fluorescence-



activated cell sorting (FACS) are the most utilized
techniques to eliminate cancerous cells, but they are not
sensitive enough to completely eliminate tumor cells (8).
Because of different spermatogonial cell markers as well
as the variability of cell size, the efficiency of MACS has
lessened and the survivability of cells with this method
is questionable (9). Therefore, rather than focusing on
positive SSC selection, the development of new methods
for eliminating cancer cells can provide a more effective
solution.

Nanoparticles (NPs), which have the ability to deliver
targeted therapies to specific cell types through their
structural changes and physical reformation, (change in
their shape, size, and physical and chemical properties),
have increased the success rate of a new therapeutic
strategy (10). Many microRNAs (MiRs) are used to induce
apoptosis in cancer cells. MiRs are subgroups of non-
coding RNAs that are about 20-25 nucleotides long and
affect the expression of genes after transcription, among
these MiR 143 and MiR 206 play a more prominent role.
Many studies have shown the effects of these MiRs on
induction of apoptosis in cervical cancer cells (11), oral
squamous cells (12) and human epithelial cells (13).
Transfection of MiRs via NPs in order to induce apoptosis
has been very promising. Among the NPs, poly lactic-co-
glycolic acid (PLGA), due to its high biocompatibility
and bioavailability, non-toxicity, non-immunogenicity
and food and drug administration (FDA) approval, is used
extensively (14). In addition, targeting drug carriers to
cancer cells can increase treatment efficacy. Conjugated
NPs with folic acid can facilitate the entry of NPs into
cells (15). Cancer cells have large amounts of folic
acid receptors on the surface of their cell membranes,
which makes it easier to target NPs to this type of cell as
compared with normal or non-cancerous cells (16).

In human testicular biopsy samples, there is no threshold
for the risk of recurrence in the form of a transplant, and this
ambiguity requires more sensitivity to clean up and purify
the SSCs. So far, no studies have measured the effects
of these apoptotic inducers on cancer and spermatogonia
cells from a fertility perspective. Therefore, we assessed
the efficiency of PLGA- MiR transfection on apoptosis
in mouse leukemia cancer cells (El4 cells) and SSCs to
determine the optimal effective dose to eliminate EL4
cells, while maintaining adequate SSC viability.

Materials and Methods

In this experimental study, MiR 143 and MiR 206,
including primer and fluorescent marker (FAM), were
purchased from pishgam co. Sequence data for these have
been submitted to the GenBank databases under accession
numbers (Mir 206: MI10000490 , Mir 143: NR_029684).
PLGA (Resomer RG502H), with a 50:50 mole ratio of
glycolic acid to lactic acid and a molecular weight of
12,000 g/mol and polyvinyl alcohol (89 mol% hydrolyzed)
(Sigma, St Louis, MO, USA) same as previous study (17).

Fifty neonatal NMRI mice 3-6 days were used to extract
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spermatogonia cells. The research was approved by the
Research Ethics Committee of Iran University of Medical
Sciences (IR.IUMS.FMD.REC.1396.9321113001).

Cancerous cell line (EL4 cells)

EL4 cancer cell line was purchased from the Pasteur
Institute (Tehran, Iran). To confirm cell line characteristics,
flow cytometry with a H-2kb specific marker was used
(Abcam, UK). Based on our perivous studies (17, 18), EL4
cells were cultured at 37°C in a 5% CO,, in DMEM/F12
(Gibco, USA) with 2% FBS, penicillin (100 U/mL) and
streptomycin (100 pg/mL). To evaluate the functionalities
of EL4 cells and their tumorigenicity, 5x10° cells in a
volume of 10 pl was injected with a suitable diameter
needle (70 um) and under a stereomicroscope (Olympus,
SZ1145, Japan) through the efferent ductile, rete testis
and ultimately into the seminiferous tubules in mouse
reciepent.

Spermatogonial stem cell culture

A total of 50 NMRI neonate mice were used for SSC
extraction. Testicles were kept on ice after separation
from the animal until they were transferred to the
culture medium. After washing in PBS and DMEM/F12,
the testes capsules were isolated. After two phases of
enzymatic digestion with the enzymes hyaluronidase (1
mg/ml), collagenase IV (4 mg/ml) and trypsin (0.25%),
SSCs were extracted and cultured for 2 weeks.

To confirm SSC phenotype, flow cytometry analysis with
Plzf marker with Alexa flour anti-mouse Plzf antibody was
used (biosciences). Additionally, polymerase chain reaction
(PCR) was used to examine specific genes associated with
SSCs (Plzf, Gfrod, Oct4 and Gapdh as a housekeeping gene).

Oct4-
F: 5GAACTAGCATTGAGAACCGT3’
R: 5CATACTCGAACCACATCCTTC3’

Plzf-
F: 5CCCGTTGGGGGTCAGCTAGAA3’
R: 5CTGCAAGGTGGGGCGGTGTAG3’

Gfral-
F: 5" AATTGTCTGCGTATCTACTGG3’
R: 5"ACATCTGATATGAACGGGAC3’

Gapdh-
F: 5"CTGCTGGACAAGTGAGTCCC3’
R: 5"CCAAGTACCCTGGCCTCATC3’

Total RNA were extracted using RNA extraction
kit (Qiagen, Germany) besed on the manufacturer’s
instructions. RNA was checked by a 260/280 nm ratio
measurement, Reverse-transcription PCR (RT-PCR) was
done by using complementary deoxyribonucleic acid
(cDNA), primers and with PCR Master Mix 2X kit
(Fermentas, St. Leon-Rot, Germany). To calculate gene
expression Gene Runner software (version 3.02; Hastings
Software Inc, New York, NY, USA) was used. The
following conditions were used: Incubation at 95°C for 3
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minutes, denaturation for 30 seconds at 95°C, Annealing
for 30 seconds at the specific temperature associated with
each primer and extension for 1 minute at 72°C. After
completion of the reaction, 5-10 pl of PCR solution on
1.2% agarose gel was analysed.

Preparing MiR-PLGA

In order to encapsulate MiR in the PLGA polymer
structure, emulsion-solvent penetration was used. Tween
80 and span 80 surfactants were used as emulsifying
agents. Polyvinyl alcohol was used as a stabilizer. Briefly,
it should be noted that all appliances were deprotected
with DEPC-treated water and glass containers were
baked for 4 hours at 240°C in order to remove any RNase
enzymes. In order to obtain the desired Nano capsule,
the internal water phase was initiated by the formation
of polyethyleneimine (PEI) 25KDa and MiR with a mass
ratio of 3 to 1. In practice, however, different ratios of
PEI were used at this stage and eventually a synthesis was
selected that had the appropriate zeta potential and was
capable of loading the minimal genetic material required
by agarose gel retention test. At first, a 0.1% solution of
PEI was prepared in DEPC water. The MiR solution was
also prepared using DEPC water at a concentration of 100
picomoles per microliter. Then, 80 pl of PEI containing
90 pg of PEI and 40 pl of MiR containing 30 pg of MiR
were combined and the volume was adjusted to 500 pl
PBS and maintained for 30 minutes in a thermal shaker
at 37°C. Because MiR was labeled, the entire process was
performed in the dark.

To prepare the organic phase in solvent evaporation, 10
mg of PLGA was dissolved in 2 ml of organic solvent
of ethyl acetate. To form the initial emulsion, 500 pl of
internal aqueous phase with 0.5 ml of span 80 solutions at
a concentration of 5 mg/ml was added to the organic phase
and, using a vortex and ultrasonic bath, an initial water
emulsion in oil was created. In the final step, 4 ml of PVA
0.5% was added and was agitated with a magnetic stirrer
for 4 hours. In order to separate and purify, centrifugation
at 12,000 rpm for 30 minutes and washing steps were
performed two times and were finally resuspended in
distilled water. This was performed so that the polyplexes
were not loaded and the extra surfactants in the aqueous
phase were removed from the surface of the NPs.

Surface modification of MiR-PLGA with folate

One mmol of folic acid in 20 ml DMSO with 1 mmol
of ethyl dimethylaminopropyl carbodiimide (EDC) and 2
mmol of N-Hydroxysuccinimide (NHS) was dissolved in
with a magnetic stirrer for 12 hours at room temperature.
Then, to remove excess material, the solution was filtered
and added to the ethylenediamine (EDA) as a linker, and
pyridine (0.2/ml) and acetonitrile added to precipitate the
folate. The precipitate was washed 3 times with diethyl
ether and then dried to give a yellow deposit. 10 mg of
MiR-PLGA was dissolved in 5 ml phosphate-buffered
saline (PBS, Abcam, UK) at pH=7.4 and sonicated
for 1 minute. 1 mg/ml EDC and 1 mg/ml of NHS were
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dissolved in DW and each of them washed, and about
500 ul was added to the above solution and agitated with
a magenetic stirrer at room temperature for 2 hours and
then centrifuged for 20 minutes to remove EDC and NHS.
Following, folic acid was added to the product with the
ratio of 1 mg/ml in PBS, incubated overnight at room
temperature, agitated with the magenetic stirrer and then
centrifuged. Using the same procedure as a previous
study (17) the obtained solution was mixeded at room
temperature once more and then the extra non-conjugated
material was picked up by ultracentrifugation. Finally, the
residual solution was lyophilized and stored. Conjugation
of folate on the PLGA surface was confirmed by fourier
transform infrared spectroscopy (FTIR) analysis.

The dynamic light scattering

A portion of dried powder of MiR-PLGA was dissolved
in 1 ml of PBS with pH=7.4, using ultrasonic bath. Zeta
potential was measured using a zeta meter device.

Transmission electron microscopy

The shape of NPs were evaluated by transmission
electron microscopy (TEM, LEO 906; Carl Zeiss). The
solution was sonicated for 5 minutes, then one drop of
NP suspension (1 mg/mL) was put on a carbon-coated
copper TEM grid and dried in the air. Finally,the sample
was imaged by a KV 100.

Fourier transform infrared spectroscopy analysis

Using FTIR, the chemical structure of the NPs was
studied. The test was carried out on 3 samples including
polymer, folic acid and loaded NPs with a surface texture
with folic acid. Approximately 2-3 milligrams of sample
with potassium bromide powder was converted to a tablet
using a 12-ppm hydraulic press and then FTIR spectra
were collected.

Evaluation of miR-PLGA-folic acid uptake

Uptake was measured by fluorescence of MiR-PLGA
incubated with EL4 cells in the culture medium.

Dosimetry

Due to the fact that treatment with MiR -PLGA-Folic
acid was performed on SSCs as healthy cells, it was
necessary to obtain a optimal MiR dose that can induce
appropriate apoptosis in EL4 cells, but remain non-
harmful to SSCs. So several doses were evaluated in the
dosimetry stage (based on several previous studies (19,
20). Cells (EL4s and SSCs) were treated separately at 3
doses (for MiR 143, 25, 50 and 75 nmol and for MiR 206,
50, 100 and 150 nmol). The experiments were performed
at 24, 48 and 72 hrs to investigate the most optimal time
for transfection. Each experiment was repeated 3 times.

Cytotoxicity assay
MTT was used to assay the toxicity MiR-PLGA-



Folic Acid and the survival rate of EL4 cells and SSCs.
2x10% cells per well were seeded in two 96-well plates
for each cell type. After treating with various doses (for
MiR 143 : 25, 50, 75 nmol and for MiR 206: 50, 100, 150
nmol) the culture medium was extracted from the well and
10 pl/well MTT solution (5 mg/ml) was added, incubated
at incubator for 3 hours, and then the medium was washed
with 100 pl of DMSO. The absorbance was evaluated at
570 nm using a MiR plate reader. The experiments were
repeated 3 times.

Apoptosis evaluation by wusing Annexin V-FITC
apoptosis detection kit in dosimetry stage

Initially, 2x10* SSCs and EL4 cellss were removed after
treatment. Then, 500 pl of the binding buffer was added
to the cell plate. In the next step, 5 ul of Annexin V-FITC
and 5 pl of propidium iodide (PI) (21, 22) were added. At
room temperature, it was incubated in foil for 10 minutes,
then flow cytometry was performed and the percentage
of apoptosis in both healthy and cancerous groups was
evaluated.

Evaluation of apoptotic gene expression

To determine the optimal dose of microRNA, after
treatment of cancer cells, expression levels of apoptotic
genes including Bax, Bcl2 and Caspase 3 were evaluated
by Q-PCR.

Bax-
F: 5TGGGATGAATGGGGGAAGGGGAAA3’
R: 5 AAGGGGACCTGAGGTTTATTGGCG3’

Bcl2-
F: 5’ ATGGCGCAAGCCGGGAGAAC3’
R: 5"CGCGTCCGCATCTCCAGCAT3’

Caspase 3-
F: 5"CTCTGGTACGGATGTGGACG3’
R: 5"CCCCTTCATCACCATGGCTT3’

Statistical analysis

To compare quantitative apoptosis data between
different times, one-way analysis of variance (ANOVA)
test was performed. To evaluate the effects of different
cytotoxic concentrations of MiR at different times (group
and time, and their interaction) as well as the effects of
different concentrations of MiR at different times on
the number of cells, two-way ANOVA was performed.
Tukey’s multiple comparison was also performed. All
data was analyzed by the software version 25. SPSS at
level of P<0.05.

Results
Cell culture and confirmation
SSCs were cultured in DMEM/F12 medium

containing 2% fetal bovine serum (FBS, Gibco, USA)
with glial cell line-derived neurotrophic factor (GDNF,
Sigma, USA) 10 ng/ml for 2 weeks. Colony formation
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began after 24 hours (Fig.1A). EL4 cells were cultured
in suspension (Fig.1B). The cell line was confirmed by
flow cytometry analysis at the time of purchase as it
was approximately 99% positive for EL4 cell-specific
marker H2Kb (data not shown). Transplantation of
EL4 cells confirmed their tumorigenicity potential
as tissue histological examination revealed that the
normal structure of the tubules had disappeared, and
the leukemia cells had penetrated the interstitial tissue
(Fig.1C, D). SSC was confirmed by expression of
Plzf, Gfra-1 and Oct4 by PCR (Fig.1E). Additionally,
based on flow cytometry analysis, the percentage of
SSCs was 42.8% and 74.6% after one and two weeks
of culture respectively (data not shown).

500 bp
——

Fig.1: Cell culture and confirmation. A. The structure and nature of the cells
of spermatogonia and cancer cells in the culture medium. Spermatogonia
cells are colonized and sticky. B. Cancer cells have a rounded structure and
a non-sticky nature. C. Tissue cross-sectional image of azoospermia mice,
the structure of seminiferous tubules is observed without the presence
of spermatogonia. D. Cross-section of mice testicular after tumor cell
transplantation, the changing of the structure of the seminiferous tubules
and infiltration of leukaemic cells are observed due to invasive tumor
cells. E. Results of driving PCR products related to spermatogonia cells.
The expression of (Gapdh, Plzf, Gfra-1, Oct4) was proven by the reverse
transcription polymerase chain reaction (RT-PCR) (scale bar: 100 pum).

Determination of particle size and charge with DLS

To assure that the folic acid modification process
on the surface of the prepared NPs was complete, the
FTIR spectrum of polymer, folic acid, and polymer with
folic acid are shown in Figure 2A. The specimens were
measured in terms of particle size by using DLS. The
surface load obtained in the Zeta bar in the sample of the
loaded NP was -18 mv. The average particle size obtained
with DLS was 69.8 nm (Fig.2B), and morphology by
TEM showed a smooth and spherical surface in all NPs
(Fig.2C). In order to meet a suitable mass ratio for 25 kDa
polyethylene, we selected a 3:1 ratio (N:P equivalent of
20:1, Fig.2D).

Cell J, Vol 23, No 5, October 2021



Effect of Nano-Delivery of MiRs on Cancer Cells Apoptosis

100
o
m_

0 9

(1)

Transmitance (%)

s M 15 8
°

==
B

®

16—
w029 —
w200 —
ot

94—
“n —
ne —
o —

Tease—

04970 ——

Wavenumber cm-1
Particle Size Distridution
10
90 Vi
o B /
n
? e /
J [
'
i i
0
20
10
0

01 1 10 100 1,000 10,000
Stze(nanometers)

Control

N:P0.1 NP02 NPO5 NP1 NP2 NP3

Fig.2: Nanoparticle evaluation tests. A. FTIR spectrum of polymer, folic
acid and polymer coated with folic acid. The presence of the peaks of 1638
and 1404 (yellow spot) indexes of folic acid, 1263 and 2927 index loaded
nanoparticles (blue spot). B. The particle size based on the DLS test. C.
Transmission electron microscope showed a smooth and spherical surface
in all nanoparticles. The average particle size was 69 nm (scale bar: 100
nm). D. Inhibition test for polyethylene amine electrophoresis gel.

Toxicity of different doses MiR-PLGA-folic acid

SSCs and ELA4 cells were incubated by different doses of NPs
containing MiR 143 (25, 50 and 75 nmol) and MiR 206 (50, 100
and 150 nmol) at 24, 48 and 72 hours. There was no significant
difference between the 24 hrs data and the control group and
therefore this time was removed from our study. Additionally,
data for 72 hours was less valuable than data for 48 hours due
to cell doubling characteristics, so 48 hours was chosen as the
optimal time. Each experiment was repeated 3 times.

Based on MTT assay results, by two-way ANOVA, the
optimal dose of MiR 143 was 75 nmol (59.87 £ 2.85% SSC
and 35.3 = 0.78 % EL4, P<0.05) after 48 hours, and for MiR
206 it was 150 nmol (54.82 + 6.7% SSC and 33.92 +3.01%
EL4, P<0.05) after 48 hours. In these doses, the survival
rate of the EL4 cells and SSCs was below the half maximal
inhibitory concentration (IC,)) and above 50% respectively
(P<0.05, Fig.3).

Determination of apoptosis rate at the optimal dose of
microRNAs

Evaluation of apoptosis by the annexin kit also confirmed
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the optimal doses selected by MTT, for MiR 143, total
apoptosis was (6.62 = 1.8% for SSCs and 37.4 + 1.2% for
EL4 cells, P<0.05), and for MiR 206, total apoptosis was
(10.98 + 1.5% for SSCs and 36.4 + 3.7% for EL4 cells,
P<0.05) after 48 hours. In fact, using intelligent NPs at
the same concentration, we were able to induce apoptosis
in EL4 cells without any significant damage to the SSCs
(Fig.4). Fluorescence microscopy images depict the extent of
microRNA penetration into the cells (Fig.5).
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Fig.3: MTT test data. Based on MTT test, 48 hours after treatment with miR-
PLGA-Acid folic, the highest rate of toxicity were observed in EL4 compared to
SSC. *; Significant difference vs. other groups in the same cell (P<0.05).

Mir 206

Fig.4: Based on the annexin assay, 48 hours after treatment with miR-
PLGA-Acid folic, the highest rate of apoptosis were observed in EL4
compared to spermatogonial stem cell (SSC). The cells and microRNAs are
shown separately in the image. Q1; Necrosis, Q2; Early apoptosis, Q3; Late
apoptosis, and Q4; Survival rate.

Tukey’s multiple comparison test showed that Bax gene
expression was significantly increased in cancer cells
at the optimal dose of both microRNAs as compared to
the control group (P<0.04). Bcl2 gene expression was
decreased in both groups as compared to the control group,
although there was no significant difference. There were
significant correlations in the Mir 143 group (P<0.01)
and in the Mir 206 group (P<0.048) as compared to the
control group. Caspase 3 expression was also significantly
increased in the experimental groups (P<0.01), but there
was no significant relationship between the two treatment
groups (Table 1).
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Fig.5: Fluorescent imaging of cells treated with PLGA-micro RNAs. A. Light microscope image of EL4 cells, B. Hoechst stained EL4 cells in blue, C. Fluorescent
image of FAM-labeled green dyes inside EL4 cells at 570 nm wavelength, D. Spermatogonia colony, E. Plzf labeled spermatogonia, and F. Fluorescent image
of FAM-labeled red dyes inside spermatogonial cells at 570 nm (scale bar: 50 um).

Table 1: Expression of genes associated with the apoptosis process in EL4

PLGA-MiR treatment groups (48 hours incubation) Caspase 3 Bcel2 Bax
PLGA-MicroRNA 143 treatment group 1.36 £ 0.2 0.23+0.02° 2.86£0.08"°
PLGA-MicroRNA 206 treatment group 1.66 £ 0.15° 0.30£0.01*° 3.08 +£0.03°
Control 0.85+0.04 0.49 +0.04 0.03+0.01

Data are presented as mean + SD. ?; There was a significant difference between the expression levels of the target gene in the treatment groups compared
to control (P<0.05), and, ®; There was a significant difference between two treatment groups in terms of gene expression (P<0.05).

Discussion

The importance of MiRs in cancer is highlighted by
the observation that ~50% of MiR genes are located in
cancer-associated genomic regions or fragile sites (23).
Studies have conclusively demonstrated that miRNAs
are involved as tumor suppressors. In this study, we
used two effective microRNAs, (143 and 206), to assess
their effects on apoptosis in cancer cells. In our study,
we showed apoptotic effects of these microRNAs on
EL4 cells.

In this study, as in previous studies, we used the standard
method of isolating and culturing spermatogonia cells and
cancer cells, also, confirming them with appropriate PCR
and flow cytometry methods (17, 18, 24).

In gene transfection, the method that should be used
is the one that has the lowest toxicity, the highest
level of performance and the lowest cost, while also
having the ability to make a specific transfer (25).
To overcome gene therapy problems and to improve
efficiency, we used PLGA as the core and cationic PEI
as a biodegradable shell.

We synthesized PLGA below 100 nm, which was a

turning point in our study. In general, smaller NPs have
a higher surface area to volume ratio than larger NPs,
which increases the efficiency and interaction of NPs
with the cell (26). In a study by Li et al. (27) with a size
of 150 nm reached 70% absorbtion rate at 48 hours, In
this study, with a nanoparticle size of approximately
~ 70 nm based on flow cytometry data, we obtained a
62.54% uptake rate at 48 hours. Mohammadian et al.
(28) also achieved the best result with a size of 15-60
nm at the same incubation time. The particles below
100 nm seem to be in best state for transfection (29).
In agreement with other studies, the highest efficacy
was observed after 48 hours of incubation (30, 31) that
may increase at longer incubation times, only by non-
selective passive uptake which is not desirable (32).

We also showed that with precise dosimetry, the NPs
can prevent significant damage to SSCs. Folic acid, in the
presence of a cell surface receptor, simply enters the cell
and is absorbed through receptor-dependent endocytosis
mechanism into the cell. Therefore, it is one of the most
commonlytargetedsites. Additionally, itisapreferred target
because of many benefits, such as non-immunogenicity,
small size, non-toxicity, and ease of handling (33). Due
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to the fact that, this receptor is expressed in cancer cells
more than in healthy cells, by selecting folic acid as the
targeting agent for nanoparticles, we tried to target cancer
cells and preserve SSC, NPs moving towards cancer cells
in order to preserve SSC, which we largely achieved. But
at the same time, the small size of our NPs was like a
double-edged sword, which was both more suitable for
transfusion and increased peneteration into the cell. At
the same time, it played a role in penetration of these NPs
into SSC, which ultimately affected these cells. Certainly,
further studies could help optimize this method to reduce
non-selective influence.

We also benefited from the use of PEI as a water-
soluble polymer for effective transfection. Because of
high cationic charge at normal pH, this polymer is able
to connect through a electrostatic bond to microRNA.
Therefore, this is a valuable polymer for gene delivery, as
demonstrated by other studies (34, 35).

In our study, various doses of MiR -PLGA 143/206
conjugated with folic acid were tested on tumor cells
(EL4 cells) and healthy cells (SSCs). We chose doses
based on previous studies, but we found a different
effective dose. Our appropriate dose of each MiR was
selected, based on the optimal decrease in EL4 cell
survival and simultaneous SSC protection (i.e. less
toxicity and apoptosis). The efficacy of therapeutic
approach used in this study is similar to results reported
in our perivous studies (17). In similar studies, the
survival rate of cancer cells was reduced by increasing
the time from 24 to 48 hours and increasing the dose
(17, 28). Also, No studies have shown that treatment
with a microRNA alone can completely eliminate
cancer cells (36-38). In no similar study were both
Mir 143 and 206 compared. In this study, based on
MTT findings, we found a small difference in the
survival rate of EL4 cells in the Mir 143 group which
according to Mir 206 was more successful in inducing
cell death, annexin assay did not show a significant
difference. Both microRNAs appear to have the same
effect in inducing cell death in cancer cells.

In this study, we showed that expression of pre-
apoptotic gene Bax2 and Caspase 3 in cancer cell treared
with PLGA-Mir was increased, and Bcl2 expression
decreased which is probably the mechanism of induction
of apoptosis in cancer cells (39). A similar result was
obtained in a previous study (17). As mentioned earlier,
microRNAs activate apoptosis signaling in cancer cells
by regulating apoptotic genes (39).

Due to the multivariate nature of cancer, (i.e. the
existence of different microRNAs that play a role in either
reducing or increasing cancer regulation), we need a
method that can utilize the many potentials of microRNAs
to control cancer. In this setting, miRNAs can be used as
disruptors of cancer cells and sensitization agents, making
the malignant mass more susceptible for the next line of
treatment (40).
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Conclusion

In our first experience of utilizing MiRs for gene therapy
on SSCs, we chose two MiRs because we were not certain
about success rate,. MiR 206 has been demonstrated to
have a tumor-suppressive role. According to this study
and other similar studies, the efficacy of microRNAs in
inducing apoptosis seems to be limited, and combinational
therapy with medications may need to be considered
for further efficacy. Taken together, this study suggests
that MiR-therapy may lead to the development of novel
therapeutic strategies for cancer, and apoptotic MiRs may
be a potential therapeutic agent for human tumors and is
worthy of further investigation.
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Abstract

Objective: There is growing evidence showing that circular RNAs (circRNAs) are crucial regulators in modulating
the biological behavior of tumors. This work is aimed to probe the role of circ_0000517 in non-small cell lung cancer
(NSCLC) and to elucidate its mechanism of action.

Materials and Methods: In this experimental study, the differentially expressed circRNAs in NSCLC were screened
using the GEO database (GSE158695). Circ_0000517, miR-326, miR-330-5p, and MMP2 expression levels were
determined by quantitative real-time polymerase chain reaction (QRT-PCR) analysis and Western blot. The proliferation,
apoptosis, migration, and invasion of NSCLC cells were detected by CCK-8, flow cytometry, and transwell assays. RNA
immunoprecipitation (RIP), RNA pull-down, and dual-luciferase reporter gene assays were performed to clarify the
association between the circ_0000517 and miR-326/miR-330-5p.

Results: Circ_0000517 was shown to be up-regulated in NSCLC tissues and cell lines. The up-regulation of
circ_0000517 is closely associated with advanced clinical stage of cancer, lymph node metastasis, and poor prognosis
in NSCLC patients. Circ_0000517 knockdown impeded the proliferation, migration, and invasion of NSCLC cells and
enhanced their apoptosis. Mechanistically, circ_0000517 was demonstrated to up-regulate MMP2 expression via
decoying miR-326 and miR-330-5p to facilitate the malignant biological behaviors of NSCLC cells.

Conclusion: This work reveals that circ_0000517 is implicated in NSCLC cell growth and metastasis through the
modulation of miR-326/miR-330-5p/MMP2, providing novel insights into the role of circRNAs in NSCLC progression.
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Introduction

Lung cancer (LC) is the most common type of tumor
and the chief cause of cancer-related death, worldwide
(1). Non-small cell lung cancer (NSCLC) is the major
subtype of LC, taking up more than 85% of all cases (2).
Despite the progress in NSCLC therapy, the survival and
prognosis of NSCLC patients are still unfavorable (3-
5). Hence, it is important to investigate the molecular
mechanisms of the carcinogenesis and development of
NSCLC.

CircRNAs are endogenous non-coding RNAs (ncRNAs)
that form closed loops by covalently linking together the
3’ and 5’ ends of one or more exons (6). CircRNAs were
discovered in RNA viruses as early as 1976 (7, 8). At first,
they were thought to be the products of splicing errors
(7). CircRNAs in mammals are with relative stability
and high tissue- and cell-specific expression, exerting
an important role in regulating the biological processes
and pathogenesis (9, 10). For instance, circ 001783
is overexpressed in breast cancer (BC) tissues and is
remarkably linked to a heavier tumor burden and poorer
prognosis in BC patients (11). Reportedly, knocking down
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circ_0000799 inhibits the proliferation and migration of
bladder cancer cells in vitro and impedes tumor growth in
vivo (12). Circ_0000517 is a newly discovered circRNA
that is abnormally overexpressed in hepatocellular
carcinoma (HCC), and its expression is linked to adverse
clinical outcomes (13). Nonetheless, the expression
features of circ_0000517, its biological functions and its
underlying mechanism in NSCLC are still unclear.

Competitive endogenous RNAs (ceRNAs) are RNA
transcripts involved in "target mimetic" processes, also
known as miRNA "sponges" or miRNA "decoys"(14).
It binds competitively to miRNAs through base
complementarity with miRNA response elements,
thereby decreasing the number of miRNAs targeting
mRNAs (15). CircRNAs can function as effective miRNA
sponges that disrupt mRNA translation and play a role in
cancer progression (16, 17). For instance, circ_0008039
enhances the proliferation and cycle progression of BC
cells through regulating miR-432-5p/E2F3 axis (18).
Circ_0091570 up-regulates ISM1 expression as a sponge
for miR-1307 to modulate HCC growth and metastasis
(19). Nonetheless, it remains to be further investigated



whether circ_0000517 may also participate in the ceRNA
network in NSCLC.

In this study, the GSE158695 query from the GEO
database is analyzed, and circ_0000517 is discovered
to be abnormally overexpressed in NSCLC. Moreover,
the research reveals that knocking down circ_0000517
impedes the proliferation, migration, and invasion of
NSCLC cells and enhances apoptosis. Furthermore, we
demonstrate that, circ 0000517 works as a molecular
sponge for miR-326/miR-330-5p to accelerate NSCLC
progression.

Material and Methods

Tissue specimens

In this experimental study, a total of 37 samples of
NSCLC tissues and paired paracancerous non-tumor
tissues were available from subjects who underwent
surgical resection at Hainan People’s Hospital. The ages
of the participants were from 36 to 65 years, and consent
forms were signed by the patients. Before their surgeries,
none of the participants had a history of other tumors or
underwent radio/chemotherapy. This work was endorsed
by the Ethics Committee of Hainan People’s Hospital
(2019A-3C011). The tissue specimens were frozen in
liquid nitrogen shortly after resection and preserved at
-196°C until being used.

Cell lines

Human normal bronchial epithelial cell line (BEAS-
2B) and NSCLC cell lines (H1650, H1299, A549,
H1975, and HCC827) were obtained from the Shanghai
Cell Bank of Chinese Academy of Sciences (Shanghai,
China). BEAS-2B cell line and NSCLC cells were
maintained in RPMI1640 (Gibco, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS,
Gibco, Grand Island, NY, USA), 100 pg/ml streptomycin,
and 100 U/ml penicillin (Invitrogen, Carlsbad, CA, USA)
at 37°C with 5% CO,,.

Bioinformatics analysis

Gene expression data of GSE158695 were obtained
from the NCBI GEO database and analyzed using the
online software GEO2R to screen for differentially
expressed circRNAs. GSE158695 contained 6 human
samples, including 3 cases of NSCLC tissues and 3
cases of paracancerous tissues. Sangerbox software
(Mugu Biotech Company, Hangzhou, China) was used
for cluster analysis. The target miRNAs of circ_0000517
were projected by Circlnteractome database and StarBase
database.

Cell transfection

The NSCLC cells were plated in a 6-well plate at
3x10° cells/well. The cells were transfected with small
interfering RNAs (siRNAs) targeting circ_ 0000517 (si-
circ_0000517#1/2/3) and the negative control siRNA (si-
NC), miR-326/miR-330-5p mimic (miR-326/miR-330-
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5p) and control mimic (miR-NC), miR-326/miR-330-5p
inhibitor (miR-326 in /miR-330-5p in) and inhibitor NC
(miR-NC in), which were synthesized by GeneCopoeia
(Shanghai, China). Cell transfection was executed using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

Preparation of RNA and quantitative real-time
polymerase chain reaction analysis

Total RNA was extracted from cells and tissues using
the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The
subcellular fractions of NSCLC cells were separated using
the PARIS Kit (Ambion, Austin, TX, USA). RevertAid™
First Strand DNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA) was used for reverse transcription,
and quantitative real-time polymerase chain reaction
(qQRT-PCR) was executed using an SYBR Green PCR
Kit (Toyobo, Osaka, Japan) on the 7500 Fast Dx Real-
Time PCR Instrument (Applied Biosystems, Foster
City, CA, USA). S-actin was considered as a control for
normalization. MicroRNA detection was conducted using
a miDETECT A Track Kit (RiboBio, Guangzhou, China).
The small nuclear RNA U6 expression was employed as
a control for normalization. The primers for this research
were designed using Primer Premier 5 software. The
sequences are presented in Table S1 (See Supplementary

Online Information at www.celljournal.org).

RNase R trypsinization experiment

In this study, 20 pg total RNA was incubated with or
without RNase R (20 mg/mL, Epicentre Biotechnologies,
Shanghai, China) for 15 minutes at 37°C. Following that,
gRT-PCR was implemented to determine circ_0000517
and linear RPPHI mRNA expressions.

Cell proliferation experiment

Cell proliferation was examined using the Cell Counting
Kit-8 (CCK-8, Dojindo, Tokyo, Japan) assay. Cells were
plated in a 96-well plate (3x10° cells/well), and cultured
for 1, 2, 3 or 4 days. Next, 10 pL of CCK-8 solution was
added to each well. Then the cells remained in culture
for 1 hour. Next, the absorbance (OD) at 450 nm was
determined using a microplate reader (Model 550, Bio-
Rad Laboratories, Inc., Hercules, CA, USA).

Flow cytometry analysis

Briefly, to analyze the cell cycle of the transfected cells,
the cells were fixed using 75% ethanol and then dyed
using propidium iodide (PI, BD Biosciences, San Diego,
CA, USA). Then a flow cytometer (BD Biosciences,
Franklin Lake, NJ, USA) was used to detect the cell cycle
distribution. To analyze the apoptotic rate of transfected
cells, a Annexin V-FITC/PI apoptosis detection kit (BD
Biosciences, San Jose, CA, USA) was used. The cells
were resuspended in 1x binding buffer, and then dyed
with AnnexinV-FITC staining solution and PI staining
solution in the dark for 15 minutes. Subsequently, the
apoptotic cells were analyzed with the flow cytometer.
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Transwell experiment

In the Transwell experiment, approximately 1x10*
transfected cells were suspended in 200 pL of serum-
free medium and positioned in the top compartment of
each Transwell (8 um pore size, Corning, NY, USA).
Matrigel (BD Biosciences, San Jose, CA, USA) was
used to cover the filter in invasion assay, but it was not
used in the migration assay. The lower compartment
was filled with the medium-containing 10 % FBS as the
chemoattractant. The cells were cultured for 48 hours for
the invasion experiment and 24 hours for the migration
assay. Following that, the cells in the upper compartment
were swabbed with cotton swabs, while those on the
lower surface of the filter were fixed with 0.1% crystal
violet. In three random areas, the number of cells on the
filter was recorded under a light microscope (Olympus
Corporation, Tokyo, Japan).

Dual-luciferase reporter gene experiment

By inserting the wild-type or mutant-type sequence
of circ_0000517 or MMP2 3'UTR containing miR-326/
miR-330-5p complementary sites into the psiCHECK-2
vector (Promega, Madison, WI, USA), respectively, wild-
type luciferase reporter plasmids (circ_0000517-WT and
MMP2 3'UTR-WT) and their mutants (circ_0000517-
MUT and MMP2 3'UTR-MUT) were generated. The
luciferase reporter plasmids were co-transfected into
293T cells and plated in a 96-well plate with miR-326/
miR-330-5p mimics. The miR-NC was employed as the
negative control. After 48 hours, the cells were collected
and the Dual-Luciferase Assay System (Promega,
Madison, WI, USA) was used to assess the activities of
Firefly and Renilla luciferase. The relative luciferase
activity was normalized to Renilla luciferase activity.

RNA immunoprecipitation assay

The RNA immunoprecipitation (RIP) experiment was
executed with an EZ-Magna RIP Kit (Millipore, Billerica,
MA, USA). A549 and H1299 cells were lysed in RIP
lysis buffer plus cocktail (Roche Diagnostics, Shanghai,
China). Supernatants were then incubated with protein
A/G magnetic beads coupled with anti-Ago2 or IgG
antibodies (Millipore, Billerica, MA, USA). After the
immunoprecipitate was incubated with Proteinase K,
gRT-PCR was performed to analyze the enrichment of
miR-326 and miR-330-5p.

RNA pull-down experiment

By using Biotin RNA Marking Mix (Roche), RNAs
were biotin-labeled. After that, the biotinylated RNAs
were incubated with AS549 and H1299 cell lysates,
followed by the incubation of M-280 streptavidin
magnetic beads (Invitrogen, San Diego, CA, USA). After
rinsing with RNase-free lysis buffer, the RNAs were
extracted according to the manufacturer’s instructions,
and the enrichment of circ_0000517 was evaluated by
qRT-PCR.
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Western blot

Total cellular protein was isolated using RIPA lysis buffer
and stored on ice after the cells were washed with cold
phosphate buffer saline (PBS, Sigma-Aldrich, Louis, MO,
USA). Twenty pg of proteins per group were separated
with 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a
polyvinylidene difluoride (PVDF) membrane (Millipore,
Burlington, MA, USA) using semi-dry transfer method
(Bio-Rad, Hercules, CA, USA). After the membranes
were blocked with 5% defatted milk, the membranes
were incubated with primary and secondary antibodies
according to standard protocols. After that, the protein
bands were visualized using the ECL detection kit (Tanon,
Shanghai, China). The protein bands were normalized
with B-actin. The primary antibodies used in this study
were as follows: anti-matrix metalloproteinase-2 (MMP2)
(Abcam, ab92536, 1:1000), and anti-B-actin (Abcam,
ab7817, 1:3000).

Statistical analysis

All of tests were executed in triplicate. All data were
analyzed using SPSS version 19.0 software (SPSS, Inc,
Chicago, IL, USA). Student’s t test and one-way ANOVA
were used to analyze the difference between two groups
and among multiple groups, respectively. Correlations
were measured by Pearson’s correlation analysis. Chi-
square test was perform to analyze the association between
clinical characteristics and circ 0000517 expression
levels. Kaplan-Meier survival curve was used to compare
the prognosis of the NSCLC patients. P<0.05 signified

statistical significance.

Results

Circ_0000517 was up-regulated in NSCLC tissues and
cell lines

At first, a GEO microarray dataset (GSE158695)
was analyzed to find candidate genes in three pairs
of human NSCLC tissues and normal lung tissues.
The result suggested that the expression levels of 84
circRNAs were up-regulated and the expression levels
of 101 circRNA expression were down-regulated in
NSCLC tissues (P<0.05, | Log2(Change fold) | >1,
Fig.1A). The top 20 up- and down-regulated circRNAs
were exhibited in the heat map (Fig.1B), where
circ_0000517 was remarkably up-regulated in NSCLC
tissues (Log2FC=2.665316, P<<0.001). Additionally,
circ 0000517 expression in 37 pairs of NSCLC
tissues and non-tumor tissues was detected by qRT-
PCR analysis. The results showed that circ_0000517
expression was higher in NSCLC tissues than in
paracancerous normal tissues (Fig.1C, P<<0.001).
Moreover, relative to the normal bronchial epithelial
cell line (BEAS-2B cells), circ_0000517 expression in
NSCLC cell lines (H1650, H1299, A549, H1975, and
HCC827 cells) was markedly up-regulated (Fig.1D,
P<C0.001). Additionally, we showed that RPPHI was



significantly degraded after RNase R treatment, but
RNase R could not degrade circ 0000517, suggesting
that circ_0000517 had a closed-loop structure
(Fig.1E). Furthermore, circ 0000517 was found to
be predominantly located in the cytoplasm of NSCLC
cells (Fig.1F). Next, the half-life time of circ_0000517
and RPPHI mRNA were measured in NSCLC cells
treated with actinomycin D, which was used to
restrain the transcription process. Our data showed
that circ_0000517 was more stable than RPPHI
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mRNA (Fig.1G). With the median expression level
of circ_ 0000517 as the cutoff value, the 37 NSCLC
patients were divided into low and high expression
groups (Fig.1H). A strong association was observed
between circ_0000517 expression and higher clinical
stage, and lymphatic metastasis of the patients (Table
1). On the other hand, lower circ_0000517 expression
level in NSCLC tissues predicted a longer survival
time of the patients (Fig.11).
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condition was | log2FC | >1 and P<0.05. B. Cluster heatmap of top 20 up- and down-regulated differentially expressed circRNAs (GSE158695). C. Circ_0000517
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Table 1: The relationship between circ_0000517 and clinical characteristics in 37 NSCLC patients

Pathological indicators Number of patients Relative expression of circ_0000517 P value
High expression Low expression

Gender 0.072
Female 17 6 11
Male 20 13 7

Age (Y) 0.254
<47 17 7 10
>47 20 12 8

Histology 0.585
Squamous cell carcinoma 32 17 15
Adenocarcinoma 5 2 3

Clinical stage 0.013"
I~11 19 6 13
I~11I1 18 13 5

Tumor size (cm) 0.138
<5 14 5 9
>5 23 14 9

Lymphatic metastasis 0.033"
Yes 21 14 7
No 16 5 11

Differentiation 0.124
Well+moderate 22 9 13
Poor 15 10 5

NSCLC; Non-small cell lung cancer and *; P<0.05.

Knockdown of circ 0000517 impeded NSCLC cell
growth, migration, invasion, but enhanced apoptosis

As shown in Figure 1, circ 0000517 expression was
relatively high in A549 and H1299 cells among all tested
NSCLC cell lines, and therefore these two cell lines
were selected for the following functional assays. The
circ_0000517 knockdown cell models were generated by
transfecting three siRNAs (si-circ 0000517#1/2/3) into
A549 and H1299 cells (Fig.2A). Because the knockdown
efficiency of si-circ_0000517#2 is the most significant, si-
circ_0000517#2 was selected. CCK-8 experiment confirmed
that circ 0000517 knockdown significantly inhibited
NSCLC cell proliferation compared with the control group
(Fig.2B). Flow cytometry analysis revealed that knocking
down circ_0000517 increased the proportion of A549 and
H1299 cells arrested in GO/G1 phase (Fig.2C). Additionally,
knocking down circ_ 0000517 remarkably increased the
apoptotic rate of both cells relative to the control groups
(Fig.2D). Moreover, the data of the Transwell experiments
showed that knocking down circ_0000517 markedly reduced
cell migration and invasion relative to the control (Fig.2E).
Our findings indicated that knocking down circ_ 0000517
impeded the proliferation, migration, and invasion of NSCLC
cells, while enhancing apoptosis.

Circ_0000517 sponged miR-326/miR-330-5p in NSCLC cells

The online prediction tools Circlnteractome and
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StarBase were utilized to search for the downstream
miRNAs that could bind to circ_ 0000517, and as
a result, miR-326 and miR-330-5p were predicted
(Fig.3A). To prove the targeting relationship between
circ_ 0000517 and  miR-326/miR-330-5p,  wild-
type circ_0000517 (circ_0000517-WT) and mutant
circ_0000517 (circ_0000517-MUT) luciferase reporter
vectors containing miR-326/miR-330-5p binding sites
were constructed. (Fig.3B). MiR-326/miR-330-5p
mimics substantially weakened the luciferase activity
of circ 0000517-WT reporter, but had no effect on
the luciferase activity of circ_0000517-MUT reporter
(Fig.3C). RIP experiment suggested that circ_0000517
and miR-326/miR-330-5p were enriched in micro-
ribonucleoprotein complexes containing Ago2 in A549
and H1299 cells (Fig.3D). Moreover, in both A549 and
H1299 cells, circ_0000517 could be pulled down by Bio-
miR-326/miR-330-5p-WT, but not Bio-miR-326/miR-
330-5p-MUT or Bio-NC (Fig.3E). In A549 and H1299
cells, knocking down circ_0000517 markedly augmented
miR-326/miR-330-5p expression (Fig.3F). Furthermore,
miR-326/miR-330-5p was found to be substantially
under-expressed in NSCLC tissues (Fig.3G); and was
negatively correlated by circ 0000517 expression
(Fig.3H). Hence, we concluded that circ_0000517
could probably be a sponge for miR-326/miR-330-5p in
NSCLC cells.
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si-circ_0000517. E. Transwell experiment was done to detect the migration and invasion of A549 and H1299 cells transfected with si-circ_0000517 (scale bar: 20
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miR-326/miR-330-5p targeted MMP2 in NSCLC cells

Using StarBase online database, MMP2 was predicted
to be a common downstream target of miR-326 and
miR-330-5p (Tables S2, S3, See Supplementary Online
Information at www.celljournal.org). The TCGA database
showed that the overall survival of NSCLC patients
with high MMP?2 expression was relatively shorter (Fig.
S1, See Supplementary Online Information at www.
celljournal.org). Additionally, wild-type MMP2 3'UTR
(MMP2-WT) and mutant MMP2 3'UTR (MMP2-MUT)
luciferase reporter vectors containing the miR-326/miR-
330-5p binding site were constructed (Fig.4A). The data

of the luciferase reporter gene assay showed that miR-
326/miR-330-5p mimics remarkably weakened the
luciferase activity of MMP2-WT reporter, but exerted no
remarkable influence on the luciferase activity of MMP2-
MUT reporter (Fig.4B). The data of qRT-PCR revealed
that MMP2 mRNA was overexpressed in NSCLC
tissues (Fig.4C). Furthermore, MMP2 expression in
NSCLC tissues was negatively correlated with miR-326/
miR-330-5p expression and positively correlated with
circ_0000517 expression (Fig.4D, E). Therefore, it was
hypothesized that circ_ 0000517 positively regulated
MMP2 expression by down-regulating miR-326/miR-
330-5p in NSCLC cells.

Cell J, Vol 23, No 5, October 2021



circ_0000517 and NSCLC

StarBase Circlnteractome
miR-326
miR-330-5p
c 2937 293T
—15 —~ 15 mm MiR-326
x £
= s miR-330-5p
E :E ns
8 S T
b H
£ 8
S g
305 S
© = °
2 s
5 s
] [
% 0.0 @
K W
AV » ! e
“Qg‘a o oﬁ““ o
P o©” o8 oo
A549 H1299
mm Bio-NC
16 16 Blowr
N N 14 w= Bio-MUT
n w
S. 12 S. 12
Elfg' e §I§ e
gE gE
oL QL
oEF 8 1 ot 8 I
.% @ n i .% @ . "
s 2 s 2
[ 1 '3 1
0 0
miR-326 miR-330-5p miR-326 miR-330-5p
G 1.5 i 15 ey
— —
'E ..'.-.., ':' segee
s s ol
6o 10 oo o &0 Tove .
e oo, E S . .3
a . .
x X o x ™ e, i :1‘: T
ok . ok ek
205 : $£Eo0s vl
s s e
3 [}
[ [
0.0 T T 0.0 T T
Normal Tumor Normal Tumor

B

hsa_circ_0000517 chr14:20811422-20811442[-]

circ_0000517-WT 5'-gaguuCCCAGAGa-3'

hsa_miR-326  3'-uucccGGGUCUCc-5'
hsa_miR-330-5p 3'-uguccGGGUCUCu-5'

circ_0000517-MUT 5'-gaguuCGGAGUGa-3'

A549 H1299
8 miR-326 8
miR-330-5p
z €6
o 3
E E
S S
) < 4
c c
o o
b 2
I 22
0
of
“\‘o/ 6\101
== si-NC
si-ci
6 6 circ_0000517
s s
§ e ¥ §
] @04
N o R
ar 528
43 3
o E ® &
22 252
K] &
K K
14 -4
0 0
A549 H1299 A549 H1299
g2 R?=0.3394 9 R?=0.3116

s P<0.001 s P<0.001
5 o6 3

S S

52 £8

s N 5

>

B _ $E

g o2 =t i

[ @

(3 o

0.0 X
1.0 15 20 25 3.0 1.0 15 20 25 3.0

Relative expression of circ_0000517 Relative expression of circ_0000517

Fig.3: miR-326 and miR-330-5p were downstream targets of circ_0000517. A. Bioinformatics analysis predicted that the sequence of miR-326 and miR-330-
5p matched the sequence of circ_0000517. B. The schematic diagram shows the putative miR-326 and miR-330-5p binding sites with the circ_0000517,
and the circ_0000517-WT and circ_0000517-MUT luciferase reporters that were constructed. C. Dual-luciferase reporter assays indicated that miR-326
and miR-330-5p were the direct targets of circ_0000517. D. The complex containing circ_0000517 and miR-326/miR-330-5p in A549 and H1299 cells were
immunoprecipitated by anti-Ago2 antibody in RIP assay. E. RNA pull-down experiment was carried out to verify the interactions between circ_0000517
and miR-326/miR-330-5p. F. miR-326 and miR-330-5p expression levels in A549 and H1299 cells transfected with si-circ_0000517 were detected by qRT-
PCR. G. gRT-PCR was employed to examine miR-326 and miR-330-5p expression levels in 37 paired NSCLC tissues and matched adjacent normal tissues.
H. Pearson’s correlation analysis was utilized to evaluate the correlations between circ_0000517 expression and miR-326/miR-330-5p expression in NSCLC
tissues. **; P<0.01, ***; P<0.001, ns; Not significant, NSCLC; Non-small cell lung cancer, and qRT-PCR; Quantitative real-time polymerase chain reaction.

Circ_0000517 facilitates NSCLC cell growth and
metastasis via the miR-326/miR-330-5p-MMP2 axis

To elaborate on whether circ_ 0000517 affected NSCLC
progression through the circ_0000517-miR-326/miR-
330-5p-MMP2  axis, miR-326/miR-330-5p inhibitors
(or control) were transfected into A549 and H1299 cells
along with circ_ 0000517 knockdown (Fig.5A). Western
blot results suggested that knocking down circ_ 0000517
impeded MMP2 expression, whereas down-regulating
miR-326/miR-330-5p reversed this effect (Fig.5B).
Besides, functional compensation experiments were
executed in A549 cells. CCK-8 experiments showed that

Cell J, Vol 23, No 5, October 2021

the inhibition of miR-326/miR-330-5p diminished the
suppressive effect of down-regulation of circ_ 0000517
on A549 cell proliferation (Fig.5C). Flow cytometry
analysis revealed that co-transfection with miR-326/miR-
330-5p inhibitors reversed the effects of circ_0000517
knockdown on cell cycle progression and apoptosis
(Fig.5D, E). Furthermore, Transwell experiments revealed
that co-transfection of miR-326/miR-330-5p inhibitors
counteracted the effects of circ_0000517 knockdown
on migration and invasion of A549 cells (Fig.5F). In
summary, circ_0000517 exerted oncogenic effects in
NSCLC by regulating miR-326/miR-330-5p-MMP?2 axis.
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Discussion

NSCLC is one of the deadliest threats to human health
(20). Despite the emergence of a variety of new treatment
strategies for NSCLC, most patients still show poor
prognosis due to metastasis and recurrence (21). In recent
years, an increasing number of research demonstrates
the importance of circRNAs in cancer biology (22, 23)
and circRNAs have become a hotspot in cancer research.
Aberrantly expressed circRNAs are reported to serve
as biomarkers for the early diagnosis of several human
cancers, such as gastric cancer, HCC, glioma, and prostate
cancer (24, 25). Importantly, more and more studies reveal
that circRNA is associated with NSCLC development.
For instance, circ_0001946 is down-regulated in NSCLC,
and knocking it down enhances cancer cell proliferation,
migration, and invasion, while restraining apoptosis (26).
Circ_0067934 expression, however, is up-regulated in
NSCLC, and its overexpression is markedly linked to low
survival, which can be an independent factor affecting
the prognosis of NSCLC patients (27). Furthermore,
circ_ 0017247 is overexpressed in NSCLC, and knocking
it down prevents cancer cell metastasis and epithelial-
mesenchymal transition (28). In the current work, the
analysis of GSE158695 revealed that circ_0000517 was
up-regulated in NSCLC tissue specimens. Circ_0000517
is transcribed from the RPPHI gene on chromosome
14:20811404-20811492 (29). Reportedly, circ_0000517
is remarkably up-regulated in HCC and is related to high
tumor, nodes, and metastases (TNM) staging (13). We
demonstrated that circ 0000517 is also highly expressed
in NSCLC tissues and cells in the present study. The
upregulation of circ_ 0000517 was closely associated
with higher clinical stage, lymph node metastasis, and
poor prognosis in NSCLC patients. Knockdown of
circ_0000517 blocked the proliferation, migration, and
invasion of NSCLC cells, while enhancing apoptosis.
These findings indicate that circ_ 0000517 is an oncogenic
factor in NSCLC.

Reportedly, circRNAs mainly work as miRNA sponges
to adsorb miRNAs and modulate target genes’ expression,
thereby exerting either pro- or anti-cancer effects (30).
Circ_0000517 is reported to modulate the expression levels
of IGFIR and SMAD®6 via sponging miR-326 in HCC
(29, 31). Furthermore, circ_ 0000517 interacts with miR-
1296-5p to increase Txndc5 expression, facilitating the
proliferation of HCC cells and repressing cell cycle arrest
and apoptosis (32). In this work, circ_0000517 was found
to target and inhibit miR-326 and miR-330-5p expression
in NSCLC. Both miR-326 and miR-330-5p are reported to
be under-expressed in NSCLC; miR-326 and miR-330-5p
overexpression impedes the proliferation and invasion of
NSCLC cells and suppresses tumor growth (33-35). In this
work, compensation assays indicated that miR-326/miR-
330-5p down-regulation partially counteracted the inhibitory
effects of circ_0000517 depletion on NSCLC cells. These
findings suggest that circ_0000517 works as a ceRNA to
exert an oncogenic effect in NSCLC by modulating miR-
326 and miR-330-5p expression.
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MMP2 is a matrix metalloproteinase that belongs
to a large family of zinc-dependent endopeptidases
(36). Mounting research demonstrates that aberrant
MMP?2 expression in diverse cancers is linked to tumor
aggressiveness. For instance, by mediating MMP2
expression and activity inmelanoma cells, long non-coding
RNA (IncRNA) GASS5 represses the invasion of cancer
cells (37). MiR-29b inhibits gastric cancer tumor growth
and cell migration through negatively regulating MMP2
(38). ROCKk2 enhances HCC invasion and metastasis by
modifying MMP2 ubiquitination and degradation (39).
Importantly, high MMP2 expression in NSCLC tissues
indicates poor prognosis of the patients, and it is also a
crucial effector of many oncogenic pathways to promote
the malignant phenotypes of NSCLC cells (40). In this
work, we reported that MMP2 was negatively regulated
by miR-326/miR-330-5p and positively regulated by
circ_0000517. Our work provides a new explanation
regarding the mechanism of MMP2 dysregulation in
NSCLC.

Conclusion

Taken together, this work demonstrates that
circ_ 0000517 is up-regulated in NSCLC tissues and
cells. Circ_0000517 knockdown impedes NSCLC cell
proliferation and metastasis and thus, enhances apoptosis.
Mechanistically, circ_0000517 is implicated in NSCLC
development by acting on the miR-326/miR-330-5p-
MMP2 axis. Nonetheless, this work is limited by in vitro
experiments, and remains to be confirmed by future in
vivo experiments in animal models.
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Abstract
Objective: The aim of this study was to evaluate the effects of individual or combined use of two antioxidants, melatonin
and famotidine on radiation induced apoptosis in leukocytes from breast cancer (BC) patients.

Materials and Methods: In this experimental study, the DPPH assay was used to determine the appropriate doses of
melatonin and famotidine for treatment of BC and control leukocytes. The leukocytes were cultured in complete RPMI-
1640 medium and treated with either agent for two hours. Cells were exposed to 4 Gy gamma rays generated from a
Co-60 source at a dose rate of 0.85 Gy for 48 hours before harvesting. The cells were placed on slides and the neutral
comet assay was performed. A total of 500 cells were stained with ethidium bromide and assessed for the amount of
apoptosis under a fluorescent microscope x400 magnification.

Results: We observed significantly more apoptosis following radiation alone in the leukocytes from BC patients
compared with normal individuals (P<0.01). Individual use of famotidine and melatonin induced very low frequencies
of apoptosis that was not significantly different from the control (P>0.05). However, when combined with radiation,
there was a decreased frequency of apoptosis in leukocytes of both normal and BC patients (P<0.05). The effect of
famotidine was more pronounced than melatonin.

Conclusion: Melatonin, despite its potent antioxidant property, does not significantly affect radiation induced apoptosis
in leukocytes derived from normal individuals; however, it has a moderately significant protective effect on in leukocytes
derived from BC patients. Therefore, when used with radiation it might not intervene with the radiotherapy (RT) regimen
of BC cancer patients. Famotidine is a good radioprotector for normal tissue. However, the efficacy of RT might be

reduced with an accumulation of famotidine in tumour tissues.
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Introduction

Breast cancer (BC) is one of the most common cancers and
leading causes of death in women. The prevalence of BC in
Iran is increasing and affected people are relatively younger
compared to other countries (1, 2). About 80% of patients with
BC receive radiotherapy (RT) that involves the use of ionizing
radiation (IR). IR leads to cellular and molecular damages
via direct or indirect actions. Therefore, chromosomal
aberrations, cell death, alterations in the oxidation status
of cells and alterations in cellular haemostasis in tumours
as well as normal tissues are expected after irradiation (3).
Prominent effects of sparsely IR such as X-rays or gamma
rays include the formation of free radicals that interact with
nucleic acids and lead to DNA damage. IR produces a variety
of damages in DNA. From these, double-strand breaks are
most critical effects that lead to chromosomal aberrations
and two different modes of cell death termed mitotic or
clonogenic cell death and apoptosis (4). Patients with BC
show various biological reactions to RT that range from mild
to acute adverse effects and include skin erythema, fibrosis,
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immunologic complications, or secondary cancers (5, 6).

The results of studies have shown that about 40% of
patients with BC are sensitive to radiation (7-9). Therefore,
it is of utmost importance to reduce the radiation side effects
for these patients. To date, different naturally occurring or
synthetic agents have been used to countermeasure radiation
side effects. From various available agents, antioxidants
such as melatonin and famotidine are reported to effectively
reduce radiation induced cellular damages in normal tissues.

The results of studies show that H2 receptor antagonists such
as cimetidine and famotidine, which are usually used to treat
peptic ulcers, can be potent hydroxyl radical scavengers (10,
11). The radioprotective effects of these agents on radiation
induced chromosomal aberrations and micronuclei in mouse
bone marrow cells and human peripheral blood lymphocytes
have been reported (12-14). Famotidine was shown to reduce
radiation induced apoptosis in normal lymphocytes (15).

Melatonin, an indolic compound, is secreted at night by the



pineal gland. Hardeland et al. (16) have published a review of
the physiology and function of melatonin. Different studies
have been performed to determine the oncostatic properties
of melatonin against various tumours, including BC (17-19).
Melatonin and its metabolites were found to be a direct free
radical scavenger agent (20-22) that had the capability to
stimulate the production of anti-oxidative enzymes and reduce
the expression of pro-oxidative enzymes. Therefore, its use
as a radioprotector and anti-cancer agent has been proposed
(23). The anti-carcinogenic properties of melatonin and its
anti-oxidative and free radical scavenging activity have been
shown in different experimental models of carcinogenesis
induced by oxidative damage inducing agents, which indicate
the protective effects of melatonin (24-26).

The aim of this study was to evaluate the antiapoptotic
effects of melatonin and famotidine alone or in combination
on radiation induced apoptosis on lymphocytes of normal
and BC individuals. BC patients have genomic instability
(3); therefore, a different response to radiation in BC
cells is expected compared to normal cells. To the best
of our knowledge, there is no report about the combined
treatment of famotidine and melatonin on radiation
apoptosis induced in peripheral blood leukocytes of BC
patients. Apoptosis was assessed by the neutral comet
assay (single cell gel electrophoresis). The comet assay
is reported to be a very reliable method for assessment of
apoptosis induced by DNA damaging agents (15, 27, 28).

Materials and Methods
DPPH assay

Inthis experimental study, the DPPH assay, with 2, 2-diphenyl-
1-picrylhydrazyl was used to evaluate the antioxidant properties
of famotidine and melatonin in order to choose their optimum
concentrations when combined with radiation. This method is
an antioxidant assay based on electron-transfer that produces
a violet solution in ethanol. This free radical, which is stable
at room temperature, undergoes reduction in the presence
of an antioxidant molecule and gives rise to a colourless
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ethanol solution. The DPPH assay was conducted according
to standard procedure (29). The DPPH solution was prepared
with 90% ethanol and we added various concentrations of
melatonin and famotidine to this solution. After 30 minutes, the
solution was read with an ELISA reader that had a 512 nm UV
spectrum (BioTek, Taiwan). The percentage of absorbance was
calculated using the following formula:

Inhibition = (OD control — OD sample)/OD control x100%

Blood sampling and drug treatment

The Ethical Committee at Natitional Institute for Medical
Research Development (NIMAD, Tehran, Iran), approved
this experimental study (IR.NIMAD.REC.1397.069).
All participants gave written informed consent for study
participation and completed a written questionnaire that
asked information related to their life- styles. All non-smokers
without viral infection, antibiotic consumption and X-ray at
least one month prior to sample collection were included in
the study. Table 1 lists the demographic information of the
study participants. Venous blood samples were collected in
heparinized vacutainers from 10 luminal A patients with BC
whose age ranged between 23 and 66 years (mean: 37.4 £ 11)
and 5 normal (control) individuals whose age ranged between
25and 76 years (mean: 46+ 13.9). Blood samples were divided
into two parts: i. Not exposed to radiation-the control group
that included untreated control, melatonin alone, famotidine
alone, and combined melatonin-famotidine samples and
ii. Exposed to gamma radiation, alone or in combination
with famotidine and melatonin. Whole blood cultures were
prepared by the addition of 0.1 ml blood to 0.4 ml RPMI-1640
medium (Gibco, BRL, UK) supplemented with antibiotics
(penicillin 100 IU/ml and streptomycin 100 pg/ml, Sigma,
USA), 10% L-glutamine (2 mM, Sigma, USA) and 15%
foetal bovine serum (FBS, Gibco BRL, UK). Famotidine and
melatonin powder (Chemodaru Pharmaceuticals, Iran) were
dissolved in RPMI medium, then added to culture vessels
two hours prior to irradiation at concentrations of 80 pg/ml
(famotidine) and 800 pg/ml (melatonin).

Table 1: Study participants’ demographic information

Normal control

Mean age + SD

#5 37411

Luminal A Age (Y) Age at onset (Y) R/L Type Grade Stage ER PR Her2 Ki67
BC patients

P1 47 46 R D 2 1A 70 70 N 25
P2 47 46 L D 2 2A 100 100 N 25
P3 45 44 R L 2 2A 80 80 N 12.5
P4 26 26 R D 2 3A 100 100 N 13.5
P5 76 75 L D 2 2B 100 100 N 11.5
P6 42 41 L D 1 2A 100 90 N 7.5
P7 42 41 R D 1 2A 90 90 N 5

P8 44 43 R D 1 2A 100 90 N 13.5
P9 45 44 R D 1 1A 95 70 N 2
P10 46 45 R D 2 1A 100 100 N 4.5
Mean + SD 46+ 11.58 45.1+11.41 93.5+10.01 89+11.36 12+7.54

BC; Breast cancer, P1-P10; Patient number, R/L; Right/left, ER; Oestrogen receptor, PR; Progesterone receptor, and SD; Standard deviation.
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Irradiation

The culture vessels were irradiated with a therapeutic
Co-60 gamma ray source (Theratrone, 780-C, Canada)
at a dose of 4 Gy. The dose rate was 0.8 Gy/minute at
a source to sample distance (SSD) of 80 c¢m. Irradiation
was done at an ambient temperature (23 + 2°C). After
irradiation, the cells were incubated at 37°C for up to 48
hours.

Neutral comet assay

The neutral comet assay was used to assess apoptotic
and non-apoptotic cells according to previously published
protocols (15, 30) with minor modifications. Briefly, the
previously incubated cells were centrifuged and the cell
pellets were mixed with 0.75% low melting agarose
(LMP, Fermentas, Germany) in phosphate-buffered saline
(PBS) and immediately covered with a coverslip. The
slides were kept at 4°C for 15 minutes. After removal of
the coverslips, the slides were transferred to lysis buffer
that contained 2.5 M NaCl, 0.1 M EDTA, 10 mM Tris
base, 1% N-lauryl sarcosine, 1% Triton X-100, and 10%
dimethyl sulphoxide (DMSO, all from Merck, Germany)
with a final pH of approximately 10. The slides were
kept at 4°C in the dark for 30 minutes, then washed with
an electrophoresis buffer. After lysis, the slides were
placed in a horizontal electrophoresis chamber that was
filled with fresh electrophoresis buffer. Electrophoresis
was conducted at 20 Volts and 100 mA. The slides were
washed with distilled water for 5 minutes and then fixed
in ethanol for 5 minutes at room temperature. The air-
dried slides were stained with an ethidium bromide
solution (20 pg/ml) and covered with coverslips. The
number of apoptotic and non-apoptotic cells were scored
using a fluorescent microscope (Nikon) equipped with an
excitation filter (510-550 nm) and barrier filter (590 nm)
at 400x magnification. Figure 1 shows typical normal and
apoptotic cells analysed under the microscope. A total
number of 500 cells were randomly assessed for each
slide.

Fig.1: Typical photomicrographs of non-apoptotic and apoptotic neutral
comet assay results. Apoptotic cells show a very small head and a fan-like
tail. a; Non-apoptotic and b; Apoptotic (magnification: x400).
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Statistical analysis

Data were analysed using SPSS software (version 18,
SPSS Inc., USA). All data were first tested by using the
Kolmogorov Smirnov test for normal distribution. Then,
to compare the two groups, we used the Mann Whitney
non-parametric test and analysis of variance (ANOVA) to
compare more than two groups. P<0.05 were considered
to be statistically significant. All figures were drawn
with the use of GraphPad Prism software, version 4.0
(California Corporation, USA).

Results
DPPH assay
Famotidine

Asseenin Figure 2, famotidine did not show any antioxidant
capacity. The higher dose of famotidine was more effective.
There was no significant difference between the 20 pg/ml
and 40 pg/ml concentrations (P>0.05). However, there was
a statistically significant difference between the other doses
and the 80 pug/ml dose (P<0.05). Therefore, we used the 80
ug/ml dose for all of the radiation experiments.
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Fig.2: Percent absorbance of famotidine (F) as assayed with 2, 2-diphenyl-1-
picrylhydrazyl (DPPH) and read by an ELISA reader with a 512 nm UV spectrum.
Error bars show standard deviation (SD) of mean values from triplicate repeats.

Melatonin

Figure 3 shows the results of the DPPH assay for
melatonin. There was a dose-dependent potent antioxidant
capacity with melatonin. A significant difference existed
between the 200 pg/ml dose and the 800 and 1200 pg/
ml doses (P<0.05). However, the difference between the
800 and 1200 pg/ml concentrations was not statistically
significant (P>0.05). Therefore, we used the 800 pg/ml
dose for all of the radiation experiments.

Neutral comet assay

Normal individuals

Figure 4 shows the results of this assay. As seen,



irradiation of whole blood leukocytes with gamma rays
induced a comparatively high percentage of apoptosis
compared to the control non-irradiated samples (P<0.01).
There were no significant differences between the drug
treatments whether used alone or in combination with
the control group (P>0.05). There was no significant
difference between radiation alone and in combination
with melatonin (P>0.05). However, there were significant
differences between radiation and famotidine alone and
between famotidine in combination with melatonin
(P<0.05).
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Fig.3: Percent absorbance of melatonin (M) as assayed with 2, 2-diphenyl-
1-picrylhydrazyl (DPPH) and read by an ELISA reader with a 512 nm UV
spectrum. Error bars show standard deviation (SD) of mean values from
triplicate repeats.
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Fig.4: Treatment with famotidine (Fam) and melatonin (Mel), alone or in
combination, prior to gamma irradiation of leukocytes from normal individuals.
NS; Non-significant and *; P<0.01 error bars indicate standard error of mean
(SEM).

Breast cancer patients

Figure 5 shows significant differences between the
radiation and drug treatment groups (famotidine and
melatonin), either alone or in combination (P<0.05).
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A higher background frequency of apoptosis was
seen in the BC leukocytes (P<0.05). Radiation
induced significantly higher frequency of apoptosis
in leukocytes from BC patients compared to normal
individuals (P<0.05).

A protective effect for radiation induced apoptosis was
seen for both normal and BC leukocytes when radiation
was combined with famotidine and famotidine plus
melatonin (P<0.05). The results indicated no significant
protective effect with melatonin combined with radiation
in leukocytes from normal individuals (P>0.05); however,
the effect was statistically significant for BC patients
(P<0.05).

The comet assay results showed a significant increase in
apoptosis following irradiation and significant decrease in
the presence of combined melatonin and famotidine.
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Fig.5: Treatment with famotidine and melatonin, alone or in combination,
prior to gamma irradiation of leukocytes from breast cancer (BC) patients.
NS; Non-significant, *; P<0.01 error bars indicate standard error of mean
(SEM).

Discussion

RT is an efficient treatment modality for about 50% of
patients with malignant breast tumours. The direct and
indirect effects of IR potent inducers of DNA damage,
chromosomal instability and cell death in tumour and
normal tissues. Most patients can tolerate RT; however,
some suffer from severe adverse effects. This variability
in response may be caused by a genetic predisposition
and inherent radiosensitivity in BC patients (3, 31). The
cytotoxic reactions of normal tissues to IR limits the
efficiency of RT. Unfortunately, an appropriate protocol to
prevent or treat these side effects has not been developed.
Therefore, the inherent radiosensitivity of normal cells
might be considered a serious problem in management
of RT for BC. The use of radioprotectors has been
proposed to reduce normal tissue radiotoxicity. To date,
no appropriate single radioprotector has been introduced
for this purpose. The combined regimen of chemical or
naturally occurring antioxidants might be useful for BC

Cell J, Vol 23, No 5, October 2021



Effect of Melatonin and Famotidine on Radiation Induced Apoptosis

patients. The application of famotidine and melatonin two
hours prior to irradiation led to a significant reduction in
the frequency of radiation induced apoptosis. A similar
observation was made with leukocytes from BC patients,
although there was a higher frequency of apoptosis. The
combination of famotidine and melatonin was more
effective than melatonin alone, but not as effective as
famotidine alone. The DPPH assay results and results from
other studies show that melatonin is potent antioxidant
(32, 33). The radioprotective potential of melatonin is
shown by different investigators using different end
points such as protection of lymphocytes against gamma
rays, reducing frequency of chromosomal aberration and
micronuclei, and reducing radiation induced cytotoxicity
in normal tissue (24-26, 34).

Melatonin might reduce DNA damage, because of its
direct radical scavenging actions of free radicals induced
by IR (35). Melatonin and most of its metabolites have the
capability to scavenge free radicals and reactive nitrogen
species (20). Moreover, melatonin stimulates the activities
of antioxidant enzymes to remove ROS before damaging
DNA and assists the mechanisms involved in DNA damage
repair (36). Therefore, melatonin, as a potent antioxidant,
exerts a radioprotective effect. Furthermore, besides
being a potent antioxidant, melatonin is a potent inducer
of apoptosis. It was shown that melatonin increased
frequency of the programmed cell death induced by ROS
generated by arsenic trioxide, activation of the p38/JNK
pathways, and by upregulation of Reddl expression in
human BC cells (37).

The synergistic effect of melatonin has been shown
with anti-cancer drugs, which led to effective anti-
proliferative and pro-apoptotic activities in colon
cancer cell lines by activating the cytochrome c/caspase
signalling pathways (38). These observations might
explain why the radioprotective effects of melatonin
on normal lymphocytes did not significantly differ with
radiation alone. Melatonin has been shown to enhance
the radiosensitivity of cancer cellsthrough inhibition of
proliferation, promotion of cell cycle arrest, and inhibition
of proteins involved in DNA double-strand break repair
(39).

Famotidine led to a considerable decrease in the
frequency of gamma irradiation induced apoptosis. The
results of previous studies showed the radioprotective
potency of famotidine against gamma ray induced
chromosomal and micronuclei induction (12, 14) as
well as radiation induced apoptosis in normal cells (15).
Ching et al. (10) previously reported that antagonists of
the histamine H2 receptor such as cimetidine, famotidine
and ranitidine are not only good inhibitors of histamine-
stimulated gastric acid secretion, but also are potent
radical scavengers. Although the antioxidant potency of
famotidine has not been assessed as much as for melatonin,
the reduction in frequency of radiation induced apoptosis
by famotidine is much more considerable compared to
melatonin. This observation is consistent with findings
from other H2 receptor antagonists, cimetidine alone or
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in combination with famotidine, on gamma ray induced
micronuclei in mouse bone marrow (13, 40). Famotidine
is effective against radiation induced apoptosis via OH
radical scavenging and an intracellular antioxidant
mechanism (15). The combination of famotidine and
melatonin used with radiation led to a protective effect
that was similar to famotidine alone. The mechanism by
which famotidine reduces radiation induced apoptosis is
not clearly understood, but it may be due to its antioxidant
properties and is not measurable by the DPPH assay.

Conclusion

The results imply that melatonin, despite its potent
antioxidant property, does not significantly affect radiation
induced apoptosis in leukocytes derived from normal
individuals. However, a moderate significant protection
is induced in leukocytes derived from BC patients. When
used with radiation, it might not intervene with the RT
regimen for BC cancer patients. Famotidine, on the other
hand is a good radioprotector for normal tissue, but if it
accumulates in tumour tissues, it might reduce the efficacy
of RT.
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Abstract
Objective: Acute kidney injury (AKI) is referred to as sudden decline in the function of kidney. Human endometrial
stromal/stem cells (hnEnSCs) are mesenchymal stem cell (MSC)-like cells, which are suitable candidates for regenerative
medicine purposes, yet the effect of hEnSCs on cisplatin-induced AKI has not been studied; therefore, the present
study was conducted to investigate this gap in the literature.

Materials and Methods: In this experimental study, hEnSCs were obtained from endometrial biopsy using collagenase
| and were then cultured in DMEM/F12 medium. A total of 48 male Wistar rats (150-200 g) were classified into four
groups: intact -receiving no treatment, model -receiving 5 mg/kg of body weight cisplatin, as well as phosphate-buffered
saline (PBS) and cell -receiving either PBS or hEnSCs for three hours after cisplatin injection, respectively. Biochemical
parameters, pathologic scores, apoptosis assay, Bcl-2 and Tnf-a expression were evaluated on day 5.

Results: On day 5 post-transplantation we observed that HEnSCs injection has led to a decrease in both blood urea
nitrogen (BUN) and serum creatinine (SCr), compared to the model and PBS groups (0.82 + 0.03 vs. 1.42 + 0.06, 1.09
1+ 0.05 mg/dl and 61.53 £ 3.07 vs. 116.60 + 2.12, 112.00 + 1.35 mg/dl, respectively). The highest levels of pathologic
scores were observed in model and PBS groups, while hEnSCs transplantation resulted in a decrease in pathologic
scores (149.10 £ 7.03, 141.50 + 4.68 vs. 118 + 2.16). HEnSCs significantly decreased the percentage of TUNEL-
positive cells in the cell group compared with model and PBS groups (20.37 +. 3.37 vs. 33.67 £ 1.79, 31.53 £ 1.05 in
glomeruli and 15.10 + 1.47 vs. 42.33 £ 1.72, 39.23 + 1.61 in tubules). In addition, HEnSCs resulted in upregulation of
Bcl-2 and downregulation of Tnf-a in the cisplatin-induced AKI.

Conclusion: Our results showed that injection of hEnSCs may improve AKI through lowering the amount of apoptosis

in renal cells.
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Introduction

Acute kidney injury (AKI) is defined as sudden decline
in the function of kidneys for waste removal, which is
due to renal tubular damage (1). Cell death, as well as
functional and morphological changes, occur in sub-
lethal damage caused by AKI (2). About 20% and 33%
of hospitalized adults and children, respectively, suffer
from AKI, and the mortality rate due to AKI in patients
of surgical and medical intensive care units (ICU) is high.
Consequently, AKI has attracted much attention among
nephrologist and intensive care unit care providers (3, 4).
Common treatments used in AKI include pharmacological
therapy, dialysis, and renal replacement therapy, but
each of these treatments still has certain limitations (5).
Dialysis and replacement therapies have no significant
effect on the high rate mortality caused by AKI. Dialysis
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is commonly associated with socioeconomic problems.
With regards to replacement therapy, the lack of enough
donors and the use of immunosuppressive drugs following
kidney transplantation may cause issues for the recipients.
Pharmacological therapy has been unsuccessful in terms
of recovering lost cells. Therefore, new therapeutic
strategies for AKI seem to be instantly required (6).

Among the common experimental models of AKI are
toxic models, which are caused by nephrotoxins, such as
cisplatin. Cisplatin-induced extensive injury is usually
assessed on days 3-5 post-treatment, whereas earlier time
points may lead to sub-lethal changes (2). Cisplatin or
cis-diamminedichloroplatinum (II) is a chemotherapeutic
drug, which contains platinum, carboplatin or oxaliplatin.
Platinum in cisplatin compound binds to DNA and
results in crosslinking that triggers apoptosis (7). Sodium



wasting, disturbance of magnesium reabsorption and water
absorption are among other consequences of cisplatin
therapy. Additionally, prevention of kidney injury is very
important in cisplatin therapy (8, 9). Cisplatin-induced
tubular dysfunction is due to apoptosis and necrosis.
Tubular cell death, resulting from cisplatin, occurs via
multiple signaling pathways and mechanisms that have
been considered as potential targets for various clinical
treatments (10-14). Two signaling pathways of apoptosis
include intrinsic (mitochondrial) and extrinsic (death
receptor) pathways. Apoptosis is initiated by the extrinsic
signaling pathway, which begins with a cell death signal
or death ligand docking on tumor necrosis factor (TNF)
superfamily death receptors (15). The intrinsic pathway
of apoptosis, on the other hand, is regulated by B-cell
lymphoma-2 (Bcl-2) protein family, as the Bcl-2 family
members play different roles in intrinsic death pathway.
For instance, anti-apoptotic Bcl-2 proteins inhibit pro-
apoptotic members of the family (BAX and BAK) and
thereby inhibit apoptosis (15, 16).

Multiple studies have demonstrated enormous
potentials for mesenchymal stem cells (MSCs) to repair
the damaged tissues via infusion and paracrine signaling
(17-19). Human endometrial stromal/stem cells (HEnSCs)
are MSC-like cells obtained from the endometrium.
HEnSCs can be isolated easily, expand rapidly, have
no major technical and ethical issues, and have a high
clonogenicity; and therefore, are suitable candidates for
therapeutic and tissue engineering purposes (20, 21). The
repair of soft tissue defects is a promising regenerative
capacity of the hEnSCs (22). Transplanted EnSCs in
the peri-infarct area increase cellular proliferation, but
decrease apoptosis via AKT, ERK1/2, STAT3 activation
and p38 inhibition (23). Pabla and Dong have found that
cisplatin exerts its ultimate destructive effects on renal
function through necrosis and apoptosis of renal cells
(8). Therefore, apoptosis reduction in renal tissue is one
of the principal mechanisms that is noteworthy in AKI
treatment.

To provide an evidence for the effectiveness of hEnSC
transplantation in AKI treatment, the present study was
designed based on the hypothesis that administration of
these cells can modulate the expression levels of Bcl-2
and Tnf-a in the renal tissue from cisplatin-induced AKI
rats. Such changes in transcriptional activities of Bcl-2
and Tnf-a are related to apoptosis inhibition, which can
result in the improvement of renal pathology and function
in rats receiving cell transplants after cisplatin injection.

Materials and Methods

The experimental study was performed on 48 male
Wistar rats (150-200 g). The animals were kept in plastic
cages. They had unlimited access to water and food, and
were weighed daily. Ethical principles were followed in
accordance with Tabriz University of Medical Sciences
guidelines (IR. TBZMED.VCR.REC.1397.049). AKI was
induced using intraperitoneal (IP) injection of cisplatin
(Mylan, France). Animal care was provided by animal
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house of Kharazmi University at 22.0 + 2.0 C.

Atotal of 48 rats were randomly divided into four groups
(12 each). Group I (intact group) received no treatment;
group II (model group) received 5 mg/kg of body weight
cisplatin (IP), which was used to induce AKI; group III
(PBS group) received 200 pul of phosphate-buffered saline
(PBS, Invitrogen, USA) in caudal vein 3 hours after
cisplatin injection; and group IV (cell group) received
about 1 million hEnSCs suspended in PBS (200 pl) in
caudal vein 3 hours after cisplatin injection. The rats were
anesthetized by IP injection of 80-100 mg/kg ketamine
and 5-10 mg/kg xylazine. The rats were sacrificed on the
3 and 5" day after cisplatin injection. After anesthesia,
blood collection was performed from the heart and the
kidneys were collected rapidly for subsequent analyses.

Isolation of human endometrial stromal/stem cells

The cell donor was an infertile woman who had
referred to the hospital seeking treatment. A written
informed consent form was obtained from her prior to the
procedure. Endometrial biopsies for hEnSC isolation were
obtained from the fundal region of the uterine cavity. First,
endometrium was scraped from the myometrium and then
washed in PBS. Mechanical minced tissue was digested
using 1 mg/ml collagenase type I (Gibco, USA) and 25
mM 4-(2 hydroxyethyl)-1 piperazineethanesulfonic acid
(HEPES) in Hank’s balanced salt solution (HBSS, Merck,
Germany) at 37°C for 30-45 minutes. Glandular epithelial
components were removed by means of cell strainers (70 and
40 um, Merck, Germany). Cell suspension was centrifuged
for cellular plaque deposition and plated in DMEM/F12
medium (Merck, Germany) supplemented with 10% fetal
bovine serum (FBS), 1% antibiotic Pen/Strep (Merck,
Germany). Medium change was performed every 2-3 days
and cellular passage was carried out when cultures reached
about 80-90% confluency. The 3™ to 5" passage cells were
used for injection.

Flow cytometric analysis of human endometrial
stromal/stem cells

After the 3" passage, cells were characterized for
expression of surface markers by flow cytometry (BD
FACS Calibur, USA). Following hEnSCs fixation (2%
paraformaldehyde in PBS, 4'C, 1 hour), cells were washed
and incubated using the following PerCP- or phycoerythrin
(PE)- or fluorescein-isothiocyanate (FITC)-conjugated
antibodies (4C, 1 hour): CD73-PerCP (5 nl, BD
Pharmingen, USA), CD90-FITC (3 ul, Exbio, Czechia),
CD105-PE (3 pl, Exbio, Czechia), CD146-PE (3 pul, BD
Biosciences, USA), CD31-PE (3 pl, Immunostep, Spain)
and CD34-PE (3 ul, Exbio, Czechia). CD31 and CD34
are endothelial and hematopoietic markers, respectively.
Negative control was FITC-conjugated mouse IgG1. Data
were analyzed using FlowJo™ v10.6.1 software.

Renal function
On days 3 and 5 after transplantation of cells, rats
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were anesthetized and blood samples were collected
from the rat hearts. After 30 minutes, blood samples
were centrifuged (3000 rpm, 10 minutes) and upper
layer or serum was isolated. Samples were stored at
-20°C until analysis. To access the renal function, we
determined levels of blood urea nitrogen (BUN), serum
creatinine (SCr), serum sodium (Na), and potassium
(K) on days 3 and 5 after cellular therapy. Biochemical
markers of the sera were measured using a Selectra Pro M
(ELITechGroup, USA) and a starlyte electrolyte analyzer

(Diamond Diagnostics Inc., USA).

Histopathological assay by hematoxylin and eosin
staining

Histological examination of the kidneys was performed
on day 5. Kidneys were washed twice with PBS, quickly
fixed in 10% formalin solution (Merck, Germany), then
processed and embedded in paraffin (Merck, Germany).
Finally, 5-um thick sections were obtained. Histological
examination was performed using hematoxylin (Merck,
Germany) and eosin (Merck, Germany) staining. The
slides were observed under a light microscope (Zeiss,
Germany). The presence of pathologic tubular damage
(including apoptosis, necrosis, lumen dilation, debris
in the lumen and nuclear fragmentation) was scored
in 10 non-overlapping fields (100 tubules) for each
kidney section by a researcher who was blind to the
experimental groups. The score 0 represents no tubular
damage, 1= tubular injury in no more than one third of
the tubule cells, 2= one third to two thirds of the tubular
cell injury, and 3= more than two thirds of the tubular
injury. Finally, total pathologic score was obtained by
adding all 100 scores. The maximum score was 300.

Immunohistochemical analysis

TUNEL assay was performed on paraffin-embedded
tissues using the terminal deoxynucleotidyl transferase—
mediated dUTP nick-end labeling (TUNEL) method
(In Situ Cell Death Detection Kit, Roche, Germany)
according to the manufacturer’s instruction.

Paraffinsections (5-pumthick) of kidneys were rehydrated
in a series of alcohol and water after deparaffinization
with xylene. Then sections digested by proteinase K

solution (10 minutes, 37°C) were washed in PBS for 2
minutes, and after blocking (i.e. blocking endogenous
peroxidase, 3% H,O, for 30 minutes), were incubated
with TdT enzyme solution (60 minutes, 37°C). A stop/
wash buffer (30 minutes, 37°C) was used to terminate
the reaction. The reaction was visualized using a 3,
3’-diaminobenzidine (DAB) chromogen (Pro Tags,
Cat#300155400) and tissue counterstaining was
performed using hematoxylin. Sections were observed
for TUNEL+ cells per high-power field (HPF) under a
light microscope (Zeiss, Germany). For each kidney,
10 fields were selected randomly at 40x magnification,
and the number of TUNEL-positive cells and the total
number of cells in the glomeruli and tubules were
counted using ImagelJ software (LOCI, University of
Wisconsin). The percentage of apoptotic cells was
evaluated in a blind manner. Data were analyzed using
GraphPad software.

Real-time polymerase chain reaction

The kidney samples were minced and RNA was
extracted using a Maxcell extraction kit (Iran).
Synthesis of cDNA was performed using First Strand
cDNA synthesis kit (Maxcell, Iran). RNA/primer
mixture (14 pl) including 1 pl random hexamer, 1 pl
of 10 mM dNTP mix, total RNA (volume based on
normalization calculations), and DEPC water (up to 14
ul), was incubated for 5 minutes at 65°C and was then
placed on ice immediately for 1 minute. Next, 1 ul Dia
star (reverse transcriptase, RT), 1 pl of 8§ mM DTT and
4 ul of 5X RT buffer were mixed to prepare reaction
master mix. Reaction master mix was added to RNA/
primer mixture and then placed in the thermal cycler as
follows: 50°C, 60 minutes, and 95°C, 5 minutes. Real
time-polymerase chain reaction (PCR) was carried to
in duplicate. Reaction volume was 25 ul consisting
Real Q Plus 2X Master Mix Green (Ampligon,
Denmark), 2 ul of primer mixture and 2 pul of cDNA
under the following thermal cycling: 5 minutes at
50°C, 5 minutes at 95°C and 40 cycles of denaturation
for 30 seconds and annecaling/extension at 60-62°C.
Relative expression levels of Bc/-2 and Tnf-oo mRNA
were calculated using the 24T method. Gapdh gene
was considered as internal control. Primer sequences
are showed in Table 1.

Table 1: The primer sequences were used in the real-time polymerase chain reaction

No. Gene symbol Gene name Primer sequences (5'-3") ™ GC%
1 Bcl-2 B-cell lymphoma 2 F: CTTTGAGTTCGGTGGGGTCA 59.35 55.00
R: TCCACAGAGCGATGTTGTCC 59.35 55.00
2 Tnf-a Tumor necrosis factor alpha F: GGCAGGTTCTGTCCCTTTCAC 61.78 57.14
R: TTCTGTGCTCATGGTGTCTTTTCT 59.30 41.67
3 Gapdh Glyceraldehyde 3-phosphate dehydrogenase ~ F: CAAGTTCAACGGCACAGTCA 57.30 50.00
R: CCCCATTTGATGTTAGCGGG 59.35 55.00
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Statistical analysis

Data are shown as mean = SEM. Data analyses were
performed using GraphPad Prism 8.0.2 (GraphPad
Software Inc., USA). We compared the differences
among the groups using One-way analysis of variance
(ANOVA) with Tukey test. Analyses of body weight
between days 1 and 5 were done in each group using
two-way ANOVA. Expression levels of mRNA were
analyzed using the comparative Ct method. P<0.05
were considered as statistically significant.

Results

Human endometrial stromal/stem cells culture and
characterization

Isolation of undifferentiated hEnSCs was easily
performed due to their adherence to plastic flasks. The
results of hEnSCs immunophenotyping at passage 3 are
presented in histograms in Figures 1A and B. HEnSCs
were positive for MSC markers, including CD73, CD90
and CD105, as well as for the marker of endometrial
stem cell, CD146. Although they expressed high levels
of these markers, they did not express CD31 and CD34,
which are endothelial and hematopoietic progenitor
cell markers, respectively (Fig.1A, B). HEnSCs were
spindle-shaped and were relatively elongated (Fig.1C).
These cells were cultured and reached 80-90%
confluency before passage.
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Fig.1: Flow cytometry and morphological feature of extracted hEnSCs
after the 3 passage. A, B. HEnSCs are positive for MSC markers and are
negative for hematopoietic and endothelial markers. Data show the mean
of positive cells (%) + SEM. C. HEnSCs are spindle-shaped and relatively
elongated cells (scale bar: 50 um). hEnSCs; Human endometrial stromal/
stem cells and MSC; Mesenchymal stem cell.
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Changes of body weight

In the present study, all rats were weighed daily
at the appointed time. Body weights were reduced
until day 5 in all groups except for the intact group.
Body weight for intact group was 150.00 = 9.55 ¢
and 172.90 = 10.30 g on days 1 and 5, respectively.
Cisplatin administration induced weight loss in model
and PBS groups on day 5 as compared to day 1 (172.50
+8.99¢g,and 186.80£8.14 g, vs. 164.50 £ 5.57 g, and
172.00 = 6.70 g, respectively). Interestingly, a lower
body weight loss in cell-transplanted rats (177.50
+ 5.18 g on day 5, 182.00 = 5.174 g on day 1) as
compared to model and PBS groups, may indicate the
therapeutic effects of hEnSCs on the disturbance of
tubular concentration function (Fig.2A).

Biochemical analysis of renal function

Successful cisplatin-induced AKI was determined by
measuring biochemical markers in blood samples obtained
on days 3 and 5. The observed increase in biochemical
markers indicated the development of AKI.

The BUN levels in all groups were almost similar on the
31 day without a statistically significant difference. On day
5, the BUN levels in model and PBS groups were higher
(116.60 = 2.12 and 112.00 + 1.35 mg/dl, respectively) as
compared to those of the hEnSC-transplanted and intact
rats (61.53 £ 3.07 and 24.04 = 0.89 mg/dl, respectively)
on day 5. The highest level of BUN was observed in the
model group, but cell injection resulted in a significant
decrease in BUN levels (Fig.2B).

The changes of SCr quantities were similar to those
of BUN levels. SCr increased significantly in model,
PBS, and hEnSC-transplanted groups as compared with
the healthy intact animals (0.65 = 0.02 mg/dl) on day 5.
Also, a significant decrease (P<0.05) was observed in the
SCr level in the group receiving hEnSCs compared to the
model and PBS groups (0.82 + 0.03 vs. 1.42 + 0.06, 1.09
+ 0.05 mg/dl respectively) on day 5 (Fig.2B).

Serum Na and K levels on day 3 were similar among the
groups (about 150 milliequivalent (meq)/l and 4.5 meq/1,
respectively). On day 5, there were significant decreases
(P<0.05) in the mean values of Na levels in the model,
PBS and the cell groups (131.60+ 1.61, 134.30+2.37 and
143.00 £ 3.13 meq/1, respectively) as compared to that of
the intact group (153.80 + 2.92 meq/1), but the difference
between PBS and the cell groups was not significant. Also,
cell treatment resulted in the mild increase of Na level
(Fig.2B). Moreover, on day 5, we observed a significant
decrease (P<0.05) in the mean K levels in the model and
PBS (3.87 £ 0.13 and 4.20 + 0.19 meq/I, respectively) as
compared to those of the intact and the cell groups (5.41
+ 0.23 and 5.00 + 0.22 meq/l, respectively). In addition,
the quantities of K in rats receiving hEnSCs were not
significantly different compared with those of the intact
group on day 5 (Fig.2B).
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Fig.2: Body weight and serum biochemical changes after hEnSCs
injections. All animals except for the intact group received cisplatin (5 mg/
kg, IP) on day 1. After 3 hours, the cell group received 1x10° hEnSCs in
200 pl PBS. A. Mean body weights of the treated animals. B. The collected
serum samples are from days 3 and 5 after cisplatin. Following hEnSCs
injections the levels of BUN, SCr, ion Na, and K were analyzed as shown
here. Each column presents mean + SEM. a-d; Show significant differences
between groups (P<0.05), hEnSCs; Human endometrial stromal/stem
cells, IP; Intraperitoneal, PBS; Phosphate-buffered saline, BUN; Blood urea
nitrogen, SCr; Serum creatinine, Na; Sodium, and K; Potassium.

Pathologic changes

Examination of renal sections was performed in the
cortex and medulla regions on day 5 (Fig.3, original
magnification:x40). Light microscopic analyses
showed significant changes in the renal tissue on day
5 after cisplatin injection. Histological examination of
the kidney tissues obtained from both model and PBS
groups showed proximal and distal tubular injury with
cell debris in the lumen, lumen dilation, regenerative
changes in tubular cells, nuclear fragmentation, and
apoptosis and necrosis of the epithelial cells (Fig.3C-F).
On day 5 following hEnSC injection, a significant
improvement was observed in renal glomeruli and
tubules, thus the pathologic scores for tubular damage
were 118.8 £ 2.15 for the cell group versus 149.1 +
7.02 and 141.5 + 4.68 for the model and PBS groups,
respectively. Similar to the beneficial effects on the
serum biomarkers associated with renal function,
hEnSCs had a significant effect on renal pathology, as
they improved the renal pathologic scores (Fig.3).

Evaluation of apoptosis in tubular epithelial cells and
glomeruli after cell therapy

Apoptosis in paraffin embedded tissues was detected
using TUNEL kit and data were analyzed via Imagel
Software. On day 5, the percentage of TUNEL-
positive apoptotic cells in tubules and glomeruli
increased significantly in both model and PBS groups
in comparison to the intact group (Fig.4A-F) (33.67
+ 1.79, 31.53 + 1.05 vs. 6.37 = 1.05 in glomeruli
and 42.33 + 1.72, 39.23 + 1.61 vs. 4.67 =+ 1.17 in
tubules). HEnSC-transplantation resulted in a marked
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reduction of apoptotic cells in the renal tissue (Fig.4G,
H), suggesting an inhibitory effect of the hEnSCs
on cisplatin-induced apoptosis. The results of the
percentage of apoptotic cells in different groups are
shown in histograms Figure 4 I and J.

Pathologic score

Intact Model PBS Cell

Fig.3: Pathologic analyses of kidneys after hEnSCs injection on day 5. A-H.
HENSCs injection led to significant reduction of pathologic injuries in renal
tissue (original magnification: x40, scale bar: 50 um). I. Photomicrograph
shows tubular injuries: cell debris in the lumen (circle), lumen dilation
(star), regenerative change in tubular cells or flattening of the epithelium
lining the tubules (white triangle), nuclear fragmentation (white
arrow), apoptosis (black arrow) and necrosis (black triangle) (original
magnification: x10, scale bar: 100 um). J. Histogram shows pathologic
scores in different groups. a, b; Show significant differences between
groups (P<0.05), hEnSCs; Human endometrial stromal/stem cells, and
PBS; Phosphate-buffered saline.

Renal tubules Renal glomeruli

b

b

20

Apoptotic cells (%)

b

b

Intact Model PBS Cell Intact Model PBS Cell

Fig.4: Results of TUNEL test after hEnSCs injection on day 5. A, B. Intact
group, C, D. Model animals receiving the cisplatin, E, F. PBS group
receiving PBS 3 hours after cisplatin injection, G, H. Cell group receiving
hENnSCs 3 hours after cisplatin injection. TUNEL (+) cells were observed
in tubules and glomeruli (original magnification: x40, scale bar: 50 um).
1, J. Histograms showed the percentage of TUNEL (+) cells. Each column
presents mean = SEM. a-c; Show significant differences between groups
(P<0.05), hEnSCs; Human endometrial stromal/stem cells, and PBS;
Phosphate-buffered saline.



Effects of treatment with hEnSCs on renal mRNA
expression of Bcl-2 and Tnf-a

Investigation of direct effect of hEnSC treatment on renal
production of Bcl-2 and Tnf-o. was done using real-time
PCR. The expression levels of the mRNA for Bcl-2 (anti-
apoptotic and anti-inflammatory gene, intrinsic apoptotic
pathway) and Tnf-a (pro-apoptotic and pro-inflammatory
cytokine gene, extrinsic apoptotic pathway) changed after
cisplatin and hEnSC injection in comparison to those of
the intact group on day 5 (Fig.5). The mean Bcl-2 levels in
the intact, model, PBS and cell groups were 1.00 &+ 0.28,
1.21 £0.12, 2.28 £ 0.22, and 15.74 + 0.55, respectively.
Model, PBS, and the cell groups showed a meaningful
increase (P<0.05), when compared to the intact group,
but the difference between the model and PBS groups
was not significant. The mean Tnf-a levels were 1.00
+0.61, 2.35 £ 0.71, 3.16 = 1.39, and 1.38 + 0.39 in the
intact, model, PBS, and cell groups respectively. Cisplatin
treatment caused an increase in Tnf-a levels but hEnSCs
transplantation lead to a decrease in Tnf-a level in the cell
group. The difference between the experimental groups in
terms of Tnf-a level was not significant.
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Fig.5: Changes of gene expression in renal tissue after hEnSC
transplantation on day 5. A. Bcl-2 and B. Tnf-a expression in intact, model,
PBS and cell groups on day 5. Values are presented as mean + SEM. a-c;
Show significant differences between groups (P<0.05), hEnSC; Human
endometrial stromal/stem cells, and PBS; Phosphate-buffered saline.

Discussion

The majority of stem cell therapy studies have focused
on the use of bone marrow (BM)-MSCs. The useful effects
of these cells on the function of kidneys have clearly been
demonstrated in different AKI animal models by various
groups (24).

To date, BM has been considered as the most ideal source
of stem cells for transplantation in regenerative medicine;
however, the disadvantages related to BM-MSC such as
the invasive method of extraction, age-related decline of
stemness and proliferative ability, the required anesthesia
for the donors, etc. restrict its applications. Human
endometrium also is considered as a source for stem
cells. In 2010, about 430,000 inpatient hysterectomies
were carried out in the US alone, demonstrating that
it is a significant source of endometrial stem cells.
Fortunately, hEnSCs exist in the superficial layers of this
tissue, so these cells are accessible without impairment of
endometrial function (25-27). In regenerative medicine,
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BM-MSCs are more suitable for hard tissue engineering,
such as bone, whereas EnSCs are predicted to be more
suitable candidates for soft tissue engineering including
kidney (22).

Obtaining endometrial specimen does not require
anesthesia or sedatives and causes minimal morbidity
and pain. One of the clinical limitations of using MSCs is
age-related proliferative ability, whereas, the proliferative
capacity of hEnSCs is not impaired in the elderly (28).
The effects of endometrial MSC-like or hEnSCs on renal
function and apoptosis reduction in AKI has not been
studied thoroughly so far. To investigate such effects, we
injected hEnSCs after induction of AKI using a single
dose of cisplatin. Subsequently, we determined the levels
of serum biomarkers, renal pathology, and apoptotic cell
percentage in renal tubules and glomeruli, as well as
expression of Bc/-2 and Tnf-o genes using real-time PCR.

The results of biochemical and histological analyses
showed that 5 mg/kg body weight cisplatin successfully
induces AKI, while hEnSCs infusion leads to the recovery
of the AKI-associated signs. Following cell therapy, the
levels of serum biomarkers were closer to those of the
normal state and the pathologic score was reduced as
well. Several reports in cisplatin-induced AKI model
have shown that MSCs ameliorated the cisplatin effects
on renal tissue (7, 19, 29), nonetheless, beneficial effects
of MSCs on the recovery of cisplatin effects are still
controversial (30).

It has previously been shown that cisplatin (5 mg/
kg) results in the increase of urea, creatinine, K level,
and significant changes in monkey renal tissue on day
4. These results demonstrated that intra-renal arterial
injection of autologous BM-MSCs ameliorated the levels
of urea and creatinine. BM-MSCs were not observed
to have a significant influence on pathologic scores of
kidneys, hyaline casts and fibrosis scores on days 4 and
28 after cisplatin injection (30). Similarly, we have shown
that BUN, SCr and Na underwent changes, but the K
level and the renal histologic scores improved after cell
transplantation.

Sun et al. investigated therapeutic effects of human
urine-derived stem cells (USCs) in cisplatin-induced AKI
in a rat model. They induced AKI using IP injection of
5 mg/kg cisplatin and at 24 hours later injected 2x10°
USCs/ 0.2 ml PBS via tail vein. One of the criteria to
evaluate in their study was histological changes. Tubular
damage score and the number of injured glomeruli
decreased markedly after USC injection on day 4 (31).
Our histopathologic results were similar to those of their
study, because hEnSCs improved histological scores in
our rat model of cisplatin-induced AKI significantly.

Ultimate damaging impact of cisplatin on the kidneys,
results from apoptosis and necrosis of renal cells (8).
Different stimuli including intracellular (reactive oxygen
species [ROS]-induced mitochondrial damage) and
extracellular (activation of death receptors) lead to cell
death (32). Cisplatin induces renal cell apoptosis via p53-
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mediated activations of caspase-2, 3, 8, while TNF-a
synthesis by phosphorylation of p38 MAPK may be the
basis of necrosis in tubular cells (33). Also, it has been
shown that outer mitochondrial membrane damage and
activation of apoptotic intrinsic pathway can be induced
by cisplatin. Bcl-2 family plays a significant role in
nephrotoxicity of cisplatin. Treatment by cisplatin results
in the reduction of Bcl-2 and BAX ratio, upregulation
of apoptotic genes, degradation or decrease of anti-
apoptotic proteins, and increase of pro-apoptotic proteins
and inflammatory mediators, such as TNF-a (34-38).
Therefore, reduction of renal cell apoptosis is one of the
important mechanisms to be considered in the treatment
of AKI.

Human umbilical cord-derived MSCs (HUC-MSCs)
reduce cell apoptosis and help repair tubular epithelial
cells via upregulation of Bc/-2 and Bmp-7 (39). MSCs
attenuate cisplatin-induced nephrotoxicity by modulating
renal inflammation. MSCs significantly recover
cisplatin-induced renal failure by apoptosis suppression
in p53-dependent and paracrine manner (29, 40).
These results, as reported in previous studies, support
our findings. The present study demonstrated that the
transplantation of hEnSCs result in upregulation of Bcl-
2 and downregulation of Tnf-o, which is consistent with
apoptosis decrease and improvement of renal function.
These findings suggest a relationship between the change
in the intrinsic and extrinsic pathways of apoptosis and
the infusion of hEnSCs. Administration of hEnSCs leads
to a significant decrease of TUNEL-positive cells after the
cisplatin injection. Our findings suggest that one of the
important renoprotective effects of hEnSCs may depend
on the inhibition or reduction of apoptosis.

Conclusion

Endometrium is a potential source of stromal/stem cells.
These cells can be extracted without ethical and technical
problems. In the present study, transplantation of hEnSCs
changed the expression of Bc/-2 and Tnf-o in renal tissue
of animals with cisplatin-induced AKI. According to
the findings of biochemical assays, renal pathology
evaluation, and gene expression analyses, hEnSCs may be
involved in apoptosis inhibition in kidneys and therefore
in the improvement of their function in this model of AKI.
Further research on changes of other biomarkers, such as
cystatin ¢ and NGAL, other pathological and functional
aspects of the kidney, and also details of apoptotic
pathways are necessary to confidently consider the clinical
application of hEnSCs for the treatment of renal diseases.

Acknowledgements

There is no financial support and conflict of interest in
this study.

Authors’ Contributions

H.Z.; Performed experimental work, data collection
and evaluation, and drafting the manuscript. M.A.;

Cell J, Vol 23, No 5, October 2021

Supervised the process of experiments and manuscript,
and undertakes correspondence. P.K.; Contributed
substantially to the conception and design of the study.
R.M.; Collaborate on data analysis and manuscript
preparation. S.E.-B.; Performed cell isolation and
supervision on cellular analyses. All authors read and
approved the final manuscript

References

1. Thadhani R, Pascual M, Bonventre JV. Acute renal failure. N Engl
J Med. 1996; 334(22): 1448-1460.

2. Heyman SN, Rosenberger C, Rosen S. Acute kidney injury: les-
sons from experimental models. Contrib Nephrol. 2011; 169: 286-
296.

3. Susantitaphong P, Cruz DN, Cerda J, Abulfaraj M, Algahtani F,
Koulouridis |, et al. World incidence of AKI: a meta-analysis. Clin J
Am Soc Nephrol. 2013; 8(9): 1482-1493.

4. Lassnigg A, Schmidlin D, Mouhieddine M, Bachmann LM, Drumi
W, Bauer P, et al. Minimal changes of serum creatinine predict
prognosis in patients after cardiothoracic surgery: a prospective
cohort study. J Am Soc Nephrol. 2004; 15(6): 1597-1605.

5. LiQ, Tian SF, Guo Y, Niu X, Hu B, Guo SC, et al. Transplantation
of induced pluripotent stem cell-derived renal stem cells improved
acute kidney injury. Cell Biosci. 2015; 5: 45.

6. Missoum A. Recent updates on mesenchymal stem cell based
therapy for acute renal failure. Curr Urol. 2019; 13(4): 189-199.

7. Shalaby RH, Rashed LA, Ismaail AE, Madkour NK, Elwakeel
SH. Hematopoietic stem cells derived from human umbilical cord
ameliorate cisplatin-induced acute renal failure in rats. Am J Stem
Cells. 2014; 3(2): 83-96.

8. Pabla N, Dong Z. Cisplatin nephrotoxicity: mechanisms and reno-
protective strategies. Kidney Int. 2008; 73(9): 994-1007.

9. Perazella MA, Moeckel GW. Nephrotoxicity from chemotherapeu-
tic agents: clinical manifestations, pathobiology, and prevention/
therapy. Semin Nephrol. 2010; 30(6): 570-581.

10. Jiang M, Dong Z. Regulation and pathological role of p53 in cispl-
atin nephrotoxicity. J Pharmacol Exp Ther. 2008; 327(2): 300-307.

11. Clark JS, Faisal A, Baliga R, Nagamine Y, Arany |. Cisplatin induc-
es apoptosis through the ERK-p66shc pathway in renal proximal
tubule cells. Cancer Lett. 2010; 297(2): 165-170.

12. Ramesh G, Reeves WB. TNF alpha mediates chemokine and cy-
tokine expression and renal injury in cisplatin nephrotoxicity. J Clin
Invest. 2002; 110(6): 835-842.

13. Zhang B, Ramesh G, Norbury CC, Reeves WB. Cisplatin-induced
nephrotoxicity is mediated by tumor necrosis factor-alpha pro-
duced by renal parenchymal cells. Kidney Int. 2007; 72(1): 37-44.

14. Zhuang S, Schnellmann RG. A death-promoting role for extracel-
lular signal-regulated kinase. J Pharmacol Exp Ther. 2006; 319(3):
991-997.

15. Zaman S, Wang R, Gandhi V. Targeting the apoptosis pathway in
hematologic malignancies. Leuk Lymphoma. 2014; 55(9): 1980-
1992.

16. Lopez J, Tait SWG. Mitochondrial apoptosis: killing cancer using
the enemy within. Br J Cancer. 2015; 112(6): 957-962.

17. Morigi M, Imberti B, Zoja C, Corna D, Tomasoni S, Abbate M, et al.
Mesenchymal stem cells are renotropic, helping to repair the kid-
ney and improve function in acute renal failure. J Am Soc Nephrol.
2004; 15(7): 1794-1804.

18. Morigi M, Rota C, Montemurro T, Montelatici E, Lo Cicero V, Im-
berti B, et al. Life-sparing effect of human cord blood-mesenchymal
stem cells in experimental acute kidney injury. Stem Cells. 2010;
28(3): 513-522.

19. Peng X, Xu H, Zhou Y, Wang B, Yan Y, Zhang X, et al. Human
umbilical cord mesenchymal stem cells attenuate cisplatin-induced
acute and chronic renal injury. Exp Biol Med (Maywood). 2013;
238(8): 960-970.

20. Langstein HN, Robb GL. Reconstructive approaches in soft tissue
sarcoma. Semin Surg Oncol. 1999; 17(1): 52-65.

21. Chan RWS, Schwab KE, Gargett CE. Clonogenicity of human en-
dometrial epithelial and stromal cells. Biol Reprod. 2004; 70(6):
1738-1750.

22. Verdi J, Tan A, Shoae-Hassani A, Seifalian AM. Endometrial stem
cells in regenerative medicine. J Biol Eng. 2014; 8: 20.

23. Jiang Z, Hu X, Yu H, Xu Y, Wang L, Chen H, et al. Human endo-
metrial stem cells confer enhanced myocardial salvage and regen-



24.

25.

26.

27.

28.

29.

30.

31.

eration by paracrine mechanisms. J Cell Mol Med. 2013; 17(10):
1247-1260.

Barnes CJ, Distaso CT, Spitz KM, Verdun VA, Haramati A. Com-
parison of stem cell therapies for acute kidney injury. Am J Stem
Cells. 2016; 5(1): 1-10.

Wright JD, Herzog TJ, Tsui J, Ananth CV, Lewin SN, Lu YS, et al.
Nationwide trends in the performance of inpatient hysterectomy in
the United States. Obstet Gynecol. 2013; 122(2 Pt 1): 233-241.
Gotte M, Wolf M, Staebler A, Buchweitz O, Kelsch R, Sch AN, et
al. Increased expression of the adult stem cell marker Musashi-1 in
endometriosis and endometrial carcinoma. J Pathol. 2008; 215(3):
317-329.

Shoae Hassani A, Mortazavi-Tabatabaei SA, Sharif S, Seifalian
AM, Azimi A, Samadikuchaksaraei A, et al. Differentiation of human
endometrial stem cells into urothelial cells on a three-dimensional
nanofibrous silk-collagen scaffold: an autologous cell resource for
reconstruction of the urinary bladder wall. J Tissue Eng Regen
Med. 2015; 9(11): 1268-1276.

Darzi S, Werkmeister JA, Deane JA, Gargett CE. Identification and
characterization of human endometrial mesenchymal stem/stromal
cells and their potential for cellular therapy. Stem Cells Transl Med.
2016; 5(9): 1127-1132.

Yao W, Hu Q, Ma'Y, Xiong W, Wu T, Cao J, et al. Human adipose-
derived mesenchymal stem cells repair cisplatin-induced acute
kidney injury through antiapoptotic pathways. Exp Ther Med. 2015;
10(2): 468-476.

Moghadasali R, Azarnia M, Hajinasrollah M, Arghani H, Nassiri SM,
Molazem M, et al. Intra-renal arterial injection of autologous bone
marrow mesenchymal stromal cells ameliorates cisplatin-induced
acute kidney injury in a rhesus Macaque mulatta monkey model.
Cytotherapy. 2014; 16(6): 734-749.

Sun B, Luo X, Yang C, Liu P, Yang Y, Dong X, et al. Therapeutic
effects of human urine-derived stem cells in a rat model of cispl-
atin-induced acute kidney injury in vivo and in vitro. Stem Cells Int.
2019; 2019: 1-13.

575

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zeinali et al.

Holditch SJ, Brown CN, Lombardi AM, Nguyen KN, Edelstein CL.
Recent advances in models, mechanisms, biomarkers, and in-
terventions in cisplatin-induced acute kidney injury. Int J Mol Sci.
2019; 20(12): 3011.

Miller RP, Tadagavadi RK, Ramesh G, Reeves WB. Mechanisms
of cisplatin nephrotoxicity. Toxins (Basel). 2010; 2(11): 2490-2518.
Sheikh-Hamad D, Cacini W, Buckley AR, Isaac J, Truong LD, Tsao
CC, et al. Cellular and molecular studies on cisplatin-induced ap-
optotic cell death in rat kidney. Arch Toxicol. 2004; 78(3): 147-155.
Santos NAG, Bezerra CSC, Martins NM, Curti C, Bianchi MLP,
Santos AC. Hydroxyl radical scavenger ameliorates cisplatin-in-
duced nephrotoxicity by preventing oxidative stress, redox state
unbalance, impairment of energetic metabolism and apoptosis
in rat kidney mitochondria. Cancer Chemother Pharmacol. 2008;
61(1): 145-155.

Jiang M, Wei Q, Wang J, Du Q, Yu J, Zhang L, et al. Regulation
of PUMA-alpha by p53 in cisplatin-induced renal cell apoptosis.
Oncogene. 2006; 25(29): 4056-4066.

Mostafa RE, Dalia OS, Dina FM. Cisplatin-induced nephrotoxicity
in rats: modulatory role of simvastatin and rosuvastatin against ap-
optosis and inflammation. J Appl Pharm Sci. 2018; 8(04): 043-050.
Kim S, Lee EB, Song IH, Kim YJ, Park H, Kim YW, et al. Effects of
human adipose-derived stem cells in regenerating the damaged
renal tubular epithelial cells in an animal model of cisplatin-induced
Acute Kidney Injury. Child Kidney Dis. 2015; 19(2): 89-97.

Li F, Xiong F, Zhang Y, Li Y, Zhao H, Cho SC, et al. Therapeutic
effects of human umbilical cord-derived mesenchymal stem cells
against acute tubular necrosis quantified through measures of
iNOS, BMP-7 and Bcl-2. Open J Regen Med. 2013; 2(02): 31-38.

Kim JH, Park DJ, Yun JC, Jung MH, Yeo HD, Kim HJ, et al. Human
adipose tissue-derived mesenchymal stem cells protect kidneys
from cisplatin nephrotoxicity in rats. Am J Physiol Renal Physiol.
2012; 302: F1141-F1150.

Cell J, Vol 23, No 5, October 2021



Original Article

Effects of Adipose-Derived Stem Cells and Platelet-Rich Plasma
Exosomes on The Inductivity of Hair Dermal Papilla Cells

Mohammad Ali Nilforoushzadeh, M.D.', Nasser Aghdami, M.D., Ph.D.2, Ehsan Taghiabadi, Ph.D.™

1. Skin and Stem Cell Research Center, Tehran University of Medical Sciences, Tehran, Iran

2. Department of Regenerative Biomedicine, Cell Science Research Center, Royan Institute for Stem Cell Biology and Technology,

ACECR, Tehran, Iran

*Corresponding Address: PO. Box: 16635-148, Skin and Stem Cell Research Center, Tehran University of Medical Science, Tehran, Iran
Email: ehsan.taghiabadi@gmail.com

Received: 29/December/2019, Accepted: 19/May/2020
Abstract
Objective: Hair loss is a prevalent medical problem in both men and women. Maintaining the hair inductivity potential of
human dermal papilla cells (hDPCs) during cell culture is the main issue in hair follicle morphogenesis and regeneration.
The present study was conducted to compare the effects of different concentrations of exosomes derived from human
adipose stem cells (hASCs) and platelet-rich plasma (PRP) on the proliferation, migration and expression of alkaline
pholphatase (ALP), versican, and smooth muscle alpha-actin (a-SMA) in human DPCs.

Materials and Methods: In this experimental study, hDPCs, human hair DPCs and outer root sheet cells (ORSCs)
were separated from healthy hair samples. The protocol of exosome isolation from PRP and hASCs comprises serial
low speed centrifugation and ultracentrifugation. The effects of different concentrations of exosomes (25, 50, 100 ug/
ml) derived from hASCs and PRP on proliferation (MTS assay), migration (scratch test) and expression of ALP, versican
and a-SMA (real time-polymerase chain reaction) in human DPCs were evaluated.

Results: The flow cytometry analysis of specific cytoplasmic markers showed expression of versican (77%) and
a-SMA (60.8%) in DPCs and K15 (73.2%) in ORSCs. According to NanoSight Dynamic Light Scattering, we found the
majority of ASCs and PRP-exosomes (ASC-Exo and PRP-Exo) to be 30-150 nm in size. For 100 pug/ml of ASCs-Exo,
the expressions of ALP, versican and a-SMA proteins increased by a factor of 1.2, 2 and 3, respectively, compared
to the control group. The findings of our experiments illustrated that 100 pg/ml of ASCs-Exo compared to the same
concentration of PRP-Exo significantly promote DPC proliferation and migration in culture.

Conclusion: This study introduced the potential positive effect of ASC-Exo in increasing the proliferation and survival of
DPCs, while maintaining their hair inductivity. Thus, ASCs-Exo possibly provide a new effective procedure for treatment

of hair loss.
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Introduction

Hair loss is a common complaint of both male and female
patients seeking beneficial treatments for this problem,
worldwide (1) . As a general feature in human, hair plays
a key role in beauty, social acceptance and self-esteem,
therefore, hair loss is considered a major psychological
challenge. Patent-pending statistics have shown increases
in the costs of repairing hair loss over the past decade.
Currently, hair loss is commonly treated with herbal
extracts, platelet-rich plasma (PRP), adipose-derived
stem cells (ASCs), keratinocyte-conditioned media and
hair transplantation, none of which have yielded entirely
satisfactory outcomes (2). Recent advances in tissue
engineering and regenerative medicine have resulted in
promising hair-loss treatments. Different research groups
have so far made great efforts to develop the hair organoid
structure in laboratories (3).

Although many studies claim reconstructing the hair
structure using murine stem cells and dermal papilla
cells (DPCs), they have failed in human cells (4). The
major causes preventing successful implementation of
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the results of animal models in human cells include the
hair DPCs losing their trichogenic ability, an inadequate
number of hair in people with severe hair loss and the
lack of appropriate medical grade culture media (5,
6). As mesenchymal cells in hair follicles, the dermal
papilla play the main role in regulating hair growth (7, 8).
Preserving the potential hair inductivity of dermal sheath
cells (DSCs) and DPCs in cell culture is the main factor in
in vitro morphogenesis and regeneration of hair follicles
(9). Using the currently available methods for cultivating
human dermal papilla reduces the inductive capacity of
the dermal papilla and the expression of specific dermal
papilla biomarkers. Optimizing culture conditions for
DPCs is therefore essential. The therapeutic capacity of
different sources of exosomes, including mesenchymal
stem cells (MSCs), has been recently assessed in
regenerative medicine. Compared to other effective
approaches in maintaining both in vivo and in vitro hair
inductivity of DPCs, exosome-based treatments may be
the most effective methods (10, 11). The advantages of
using exosomes in experimental and clinical applications



in hair loss include inducing endogenous mechanisms,
simple processing, long-term storage, and reduced
risks associated with immune responses (12). Research
suggests that exosomes can induce cell proliferation,
migration and angiogenesis, and promote tissue repair
(13), nevertheless, the effects of exosomes on the
trichogenic ability of DPCs and hair regrowth are yet to
be defined. The present study was conducted to evaluate
the effects of ASC exosomes (ASC-Exo) as well as PRP
exosomes (PRP-Exo) on proliferation and migration of
DPCs and the expression of hair-inductive genes. ASC-
Exo and PRP-Exo contain different growth factors that are
effective in cell proliferation. ASCs are easily accessible
from various fat sources and improve the outcome for the
treatment of hair loss.

Material and Methods

Isolation and culture of normal dermal papilla cells
and outer root sheath cells from human scalp

In this experimental study, after obtaining informed
consent from the donors, healthy hair samples were
transferred to the cell culture laboratory of the Skin
and Stem Cell Research Center of Tehran University of
Medical Sciences. The Institutional Review Board and
Ethical Committee of Tehran University of Medical
Sciences (Tehran, Iran) approved this study (IR.TUMS.
VCR.REC.1395.624).

Human hair DPCs and ORSCs were isolated from
healthy hair samples to investigate their potential for
hair production. The cells were isolated and cultured as
follows:

1. The hair samples were transferred to the laboratory
in a Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12
(1:1) (Thermo Fisher Scientific, USA) supplemented with
10% fetal bovine serum (FBS, Hyclone, USA)+ 50 ug/
ml of penicillin/streptomycint50 pg/ml GlutaMAX™
Supplement (Thermo Fisher, USA).

2. The hair samples were rinsed in the Hanks’ Balanced
Salt Solution (HBSS, Gibco, USA)+50 pg/ml of penicillin/
streptomycin (Gibco, USA), 70% ethanol and HBSS+50
ug/ml of penicillin/streptomycin, respectively.

3. The hair samples were placed in 1.2 unit/ml of dispase
IT (Gibco, USA) at 4°C for 16 hours.

4. Part of the hair, i.e. its lowest one-third, was rinsed
as dermal papilla in collagenase 1 (0.1%) (Sigma, USA)
at 37°C for 4 hours.

5. Collagenase I (Sigma, USA) was inactivated with a
medium containing 10% FBS and the cells were passed
through a 70-um mesh filter and were then centrifuged at
1500 rpm for 5 minutes.

6. Part of the hair, i.e. its upper two-thirds, was rinsed as
ORSCs in trypsin-EDTA (0.05%) (Gibco, USA) at 37°C
for 20 minutes.

7. Trypsin/EDTA enzyme was inactivated with a
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medium containing 10% FBS and the cells were passed
through a 70-um mesh filter and were then centrifuged at
200 rpm for 5 minutes.

8. Epithelial cells were cultured for 14 days in 6 well
plates (TPP-Germany) coated with matrigel (Sigma,
USA), and containing DMEM/F12 and gold KGM Kkits
(Lonza, USA) at 37°C in a humidified incubator with 5%
CO.,.

9. Dermal papilla cells were also cultivated in 6 well
plates (TPP- Germany) with DMEM/F12 and +10%
FBS+50 pg/ml  penicillin/streptomycin+50  pg/ml
Glutamax (Gibco, USA) at 37°C in a humidified incubator
with 5% CO,. The cell culture medium was carefully
changed every 3 days depending on the confluency of the
cells.

Flow cytometry for identifying dermal papilla cells
and outer root sheath cells

The DPCs and ORSCs were collected and incubated
with primary antibodies against a-SMA (R&D-USA),
K15 (Abcam, USA), and versican (Abcam, USA) at 4°C
for 15 hours, and then incubated with secondary goat anti-
human-FITC (Abcam, USA) antibodies, goat anti human-
FITC (Abcam, USA), After washing the collected cells
with phosphate-buffered saline (PBS), the fluorescent
cells were analyzed with flow cytometry (FC500;
Beckman Coulter, Brea, CA, USA).

Characterization of dermal papilla and hair outer root
keratinocytes using immunohistochemical test

Immunohistochemical staining was performed according
to standard protocols. In brief, dermal papilla and hair
keratinocytes were fixed in 4% paraformadehyde solution
and permeabilized using Triton X-100 (MERK, Germany,
0.2%). After washing with PBS/Tween (PBST) 0.05%
(Sigma, USA), the cells were incubated in primary
antibodies, including anti-versican (Abcam, USA), anti-
o-SMA (R&D, USA) and anti-K15 (Abcam, USA),
overnight at 4°C. After washing, dermal papilla and hair
keratinocytes were incubated in secondary antibodies for
one hour at 37°C. Specific cell markers were ultimately
checked with fluorescence microscope Olympus Model
DP71. DAPI was also applied for nuclear staining.

Assessing alkaline phosphatase and toluidine blue
staining in dermal papilla cells

The in vitro activity of alkaline pholphatase (ALP) in
DPCs was investigated by culturing DPCs in 6 well plates
and fixed in 4% paraformaldehyde solution and stained
according to the ALP kit instructions (Sigma, USA). The
extracellular matrix of human dermal papillae contains
chondroitin 6-sulfate, heparan sulfate proteoglycans,
laminin and type IV collagen. DPCs can be identified
by determining the metachromatic features of these cells
using toluidine blue staining. After fixation and washing
with toluidine blue (Merck, Germany), the DPCs were
stained and examined under a light microscope.
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Isolating platelet-rich plasma from human cord blood

Approximately 200 ml of pooled human cord blood
was collected in four 50 ml-conical tubes, containing
2x10" total platelets on average. Pooled human cord
blood was centrifuged at 300 g for 30 minutes at room
temperature to obtain plasma. The plasma obtained from
each tube was then transferred to a new 50 ml-conical
tube and centrifuged at 200 g for 15 minutes. The PRP
was ultimately stored at -80°C for exosome isolation.

Collection of conditioned medium from human
adipose stem cells

According to the isolation procedure discussed, passage
3 hASCs were obtained from the Royan Stem Cell Bank
in Tehran, Iran and cultured for 48 hours in DMEM/F12
medium supplemented with 10% exosome-free FBS and
1% penicillin/streptomycin in a humidified incubator
with 5% CO, at 37°C before collecting the conditioned
medium, which was then stored at -80°C for exosome
isolation.

Exosome isolation from platelet-rich plasma and
human adipose stem cells

The protocol of exosome isolation from PRP involves
serial low speed centrifugation and ultracentrifugation.
The hASCs conditioned medium and PRP were
centrifuged at 300 g for 10 minutes to remove the cells.
The dead cells were also removed by centrifuging at
2,000 g for 10 minutes. The supernatant was transferred
to a 15-ml conical tube, and centrifuged at 10,000 g to
remove cell debris. In the next step, the supernatant was
ultra-centrifuged at 100,000 g for 2 hours (BECKMAN
COULTER, MODEL: Optima L-100XP, USA) to obtain
exosomes containing proteins. The supernatant was again
collected in a new tube and centrifuged at 100,000 g for 2
hours at 4°C. The pellet containing exosomes (40 pg/200
ml) was diluted in 1xPBS and stored at -80°C for future
use.

Identifying the exosomes derived from human adipose
stem cells and platelet-rich plasma

The concentrations of the exosomes derived from
hASCs and PRP were specified using BCA protein assay
kits (Thermo Fisher, USA). NanoSight LM 10 (Nanosight)
and Nanoparticle Tracking Analysis software version 2.2
were used to determine the particle size and distribution
of the exosomes. Expressions of CD9, CD63, CD&I,
ITG101 and Calnexin proteins in the collected exosomes
were analyzed using western blotting. The exosomes
were morphologically characterized using a 100 kV-

transmission electron microscopy (KYKYEM3200,
Germany).
Western blotting

The extracted proteins in the exosomes derived from
hASCs and PRP were isolated using a 10% sodium
dodecyl sulfate PAGE (SDS-PAGE) gel, and then
transferred to a nitrocellulose membrane. The blots were
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blocked with 5% skimmed milk, then washed three times
with a TBST buffer, and incubated at 4°C for 15 hours
with primary antibodies such as (anti-CD81, 1:100;
Thermo Fisher Scientific, Waltham, MA, USA), (anti-
CD9, 1:100; Thermo Fisher Scientific, Waltham, MA,
USA), (monoclonal anti-TSG101, 1:100; Thermo Fisher
Scientific, Waltham, MA, USA) , (anti-CD63, 1:100;
Thermo Fisher Scientific, Waltham, MA, USA) and (anti-
calnexin, 1:100; Thermo Fisher Scientific, Waltham, MA,
USA). In the next step, the blots were detected by their
corresponding secondary antibodies. Biorad’s ChemiDoc
MP Imaging System was used for band detection.

Analyzing the exosomes derived from human adipose
stem cells and platelet-rich plasma with NanoSight
dynamic light scattering

The pellets of exosomes derived from hASCs and
PRP were diluted in 100 pl of PBS, and the particle size
and distribution of the exosomes were analyzed using
NanoSight dynamic light scattering (632.8 nm laser) and
BI 200SM Research Goniometer System (Brookhaven
Instruments Corporation, Holtsville, NY, USA).

Internalization of exosomes by dermal papilla

Whether the ASCs-Exo and PRP-Exo can enter DPCs
was investigated. The procedure of labeling human
dermal papilla is as described below:

Centrifuging the ASCs-Exo was performed at 100,000 g
for 60 minutes. Next, 200 pl of Diluent C of PKH26 kits
(Sigma, USA) was added to the ASCs-Exo and PRP-Exo
pellets. 200 pl of Diluent C was added to PBS".

Then 200 pl dye solution in Diluent C was prepared by
adding 4 ul of the PKH26 Dye solution to 200 pl of a Diluent
C in a conical tube and mixing well. 200 pl of the ASCs-Exo
and PRP-Exo (0.2 pg/pl) solution were added to 200 pl of
the dye solution followed by performing pipette mixing. The
ASCs-Exo and PRP-Exo solution and the dye solution were
incubated for 5 minutes. The staining procedure was stopped
by adding an equal volume of 1% bovine serum albumin
(BSA) for 1 minute. Centrifuging The ASCs-Exo was
centrifuged at 100,000 g for 60 minutes and was suspended
in 200 pl of PBS". The uptake of both ASCs-Exo and PRP-
Exo was analyzed by dermal papilla with fluorescence
microscopy.

Cell scratch assay

Human hair DPCs were seeded into 6-well plates with a
density of 3x10° per well of 6-well plates. Two days later,
the plates were scratched with the tip of a 100 pl-sterile
pipette. The serum-free cell culture medium containing
0, 25, 50 and 100 pg/ml of hASCs-Exo and PRP-Exo
were added. Photos were taken from the scratched area
and analyzed with ImageJ, and the width of the area was
measured at time points of 0, 12 and 24 hours.

Cell proliferation assay-MTS test

In this experimental study we analyzed the effects



of exosomes on cell proliferation using the MTS assay.
DPCs were cultured (10* cells/well) in 96-well plates for
72 hours at 37°C with different groups of exosomes. MTS
assessments were performed using conditioned medium
and the MTS solution (Promega, USA) at a 5:1 ratio.
Absorbance was measured at 490 nm for each experimental
group using an ELISA reader (Thermo, USA).

Scanning electron microscopy of human adipose stem
cells and platelet-rich plasma-exosomes

The pellet of the exosomes derived from hASCs and
PRP were suspended in 0.2-1 ml of DPBS. The samples
were fixed for 12 hours in a 2.5% paraformaldehyde
solution and a 0.1 M sodium phosphate buffer pH=7.2.
One drop (5 pl) of the exosome suspension was added
to clean slides, which were immersed in 1% osmium
tetroxide for 1 hour, dehydrated in ethanol and
distilled water, and then were dried under a ventilation
hood. The samples were coated with gold in a sputter
coater (Hitachi, Japan) before being examined through
SEM (KYKYEM3200, Germany) with an accelerating
voltage of 24 kV. The SEM images were analyzed in
Imagel] to evaluate the exosomes’ size.

Real-time polymerase chain reaction

Total RNA was extracted from cultivated dermal papilla
with ASCs-Exo and PRP-Exo, using RNeasy Mini kits
(Qiagen, Germany), and then reversed transcribed into
complementary DNA (cDNA). Appropriate primers were
designed for PCR as shown below:

Versican-
F: 55TGAGCATGACTTCCGTTGGACTGA3"’
R: 5"CCACTGGCCATTCTCATGCCAAAT3’

o-SMA-
F: 5’GTTTGAGACCTTCAATGTCCC3’
R: 5’"CGATCTCACGCTCAGCAGTGA3’

ALP-
F: 5"CAACAGGGTAGATTTCTCTTGG3’
R: 5"GGTCAGATCCAGAATGTTCC3’

Statistical analysis

In vitro assays were performed three times to better
validate the experimental data. All the data were displayed
as mean =+ standard deviation (SD) using a one-way test
by Minitab® 16.1.0 statistical software (Minitab Inc.,
State College, PA, USA). P values of less than or equal
to 0.05 (one star), 0.01 (two stars), 0.005 (three stars)
and 0.0001 (four stars) were considered as statistically
significant.

Results

Characterization of cultivated dermal papilla cells
and outer root sheet cells

As shown in figure 1Aa, the cultivated hDPCs grow
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in a spindle-shape with a sunflower morphology. The
results of the ALP staining of the cultured hDPCs suggest
these cells are able to induce hair growth (Fig.1Ab).
Toluidine blue staining shows the potential for producing
the extracellular matrix of hDPCs (Fig.1Ac). The results
of immunostaining of the hDPCs showed the expression
of a-SMA (Fig.1Ad-Af) and secondary antibody control
in hDPC (Fig.1Ag-Ai), versican (green) and nuclei were
stained with DAPI (blue, Fig.1Ak-Am) and secondary
antibody control in hDPC (Fig.1An-Ap). The flow
cytometry of the specific cytoplasmic markers of the
DPCs showed expression of a-SMA (60.8%, Fig.1B) and
versican (77%, Fig.1C).
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Fig.1: The morphology and cell profile markers of human dermal papilla
cells (hDPCs). A. The morphology and cell profile markers of hDPC. Aa.
hDPC showed a typical spindle-like morphology of fibroblast cell. Ab.
Alkaline phosphatase activity (red) showed in hDPC passage two into a
conventional culture medium. Ac. Dermal papilla colony tested strongly
positive for toluidine blue staining (red). Ad. Immunofluorescent Imaging
data was presented as a-SMA expression after culture (green). Ae. Nuclei
were stained with DAPI (blue) and Af. Pseudo colored merged image. Ag-
Ai. Secondary antibody control in hDPC. As a negative control, staining
was performed without primary antibody, showing non-specific staining
by the secondary antibody (Alexa Fluor 488 goat anti-mouse, (control). Ak.
Immunofluorescent Imaging data was presented as versican expression
after culture (green). Al. Nuclei were stained with DAPI (blue) and Am.
Pseudo colored merged image. An-Ap. Secondary antibody control in
hDPC. As a negative control, staining was performed without primary
antibody, showing non-specific staining by the secondary antibody (Alexa
Fluor 488 goat anti-rabbit, (control). Flow data are presented as dot plot
and histograms from the specific markers (blue) overlaid with control
(red) from hDPC. The dot plot and histogram flow cytometry analysis
illustrated that hDPC were positive for B. a-SMA and C. Versican (scale
bars: 200 um, n=3).

The morphology of cultivated polygonal-shaped ORSCs
is shown in Figure 2Aa. The results of the immunostaining
of the ORSCs showed the expression of K15 (green) with
nuclei stained with DAPI (blue, Fig.2Ab-Ad) and the
secondary antibody control in hDPC (Fig.2Ae-Ag). The
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flow cytometry of the specific cytoplasmic markers of the
ORSCs showed K15 (73.2%, Fig.2B).
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Fig.2: The morphology and cell profile markers of outer root sheet cells
(ORSCs). A. The morphology and cell profile markers of ORSCs. Aa.
ORSCs showed a typical morphology of polygonal-shaped structures.
Ab. Immunofluorescent imaging data was presented as K15 expression
after culture (green). Ac. Nuclei were stained with DAPI (blue) and Ad.
Pseudo colored merged image. Ae-g. Secondary antibody control in
human dermal papilla cells (hDPCs). As a negative control, staining was
performed without primary antibody, showing non-specific staining by
the secondary antibody [Alexa Fluor 488 Goat anti-mouse (control)]. B.
Flow data is presented as histograms from specific markers (blue) overlaid
with control (red) from ORSCs. The histograms of flow cytometry analysis
illustrated that ORSCs were positive for K15 (scale bars: 200 um, n=3).

Characterization of human adipose stem cells and
platelet-rich plasma - exosomes

The morphology of the exosomes was analyzed
using electron microscopy after their isolation from
the supernatants of human ASCs and cord blood PRP.
According to the SEM results (Fig.3A, B), the round-
shaped ASCs-Exo and PRP-Exo were 50-150 nm in
diameter. The distribution and concentration of the
exosomes were evaluated using NanoSight analysis.
According to NanoSight Dynamic Light Scattering
(Fig.3C, D), we found the majority of ASCs and PRP-
Exo to be 30-150 nm in size. A few exosomal markers
such as CD9, CD63, CDS81, ITG101 and Calnexin were
detected using western blotting (Fig.3E, F). The results
of exosome characterization suggested the appropriate
purity of specific exosomes.

Internalization of exosomes by human dermal papilla

Previous research suggests that exosomes can enter
different types of cells. The entrance of human ASCs
and cord blood PRP exosomes into human DPCs was
therefore examined. According to Figure 3G, the uptake
of human ASCs and cord blood PRP exosomes by DPCs
were evaluated using fluorescence microscopy. The results
illustrated that exosomes can enter the DPCs cytoplasm
and be localized in the perinuclear area.

Cell J, Vol 23, No 5, October 2021

o i
1 !
i
e -
E
o
cos1 cD9 cos1 cp9
o - o -

50kDa-
40kDa- |

80kDa- 90 kDa-

70kDa- 80kDa-
70kDa-

Exosome (+)

Exosome (+)

Exosome (-)

Fig.3: Characterization of exosomes derived from ADSc and PRP. A, B. SEM
evaluation of exosomes (scale bars: 2 um). C, D. Nanoparticle evaluation
of ASC-Exo and PRP-Exo. The mean diameter of ASC-Exo and PRP-Exo were
167 and 147 nm. E, F. Immunoblotting for CD63, CD81, CD9, TSG101 and
Calnexin in exosomes. G. Internalization of exosomes by human dermal
papilla: confirmation of the uptake of exosomes in hDPC. The PKH26 (red)
kit (20 pug/mL) were applied to stain ASC-Exo or PRP-Exo and incubated
with hDPC for 24 hours (scale bars: 200 um). PBS was used as negative
control (NC). Nuclei were stained with DAPI (blue) for counterstaining
(n=3). ADSc; Adipose-derived stem cells, PRP; Platelet-rich plasma, ASC;
Adipose stromal cell exosome, hDPC; Human dermal papilla cell, and PBS;
Phosphate-buffered saline.

ASCs-Exos and PRP-Exos induced dermal papilla
migration, proliferation, and in vitro ALP activity

According to previous research, it is suggested that
exosomes can promote the migration of DPCs. The results
of the scratch closure test revealed ASCs-Exo group with
concentration 100 pg/ml significantly increased migration of
DPCs compared to experimental groups at 12- and 24-hour
time points [Alexa Fluor 488 Goat anti-mouse (control)].

The MTS assay was used to evaluate the cell proliferation
of DPCs at different concentrations of exosomes after
3 days (Fig.5). Investigating the metabolic activity of
different sources of exosome through a two-dimensional
culture of hDPCs showed a significant increase in 100pug/
ml of ASCs-Exo (Fig.5A) compared to PRP-Exo (Fig.5B).

ASC-Exo induce ALP, versican and a-SMA expression
in the cultured DPCs

According to (Fig.6), culturing the DPCs with ASC-Exo
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significantly increased the expression of ALP, versican and
0-SMA compared to a co-culture with PRP-Exo. For 100
pg/ml of ASC-Exo, the expressions of ALP, versican and
a-SMA proteins were respectively increased by a factor of
1.2, 2 and 3 compared to in the control group, suggesting
the effectiveness of ASC-Exo in maintaining the trichogenic
ability of DPCs. Although these results suggest that taking
an exosome approach to the culture of DPCs can effectively
maintain the trichogenic ability of these cells, further studies
are required to obtain a clinically applicable protocol.
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Fig.4: Scratch assay of human dermal papilla cells treated with different
concentrations of ASCs and PRP exosomes. Relative wound area changes
by different concentrations of A. ASCs exosomes and PRP exosomes
treatment. ASCs-Exo or PRP-Exo were co-incubated with hDPC (left) and
the scratch area at designated study points was normalized against that
obtained at 0 hour. The cells cultured with serum (10%) were applied
as control group. B. Light microscopy images of scratch assay of hDPC
were manually delineated to Imagel) software analysis (scale bars: 200
um, n=3). NS; Not significant, *; P<0.05, **; P<0.01, ***; P<0.005, ****;
P<0.0001, ASCs; Adipose stromal cell exosome, PRP; Platelet-rich plasma,
and hDPCs; Human dermal papilla cell.
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Fig.5: Cell proliferation and cell viability by MTS assay. Human DPC
were plated into 96-well plates for 24 hours with or without different
concentrations (25, 50, 100 mg/mL) of A. ASC-Exo and B. PRP-Exo. NS;
Not significant, **; P<0.01, ***; P<0.005, ****; P<0.0001 (n=3), DPC;
Dermal papilla cell, ASC; Adipose stromal cell exosome, and PRP; Platelet-
rich plasma.
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Fig.6: Comparison of the a-SMA, versican and ALP mRNA expressions
following different concentrations of ASCs and PRP exosome treatments.
Different experimental groups such as 100, 50 and 25 pg/mL of ASC-Exo or
PRP-Exo were incubated with hDPC for 48 hours respectively. The gRT-PCR
analysis and the expression of each gene of exosome-treated hDPC was
normalized against the expression of cultivated cells with serum (10%),
which were used as the control group. All data are expressed as mean +
standard deviation (SD) from three replicates. *; P<0.05, **; P<0.01, ***;
P<0.005, and ****; P<0.0001 (n=3).

Discussion

DPCs play a key role in regulating the behavior of
epithelial cells in terms of morphogenesis and function in
hair follicles (14, 15). Hair growth can be maintained and
new hair formation may be induced by DPC singling and
growth factors (16, 17). Transplanting a combination of
DPCs and keratinocytes in nude mice was found to induce
hair follicle formation. Losing the hair follicle inductivity
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after several passages in tissue culture and limited hair
follicle sampling were, however, the major obstacles in
transplantation of DPCs (18-20). Therefore, we examined
the possibility of a new method to maintain hair follicle
inductivity of dermal papilla cells in a 2D cell culture
condition. Our result indicated that a combination of ASC
secretory growth factors in DP cell culture maintain hair
follicle inductivity after several passages compared to
conventional methods.

Recent studies suggest that paracrine mechanisms
such as conditioned medium and exosomes play a
major role in cell-based therapies (21). ADSC-derived
secretory growth factors, such as keratinocyte growth
factor, vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF) and hepatocyte
growth factor are effective in hair regeneration. The
paracrine mechanism of an ADSC-conditioned medium
was shown to be improved by hypoxia (22). In addition,
PRP contains different growth factors, such as PDGF,
transforming growth factor B (TGF-B), VEGF, epidermal
growth factor (EGF), insulin-like growth factor (IGF) and
fibroblast growth factor (FGF), which have been applied
to treat androgenic alopecia and chronic wounds (23, 24).
Despite the promising results of using stem cell-derived
conditioned media (CM) in treating different diseases, the
short half-life of cytokines and growth factors present in
CM is a disadvantage for regenerative therapy (25).

In the field of dermatology, exosomes have been found
to have an effective role in wound healing, preventing
scarring and inducing hair growth. Exosomes can
therefore provide more efficient and safer treatments
compared to CM and stem cell therapy (26, 27). Different
components of exosomes, such as RNAs, miRNAs and
proteins mediate cell-cell communication and function.
Protection from degradation is a specific advantage of
exosomal therapeutic applications compared to CM (21).
The other advantages include long term shelf life, long-
range of intracellular communications, simple storage
and lower risks of immune system reactions following
treatment (28). The results of previous studies have shown
that activation of Erk and Akt signaling pathways along
with PRP-Exo induce cell angiogenesis (29). PRP-Exo
can increase the proliferation and migration of endothelial
cells and fibroblasts in chronic wounds (30). Therefore, in
this study two groups of exosomes were used to evaluate
the maintenance of thricogenic ability of dermal papilla
in a 2D cell culture condition. Our results revealed that
the culture of human DPCs with ASC-Exo exhibited
significantly increased migration, proliferation and hair
inductivity compared to other experimental groups. In the
hair cycle, MSC exosomes can stimulate the progression of
the hair follicle telogen phase to the anagen phase (31, 32).
A previous study has found activation of Wnt/B-catenin
signaling by umbilical cord MSC-derived exosomes in
a site of wound healing (33). Other recent findings have
shown that DPC exosomes can delay the conversion the
hair anagen phase to the catagen phase through activation
of B-catenin and Shh signaling pathways (32).
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Thus, our results are consistent with the other reports
(25, 31, 32) that exosomes maintain in vitro hair
inductivity of dermal papilla cells. The results of our
study demonstrated that when 100 pg/ml ASCs-Exo
was compared to the same concentration of PRP-Exo,
the former significantly promoted DP proliferation
and migration, as well as expression of ALP, versican
and o-SMA proteins. Thus, ASCs-Exo provide a novel
effective approach for the treatment of hair loss. Although
the mechanism of exosomes is still unclear, we recommend
the exact mechanism of exosomes to investigate this issue
due to their rich combination of different RNAs, growth
factors and proteins which are dependent on the function
of adipose derived mesenchymal cells.

Conclusion

We successfully applied exosomes as a new method to
support hair inductivity of human DPCs and to improve the
outcome of hair loss treatment. Using a different strategy
for the maintenance of hair inductive capacity of dermal
papilla cells may provide an appropriate method for
discovering new therapeutic goals for hair regeneration.
Further studies should not only aim to use a different
strategy with different compounds and adjuvants but also
expand the existing knowledge on the maintenance of
dermal papilla hair inductivity.
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Abstract
Objective: The aim of this study was to evaluate the effect of lysophosphatidic acid (LPA) on the follicular development,
incidence of cell death, and expressions of apoptosis related genes and miR-22 in transplanted ovaries.

Materials and Methods: In this experimental study, three-week-old mice ovaries were cultured for 24 hours in the
presence and absence of LPA, and we assessed cell survival and normal follicular rates in some of the cultured ovaries.
The remaining cultured ovaries were autotransplanted in the presence and absence of LPA as four experimental
groups (LPA/LPA-, LPA/LPA*, LPA*/LPA-, LPA*/LPA*). The follicular development, immunohistochemistry for BAX, and
expressions of genes related to apoptosis and miR-22 by real time reverse transcription polymerase chain reaction (RT-
PCR) were studied at the first oestrous cycles in the recovered ovaries. Sera 17-3-oestradiol (E2) and progesterone
(P4) levels were also assessed.

Results: Both cell survival and normal follicular rates were significantly higher in cultured ovaries in the presence of
LPA after 24 hours (P<0.05). There was an increase in follicular development in comparison with the intact control
group in the four transplanted groups (P<0.05). The LPA*/LPA- group had significantly higher follicular development, a
decline in BAX positive cells, and a decrease in pro-apoptotic gene expressions in parallel with enhanced expression
of anti-apoptotic and miR-22 genes and higher levels of hormones compared with the non-treated and intact control
groups (P<0.05).

Conclusion: LPA, as a survival factor, improves follicular development in transplanted ovaries by providing a balance

between the anti- and pro-apoptotic genes in association with an increase in miR-22 expression.
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Introduction

The follicular apoptosis was tack placed in grafted
ovaries and it reduced the number of follicles within the
transplanted tissue. The ovarian apoptosis is mediated by
two main internal and external pathways that are involved
by some regulatory proteins such as BAX, BAD as pro-
apoptotic and BCL2, as an anti-apoptotic protein (1).

MicroRNAs are small non-coding RNAs that regulate
gene expressions and inhibit messenger RNA translation.
They have an important role in controlling apoptosis in
several cell types (2-10).

Among the microRNAs, miR-22 plays an essential role
in apoptosis inhibition in several cell types; however, its
involvement in regulation of ovarian follicular apoptosis
is not well-known (8-16). Real-time reverse transcription
polymerase chain reaction (RT-PCR) assessment of miR-
22 expression in healthy and atretic follicles showed that
its expression decreased during mouse follicular atresia. In
addition, it was suggested that miR-22 suppressed mouse
granulosa cell apoptosis and decreased Bax expression in
these cells in vitro (12).

Apoptosis could be induced by physical conditions
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such as oxidative stress after transplantation of ovarian
tissues (17). Therefore, more attention has been focused
on the use of antioxidants, growth factors, and anti-
apoptotic factors to improve the quality of ovarian grafts
(18-20). Lysophosphatidic acid (LPA) is a small molecule
(430-480 Da) that has been detected in several tissues
and biological fluids such as serum, follicular fluid, and
plasma. LPA is produced from the phospholipids of
the cellular membrane by two enzymes, autotaxin and
phospholipase A. Ovarian cells, endometrial cells, mast
cells, erythrocytes and neurons produce LPA and it has
physiological as well as pathological functions in these
cells (21). LPAregulates anti-apoptotic, differentiation and
proliferation processes via its G protein-coupled receptors
(LPA1-6) on granulosa cells (22-24). LPA has been shown
to enhance oocyte maturation and follicular development
in bovine, mouse and human (25-31). Abedpour et al.
(29, 31) reported that supplementation of mouse ovary
culture media with LPA for seven days enhanced the
developmental rate of follicles and LPA acted as an
anti-cell death factor. A similar effect was reported by
Boruszewska et al. (25), when they added LPA to bovine
oocyte maturation media. Despite the increased interest in
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improving ovarian follicle survival after transplantation,
to the best of our knowledge no report has assessed the
effects of LPA treatment on the improvements in follicular
development during the pre-transplantation period (in
vitro culture) and transplantation of mouse ovaries. The
aim of this study was to clarify several aspects of LPA
supplementation, as an anti-apoptotic factor, during in
vitro culture and transplantation of mouse ovaries. We
investigated the following: i. Cell survival and normal
follicular development at the morphological level, ii. The
incidence of BAX positive cells by immunohistochemistry
and the expressions of apoptosis related genes (Bax, Bad,
and Bcl2), and iii. The level of miR-22, as an inhibitory
factor of apoptosis, in transplanted ovaries in response to
LPA treatment.

Materials and Methods

All materials were obtained from Sigma-Aldrich
(Dusseldorf, Germany) unless otherwise indicated.

Animals

The Ethics Committee for Animal Research at Tarbiat
Modares University (IR.TMU.REC.1395.530) approved
this experimental study. Three-week-old female NMRI
mice (n=114) comprised the experimental group and
six-week-old adult female NMRI mice (n=14) were
the control group. The mice were kept under controlled
conditions (20-24°C, 12/12 hour light: dark cycle, and 40-
50% humidity) at the animal house of Tarbiat Modares
University, Tehran, Iran.

Ovary removal

The animals (n=114) were anesthetized with
intraperitoneal injections of ketamine (50 mg/kg) and
xylazine (5 mg/kg). The right ovary of each mouse was
removed through a dorsal horizontal incision and then
cultured in vitro. The left ovary was left intact.

In vitro culture of ovarian tissues

The right ovaries (n=114) were individually cultured on
inserts (Millicell-CM, 0.4-pum pore size, Millipore Corp,
Billerica, MA, US) at 37°C and 5% CO, for 24 hours in the
presence (n=57) and absence (n=57) of LPA. The culture
media consisted of 300 pl a-MEM medium supplemented
with 5% foetal bovine serum; 1% insulin, transferrin, and
selenium (Invitrogen, UK), and 100 mIU/ml recombinant
follicle stimulating hormone (Serono, Switzerland).
The treated group had 20 uM LPA (INstruchemie, The
Netherlands) added to the culture medium (31).

The cultured ovaries were observed under an inverted
microscope and some of the cultured ovaries were
considered for assessment of ovarian cell survival using
Calcein AM (n=6 for the LPA-treated group and n=6 for
the non-treated group) and for morphological analysis
with haematoxyline and eosin (n=5 for the LPA-treated
group and n=5 for the non-treated group). The other
cultured ovaries were encapsulated with sodium alginate
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and then transplanted under kidney capsule (n=45 for the
LPA-treated group and n=45 for the non-treated group).

Assessment of ovarian cell survival after in vitro
culture

We evaluated and compared the survival rate of ovarian
cells 24 hours after the in vitro culture in the presence
and absence of LPA. The cultured ovaries (n=6 per group)
were incubated with 3 mg/ml collagenase type I at 37°C,
washed with phosphate-buffered saline (PBS), and passed
through a filter that had a pore size of 40 um. The collected
cells were stained with double fluorescent labelling dyes
with Calcein AM and ethidium homodimer according to
a live/dead viability kit (Live/Dead Viability/Cytotoxicity
Kit, Molecular Probes, Life Technologies, Germany).
Briefly, the cells were washed with PBS and incubated in
1.6 uM Calcein AM and 5.5 uM EthD-1 for 30-45 minutes
at 37°C in the dark. Then, they were placed on slides and
covered by a coverslip and observed under a fluorescent
microscope. The cells were reported as viable (stained
green) or nonviable (stained red). Photographs (n=5) of
each sample were prepared and imported into Imagel
software, then the mean percent of viable and nonviable
cells were counted per 1000 um? in each sample.

Encapsulation of in vitro cultured ovaries in sodium
alginate

The cultured ovaries were encapsulated in sodium
alginate (n=92); briefly, the ovaries were individually
immersed into 5 pl droplets of sodium alginate at a
concentration of 0.5% (w/v) in PBS (with or without LPA)
at room temperature and then they were gently transferred
into a cross-linking solution (50 mM CaCl, and 140 mM
NaCl) for two minutes (31). In the LPA-treated group,
20 uM LPA was added to the sodium alginate solution.
Finally, the encapsulated ovaries from both groups were
individually autotransplanted under kidney capsules as
follows.

Ovarian transplantation into the kidney capsule

The ovaries were divided into the following four
experimental groups:

Experimental group A: The right ovaries (n=14) were
removed, cultured for 24 hours, encapsulated in sodium
alginate without any supplementation, and subsequently
autotransplanted into the right kidney capsule (LPA~/
LPA).

Experimental group B: The right ovaries (n=5)
were removed and cultured without LPA for 24 hours,
then encapsulated in sodium alginate with LPA and
autotransplanted under the right kidney capsule (LPA~/
LPA").

Experimental group C: The right ovaries (n=14) were
removed and cultured in medium that contained LPA for
24 hours, encapsulated in sodium alginate without any
supplementation, and subsequently autotransplanted into
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the right kidney capsule (LPA*/LPA").

Experimental group D: The right ovaries (n=5) were
removed and cultured in medium supplemented with
LPA for 24 hours, encapsulated in sodium alginate that
contained LPA, and autotransplanted into the right kidney
capsule (LPA*/LPAY).

The left ovaries of the mice were intact in all of the
experimental groups.

Prior to transplantation, the mice from the four
experimental groups were anesthetised with i.p. injections
of ketamine (50 mg/kg) and xylazine (5 mg/kg). A dorsal
horizontal incision was generated and the right kidney
capsule was exposed. The cultured encapsulated ovary
was inserted under the kidney capsule through a tiny hole
by using watchmaker’s forceps. The body wall and skin
incision were closed and the mice were kept under aseptic
conditions until the healed ovaries were collected.

Vaginal cytology

Three weeks after the ovaries were transplanted, the
stages of the mice oestrous cycles were confirmed daily
by vaginal cytology under a light microscope at 400x
magnification. The stages of the oestrous cycle were
identified as prooestrus, oestrus, metoestrus, or dioestrus
by the presence or absence of nucleated epithelial cells,
cornified epithelial cells, and leukocytes.

Hormonal assay

We evaluated the endocrine function of the ovaries in
the experimental groups with lower (group A) and higher
(group C) follicular developmental rates. For this analysis
and prior to collection of the ovaries, we obtained blood
samples by cardiac puncture with a needle from the heart
without thoracotomy in mice. Then, the sera separated
and keep at -20°C until hormonal analysis (n=3 for each
group). The concentrations of 17-B-estradiol (E2) and
progesterone (P4) were measured using a microplate
enzyme immunoassay kit (Biotest AG, Germany) that
had a sensitivity of 6.5 pg/mL. The sera of six-week-old
mice, as the intact control group (n=3), were collected and
analysed in the same manner as the experimental groups.

Recovery of transplanted ovaries

The animals were sacrificed by cervical dislocation
during the prooestrus phase of the first oestrous cycle. The
transplanted ovaries were recovered and collected, first for
the morphological study, then for immunohistochemical
and molecular analyses for apoptosis and miR-22
expression.

Histological evaluation

For morphological analysis, the ovaries cultured in vitro
(for 24 hours) in the presence and absence of LPA and
recovered tissue at first oestrus cycles (5 ovaries in each
group) were fixed in Bouin’s solution for 8 hours. They
were embedded in paraffin wax, serially sectioned at 5 pm
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and mounted on slides with 5™ intervals and stained with
haematoxylin and eosin method. The same procedure was
done for ovaries obtained from six-week-old mice during
the prooestrus phase, as the intact control group (n=5).

Thetissue sections were studied under a light microscope
in order to determine the normal and degenerated follicles
at different developmental stages. The ovarian follicles
were classified as primordial (oocytes surrounded by
single layer of squamous pregranulosa cells), primary
(surrounded by single layer of cuboidal granulosa cells),
preantral (two or more layers of cuboidal granulosa cells),
and antral follicles with the antrum cavity (31). In order to
avoid counting follicles more than once, we only counted
follicles that were in the sections with visible oocyte
nuclei.

Immunohistochemistry

Another set of tissue sections from the experimental
group that had lower (group A) and higher (group C)
follicular developmental rates were placed on coated
slides and used for the immunohistochemical studies.
The tissue sections from each sample of the recovered
and control ovaries (n=3 ovaries in each group) were
randomly deparaffinised, rehydrated in descending
ethanol solutions, and finally washed in PBS. Antigen
retrieval was performed by boiling the tissue slides in
10 mM citrate buffer (10 mM, pH=6) in a microwave
oven for 10 minutes at 700 W. Then, they were cooled
at room temperature and washed in PBS. The sections
were immersed in 0.3% Triton X100 for 30 minutes then
washed in PBS, blocked with goat serum (30 minutes)
and incubated overnight at 4°C in a humid chamber with
the primary antibody, anti-BAX polyclonal antibody,
(Elabscience Biotechnology Co, Wuhan, China;
1:100). The tissue sections were washed, incubated
with polyclonal goat anti-rabbit antibody (Elabscience
Biotechnology Co, Wuhan, China; 1:20) conjugated with
FITC for 30 minutes, and washed in PBS. Then, the tissue
slides were evaluated under a fluorescent microscope at
x400 magnification. Photographs of each section were
prepared and imported into ImagelJ software. Then, we
counted the number of BAX positive cells per 1000 pm?
of ovarian tissue in three sections from each sample.

RNA extraction

Experimental groups A and C and the intact control
group were considered for molecular analysis (n=6 per
group). Total RNA was extracted using TRIzol reagent
according to the manufacturer’s instructions in the
RNeasy Mini Kit (Qiagen, Germany). Briefly, the ovaries
were individually homogenized in 0.5 ml of TRIzol
reagent, then 0.2 ml of chloroform was added per one ml
of TRIzol and the samples were centrifuged at 12000 g
for 10 minutes. The upper colourless aqueous phase was
transferred to a fresh 1.5 ml microtube and 500 pl of
100% isopropanol (Sigma-Aldrich, Germany) was added,
then the samples were centrifuged at 12000 g for 10
minutes followed by the addition of 1.5 ml 70% ethanol
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per one ml of TRIzol reagent to the samples. The RNA
concentration was determined with a spectrophotometer
(Eppendorf, Germany).

c¢DNA synthesis

cDNA was synthesized with a cDNA synthesis kit
(Thermo Fisher Scientific, Germany) according to the
manufacturer’s instructions. Oligo (dT) was used for
cDNA synthesis and the reverse transcriptase reaction was
incubated at 65°C for 5 minutes and at 42°C for 60 minutes.
In order to evaluate miR-22 gene expression, cDNA was
synthesized using a commercial cDNA synthesis kit
(Thermo Fisher Scientific, Germany). Stem loop was used
for cDNA synthesis and the reverse transcriptase reaction
was incubated at 16°C for 30 minutes and at 42°C for 60
minutes. After inactivation of the reverse transcriptase
enzyme at 70°C for 5 minutes, the product was stored at
-20°C until real-time RT-PCR assessment.

Real-time reverse transcription polymerase chain
reaction

Primer-BLAST tool in NCBI was used to design
primers for the apoptosis related genes that included
Bax, Bcl2, and Bad and the housekeeping gene, S-actin,
and for miR-22 and its housekeeping gene (U6) (Table
S1, See supplementary Online Information at www.
celljournal.org). Real-time RT-PCR was performed
using a QuantiTect SYBR Green RT-PCR Kit (Qiagen,
Germany). The thermal program of real-time RT-PCR
was set with the following parameters: initial holding
stage for 5 minutes at 95°C; 40 cycles with cycling stages
of 15 seconds at 95°C, 58°C for 30 seconds, and 72°C
for 15 seconds; and a melting curve stage at 95°C for 15
seconds, 60°C for 1 minute, and 95°C for 15 seconds.
After completing the PCR run, the melting curve was
analysed using the amplicon.

Statistical analysis

All experiments were conducted with a minimum of
three replicates. Statistical analysis was performed using
SPSS software (SPSS Inc., Chicago, USA). Values are
written as mean £ SD. One-way ANOVA and the post
hoc Tukey test were used to compare differences in
follicular count, BAX positive cells, mRNA expression,
and hormone levels. A P<0.05 was considered to be
statistically significant.
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Results

Morphology of cultured ovaries under an inverted
microscope

Figure 1A, B shows the morphological characteristics
of the cultured ovaries in the presence and absence of LPA
under an inverted microscope. The follicles grew within
the cortical parts of the ovaries and the antral follicles had
a spherical shape with large, clear antral cavities.

The survival rate of cultured ovarian cells

Figure 1C, D shows images of a Calcein AM stained
cell suspension obtained from the ovaries cultured in
vitro for 24 hours in the presence and absence of LPA.
The images in the figure show that the viable cells stained
green whereas nonviable cells stained red. A significantly
greater (P<0.05) mean percentage of cells survived in the
LPA-treated group (90.17 + 5.06%) compared to the non-
treated group (76.08 + 4.01%, Fig.1E).

Morphological analysis of in vitro cultured ovaries

Representative light microscopy photograph of sections
from the in vitro cultured ovaries that were stained with
haematoxyline and eosin after 24 hours are shown in
Figure 1F-G. Follicles at different developmental stages
had normal structures in both of the studied groups.

From the 482 total follicles counted in the non-treated
group, 99.21 + 0.06% had normal morphology and out of
the 534 total follicles in the LPA-treated group, 99.69 +
0.07% had normal morphology. This rate was significantly
higher in the LPA-treated group in comparison with the non-
treated group (P<0.05). There was no significant difference
between these groups in terms of percentages of follicles at
the different developmental stages (Table 1).

Morphological analysis in recovered transplanted
ovaries at the first oestrous cycle

The morphology of transplanted ovaries sections in
four experimental groups and the intact control group at
the proestrus phase is shown in Figure 1J-M. Follicles
from both study groups, which are grown at different
developmental stages, are visible in this figure. The
total number of follicles counted were 539 in the intact
control group. The total number of counted follicles in the
experimental groups were 415 (group A), 489 (group B),
525 (group C), and 529 (group D).

Table 1: The percentages of normal follicles at different developmental stages in cultured mouse ovaries

Group Total no. F Normal F. Degenerated F. Primordial F. Primary F. Preantral F.
LPA 482 478 (99.21 £0.06) 4 (0.79 +0.06) 239 (4991 £1.18) 112(23.50+£0.56) 127 (26.59 = 0.65)
LPA* 534 532(99.69£0.07)* 2(0.31+0.07) 262 (49.22£1.16) 126(23.72+0.56) 144 (27.06 £ 0.63)

Data are presented as n (mean + SD%). The percentages of follicles at different developmental stages in all studied groups were calculated according to
the normal follicles. These assessments were done in five repeats in the studied groups. LPA’; Untreated, LPA*; Treated with LPA, LPA; Lysophosphatidic

acid, F; Follicles, and ?; Significant differences with the LPA- group (P<0.05).
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There was no significant difference in terms of the
mean percentages of normal follicles between the
intact control group (99.76 = 0.07%) and experimental
groups C (99.68 £ 0.08%) and D (99.70 = 0.08%)
(Table 2, P>0.05). The mean percentages of primordial
and primary follicles significantly decreased and the
preantral and antral follicles increased in all four
experimental groups in comparison with the intact
control group (P<0.05). Among the experimental
groups, the lowest percentage of primordial follicles
and the highest percentage of antral follicles were seen
in experimental group C (P<0.05).

Immunohistochemistry for BAX

Figure 2A-C shows photomicrographs related to
the immunohistochemistry of the recovered ovarian
sections in experimental groups A and C, and the
intact control ovaries. The number of BAX positive
cells (green colour, Fig.2) was significantly higher in
experimental group A (3.20 £ 0.18 per 1000 pm?) in
comparison with the intact control (1.11 £ 0.11 per

1000 um?) and experimental group C (1.37 £ 0.11 per
1000 um?, P<0.05).

Real-time reverse transcription polymerase chain
reaction

Figure 3 shows the relative expression ratios of the
apoptosis related genes to S-actin. In the intact control group,
the expression ratios were 5.128 = 0.55 for Bax, 0.615 £0.04
for Bad and 1.116 £ 0.08 for Bc/2. In experimental group A,
they were 10.99 £ 1.14 (Bax), 1.376 = 0.06 (Bad), and 0.747
+ 0.20 (Bcl2) and for experimental group C, the expression
ratios were 6.239 +0.60 (Bax), 0.702 £ 0.02 (Bad), and 0.980
+ 0.06 (Bcl2). There were significant differences between
experimental group A and the two other groups in terms of
the gene expressions (P<0.05).

The relative expression ratio of miR-22 to U6 in the
intact control group was 3.702 + 0.24, in experimental
group A it was 1.804 £ 0.12 and in experimental group C
it was 3.323 £ 0.20. There was a higher expression ratio
of miR22 in experimental group C in comparison with the
two other groups (P<0.05, Fig.4).
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Fig.1: Phase contrast micrograph of cultured ovaries in the studied groups. A. Cultured without any supplementation for 24 hours (LPA’) and B. Cultured in
the presence of LPA for 24 hours (LPA*). C. Representative fluorescence microscopy images of isolated cells derived from cultured ovaries that were stained
with Calcein AM in the absence of LPA and D. The LPA-treated group. The viable cells stained green and the nonviable cells stained red. E. Comparison of
the survival rates of ovarian isolated cells in the studied groups. *; Significant difference with other group (P<0.05). F, G. Light microscopic observation of
haematoxylin and eosin stained tissue sections of the ovaries cultured for 24 hours in LPA group and H, I. In LPA* group. Representative photographs of
transplanted ovarian sections in the experimental groups are shown in the last row. J. Experimental group A (LPA-/LPA-). K. Experimental group B (LPA/
LPA*). L. Experimental group C (LPA*/LPA’). M. Experimental group C (LPA*/LPA*). These assessments were done in five repeats in the studied groups. LPA;
Lysophosphatidic acid (scale bar: A, B: 300 um, C, D: 50 um, F, H, G, I, J, K, L, M: 100 um).
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Table 2: The percentages of normal follicles at different developmental stages in the first oestrous cycle

Group Total no. F.  Normal F. Primordial F. Primary F. Preantral F. Antral F.

Intact control 539 538(99.76 +0.07) 280 (52.04 £ 0.60) 118 (21.93 +0.68) 117 (21.74 £ 0.63) 23 (4.29+0.61)
(Six-week-old ovaries)

Exp. A (LPA/LPA") 415 412 (99.27 £ 0.05) 113 (27.38 £ 0.74)" 75 (18.17 £ 0.58)" 145 (35.24 £ 0.77)" 79 (19.21 £0.59)
Exp. B (LPA/LPA") 489 487(99.51£0.08)® 70 (14.33+0.75)® 58 (11.89 +0.63)® 256 (52.65 + 1.15)* 103 (21.13 £ 0.56)*
Exp. C (LPA*/LPA") 525 523 (99.68 +0.08)° 53 (10.09 £ 0.72)® 43 (824 +0.61)* 289 (55.27 £ 0.74)® 138 (26.40 £ 0.61)®
Exp. D (LPA"/LPA") 529 527(99.70 £0.08)* 70 (13.34+£0.80)*¢ 50 (9.44 + 0.63)*¢ 284 (53.88 £ 0.88)4 123 (23.34 £ 0.55)*

Data are presented as n (mean + SD%). The percentages of follicles at different developmental stages in all studied groups were calculated according to the
normal follicles. These assessments were done in five repeats in the studied groups. LPA"; Untreated, LPA*; Treated with LPA, LPA; Lysophosphatidic acid,
F; Follicles, ?; Significant differences with intact control group (P<0.05), ®; Significant differences with the LPA/LPA"group (P<0.05), 5; Significant differences
with the LPA/LPA* group (P<0.05), and ¢ Significant differences with the LPA*/ LPA"group (P<0.05).
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Fig.2: Photomicrographs of transplanted mouse ovarian sections
immunostained for BAX antibody and observed under fluorescent
microscopy (first column) and by phase contrast microscopy (second
column). A., a. Intact control group, B., b. Experimental group A (LPA"/LPA-
), C., ¢. Experimental group C (LPA*/LPA’). Green colour shows the positive
cell reaction (white arrow) for the BAX antibody, and D. A comparison of the
number of BAX positive cells/1000 um? in the studied groups. *; Significant
difference with the other groups (P<0.05). The immunocytochemistry analysis
was repeated three times. LPA; Lysophosphatidic acid (scale bar: 100 um).
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Fig.3: The relative expression ratio of pro- and anti-apoptotic genes to
[-actinin studied groups. The comparison of gene expression in transplanted
mouse ovaries in experimental groups A (LPA/LPA’) and C (LPA*/LPA’), and
the intact control group are shown in parts A. Bad, B. Bax, C. Bcl2, and D.
Bax/Bcl2. E. Agarose gel electrophoresis of the PCR products of the genes
related to apoptosis. Lane 1; Bad, Lane 2; Bax, Lane 3; Bcl2, and Lane 4; 50
bp ladder. These assessments were done in three repeats in the studied
groups. LPA; Lysophosphatidic acid and *; Significant difference with the
other groups (P<0.05), and PCR; Polymerase chain reaction.

17-B-estradiol and progesterone levels

The concentrations of E2 and P4 in sera of the intact
control and experimental groups A and C are presented
and compared in Table S2 (See supplementary Online
Information at www.celljournal.org). Experimental group
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C had significantly higher levels of E2 and P4 compared
to the intact control and experimental group A (P<0.05).
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Fig.4: The relative expression ratio of the miR-22 gene to U6 in studied
groups. A. The comparison of gene expression in transplanted mouse
ovaries in experimental groups A (LPA/LPA’) and C (LPA*/LPA’), and the
intact control group. B. Agarose gel electrophoresis of the PCR product
of the miR-22 gene. Lane 1; 50 bp ladder, Lane 2; U6, and Lane 3; miR-
22. These assessments were done in three repeats in the studied groups.
LPA; Lysophosphatidic acid, *; Significant difference with the other groups
(P<0.05), and PCR; Polymerase chain reaction.

Discussion

In this study, in order to improve the quality of the
transplanted ovaries, we first examined the effects of
LPA supplementation during an in vitro culture and
tissue transplantation. The results showed that the rate of
follicular development in the LPA-treated groups were
significantly higher than the non-treated and intact control
groups. Follicular development is related to growth and
proliferation of follicular cells and to maturation of these
cells and oocytes. A possible relation to these results is
that LPA might act as a growth factor to stimulate the
proliferation of follicular granulosa and theca cells;
therefore, the expansion of follicular cells could shift
the growth of primordial and primary follicles to the
preantral and antral stages. The action of LPA is mediated
directly by binding to its receptors on follicular cells
(21, 23). Expressions of LPA receptors were detected in
mouse and bovine ovaries (28, 29). Similarly, the in vitro
expansion of bovine cumulus cells was also demonstrated
in response to LPA (25). Sinderewicz et al. (28) postulated
that LPA enhanced the growth and development of bovine
follicles via expression of LPA receptors and autotaxin
genes. On the other hand, binding of LPA to its surface
receptors could increase the expression of LPA receptor
genes and, in turn, have a positive feedback on the effects
of LPA. In this regard, our group has recently reported
significant enhancement in the expression of LPAR1-4
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receptor genes after LPA was added to the culture media
of mouse ovarian tissues (29).

LPA may also act as a maturation factor. This effect
of LPA on oocyte maturation was shown in several
studies (25-32). Komatsu et al. (32) suggested that LPA
treatment promoted the nuclear maturation of mouse
oocytes during IVM through lowering intra-oocyte cAMP
levels. Jo et al. (30) demonstrated that addition of LPA
to culture media, especially at 30 uM, improved oocyte
maturation, fertilization and blastocyst formation in mice.
These researchers also reported that LPA stimulated
phospholipase C through the G protein on the surface of
cumulus cells and activated mitogen-activated protein
(MAP) kinase pathways. Addition of LPA to culture
media appears to increase oocyte mRNA amount that
is considered as a quality markers of oocyte. Also LPA
enhances oocyte maturation rates by stimulating the
expression of developmental competence-related factors
(25, 33). Zhang et al. (27) showed that LPA promoted
meiotic progression of porcine oocytes from the germinal
vesicle to metaphase II by stimulating the expression
of cyclin B1, a marker of cytoplasmic maturation, by
activation of the MAP kinase pathway. In addition, it was
suggested that LPA might indirectly interact with other
factors that stimulate and regulate follicular development.
However, this suggestion should be confirmed by more
analysis.

However, we also observed significant enhancement
in the amount of E2 and P4 in the LPA-treated group.
This result revealed that LPA positively influenced the
function of granulosa and theca cells by production
of high concentrations of steroid hormones. Similarly,
Boruszewska et al. (34) demonstrated that LPA stimulated
the synthesis of E2 in bovine granulosa cells by converting
the androgens to E2 via cytochrome P450 aromatase
in granulosa cells. It has been suggested that LPA
participates in ovarian follicle growth and differentiation
by stimulation of E2 production, which may occur via
an increase in the expression of follicle stimulating
hormone receptor. LPA may be involved in autocrine and/
or paracrine signalling between oocyte and cumulus cells
during follicular development (23).

We compared the follicular proportions at different
developmental stages at the first oestrus cycle in all
transplanted groups to the intact control group. Our
results showed the percentage of large antral follicles
in all grafted ovaries was significantly higher than the
intact control group. This phenomenon showed rapid
development and early discharge of ovarian reserve in
the experimental groups, especially in experimental
group C (LPA*/LPA"), which could affect longevity of the
transplanted tissue. Possibly, in the transplanted groups,
an immediate lack of negative feedback after grafting
could facilitate the production of gonadotropin releasing
hormone (GnRH), follicle-stimulating hormone (FSH),
and luteinizing hormone (LH), which improved follicle
growth in the grafted ovaries. This suggestion correlated
with premature follicular discharge observed in the



transplanted groups in comparison with the intact control
group.

Despite follicular loss after ovarian transplantation in
terms of ischemia, we noted that the integrity of the tissue
was well-preserved in the LPA-treated groups, which was
shown by the high survival rate observed with Calcein
AM staining, a high percent of normal follicles, and low
incidence of BAX positive cells in the LPA-treated group.
These observations suggest that LPA acts as a survival
factor during in vitro culture and encapsulation of tissue
within sodium alginate. Hu et al. (35) have reported that
LPA is a survival and growth factor, which prevents
spontaneous apoptosis through LPA receptor activation
of the anti-apoptotic protein AKT/PKB. McLaughlin et
al. (36) have indicated that the Akt pathway promotes
cell survival by inhibiting pro-apoptotic proteins such
as BAD, BAX, forkhead, and p53 and by activating pro-
survival proteins such as BCL2. A similar effect of LPA
is well-known in other cell types and the results of these
studies show that LPA, via its receptors, leads to cell
responses that include protection from apoptosis (22-24).
At the molecular level, our results confirmed that LPA
supplementation of culture media had a positive effect
on the decline in transcription levels of pro-apoptotic
(Bax and Bad) genes and an increase in anti-apoptotic
(Bcl2) gene expression. The Bax/Bcl2 ratio was lower
in ovaries cultured in the presence of LPA compared to
the non-treated group. The ratio of Bc/2 to Bax may be
an indicator of the tendency of ovarian cells and follicles
toward survival or apoptosis (1). BAX, BAD and BCL2
are regulatory proteins that control the mitochondrial
pathway of apoptosis; therefore, follicular development
competence in the LPA-treated group might be enhanced
through modulation of these apoptotic related gene
expressions. This conclusion agreed with the findings
reported in other cell types or oocytes (26, 33). In these
studies, LPA played a role in cell survival by preventing
apoptosis through activation of the anti-apoptotic protein
or by alterations in the anti-apoptotic and pro-apoptotic
balance, which resulted in a significantly lower Bcl2/Bax
ratio (33). Zhou et al. (37) reported that the anti-apoptotic
effects of LPA involve inhibition of caspase and Bax, and
the activation of Bcl2. Treatment of porcine embryos with
LPA resulted in increased expression of the anti-apoptotic
Bcl2 gene and decreased expression of the pro-apoptotic
Bax and caspase 3 genes (27). Torres et al. (38) showed
that addition of LPA to the culture media of bovine
embryos reduced Bax expression.

In present study, for the first time, we investigated
the expression of miR-22 in correlation with apoptotic
related genes and follicular development in cultured and
transplanted ovaries. Our results revealed that the higher
expression of miR-22 was associated with a decline in
the incidence of BAX positive cells and pro-apoptotic
gene expressions in the LPA-treated group. The results of
several studies revealed that miR-22 played an essential
role in regulation of apoptosis in different cell types (12-
14). Overexpression of miR-22 inhibited cardiac myocyte
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apoptosis (39) and had a neuroprotective effect through
reduction in caspase activation (40). miR-22 might have
a similar effect on other cell types, including ovarian
cells and follicles. Xiong et al. demonstrated that miR-22
expression decreased during mouse follicular atresia and
they suggested that miR-22 suppressed mouse granulosa
cell apoptosis in vitro (12). Lv et al. (14) reported that
miR-22 regulated cell proliferation and inhibited cell
apoptosis by targeting the e/F4EBP3 gene in human
cervical squamous carcinoma cells. miR-22 decreased
BAX expression in granulosa cells by targeting the
silent mating-type information regulation 2 homologue 1
(SIRTI) gene (12).

Conclusion

LPA, as a survival factor, improves follicular
development in transplanted ovaries by providing a
balance between anti-apoptotic and pro-apoptotic genes
in association with an increase in miR-22 expression.
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Abstract
Congenital disorders of glycosylation (CDG) are a heterogeneous group of systemic disorders characterized by
defects in glycosylation of lipids and proteins. One of the rare subtypes of CDG is CDG-lj (MIM # 608093), which
is caused by pathogenic mutations in DPAGT1, a gene encoding UDP-N-acetylglucosaminedolichyl-phosphate
N-acetylglucosaminephosphotransferase enzyme. This enzyme catalyzes the first step of oligosaccharide synthesis in
glycoprotein biosynthesis pathway. Preimplantation genetic testing for monogenic disorders (PGT-M) is a diagnostic
technique that can reveal the genetic profile of embryos before implantation phase of in vitro fertilization (IVF). Currently,
this approach is performed using next generation sequencing (NGS) technology. Herein, with the help of whole-exome
and Sanger sequencing, we detected a novel missense mutation (NM_001382, ¢.1217 A>G) in DPAGT1 gene in two
families with consanguineous marriage. Using different online bioinformatics tools including MutationTaster, I-Mutant
v2.0, T- Coffee, and CADD v1.0, this mutation was predicted pathogen. Finally, after performing PGT-M followed by
successful pregnancy, a normal child was born in one of these families. In conclusion, we identified a novel pathogenic
mutation in DPAGT1 in a family with multiple members affected by CDG, which extends the range of pathogenic
variants associated with CDG and therefore facilitates early detection of the disease.
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Introduction

Lipid or protein glycosylation defects result in a
heterogeneous group of neurometabolic disorders that are
collectively called “congenital disorders of glycosylation”
(CDG) (1). N-glycosylation and O-glycosylation
are the two major types of glycosylation. Defective
N-glycosylation results in type I and I CDG (2, 3). These
two conditions are differentiated based on the underlying
pathophysiology; the former is mainly due to glycan
biosynthesis errors, while the latter results from errors
in processing of the produced glycan. DPAGT1-CDG
(CDG-Ij, MIM # 608093) is a rare autosomal recessive
disorder caused by pathogenic mutations in DPAGTI,
encoding UDP_ N- acetylglucosamine- dolichyl-
phosphate N- acetylglucosaminephosphotransferarse
(GPT), the enzyme taking part in dolichol-linked
oligosaccharide pathway (4, 5). The DPAGT1-CDG-]j
disease is characterized by failure to thrive and feeding
difficulties that become evident soon after the birth.
Moreover, neurological signs, including tremor, clonus,
and muscle fasciculation may soon be seen. Neurological

abnormalities, including: psychomotor retardation,
seizures, mental retardation, hyperexcitabilty, ataxia, and
progressive microcephaly may appear. In addition, liver
dysfunction in these individuals can lead to coagulopathy
and hypoproteinemia. Some individuals with CDG have
facial anomalies, inverted nipples, and subcutaneous fat
pads (6-9).

Over the last four decades, assisted reproductive
technologies (ART), including in vitro fertilization (IVF)
and intra-cytoplasmic sperm insemination (ICSI), have
led to the birth of over five million children (10). Recent
advances in this field have brought hope for couples
who have had children afflicted with different genetic
disorders. In the past, preimplantation genetic testing
for monogenic disorders (PGT-M) was performed using
fluorescent in situ hybridization (FISH) and comparative
genomic hybridization (CGH) for screening embryos with
aneuploidy or chromosomal rearrangement. However,
recently more comprehensive and advanced genetic
diagnostic techniques such as whole-exome sequencing
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(WES) have supplanted the aforementioned techniques.

To date, there are only a few reports of patients with CDG
due to pathogenic mutations in DPAGTI. Identification of
various mutations responsible for the development of the
disease bolsters diagnostic precision and subsequently
paves the way for better genetic counseling and PGT-M. In
this study, we report on a family with multiple individuals
affected by CDG due to a novel mutation in DPAGTI
gene and subsequently present the outcome of the PGT-M
based on the identified variant for one of these couples.

Cases report

All couples provided written informed consent for clinical
and molecular studies. The Ethics Committee of the Persian
BayanGene Research and Training Center approved the
protocol (PBG- 06122016~ 5708). As illustrated in Figure 1,
our participants are couples from a big family.

A
o0

B C

GACTCAGACATCANAG AAG 6GACTCAGACATCATAGAAG

Het Exon9: T/C, c.A1217G, cDNA..A1704G Normal

bl Al

Fig.1: Family pedigree and sequencing chromatograms of two families.
A. Pedigree and kinship relationship of the apparently normal couples.
The first couple (left side) had a deceased 4-month boy (proband) and
requested PDG for their second pregnancy. The second couple (right side)
had an aborted embryo. B. Sequencing chromatograms of both couples
show heterozygous mutation for the identified variant. C. The normal
sequencing chromatogram of the unaffected girl embryo which was
homozygous for the wild type variant.

The proband was a product of consanguineous
marriage who was born with low Apgar scores. He was
subsequently admitted to neonatal intensive care unit
(NICU). He had severe hyperexcitability, hypotonia and
swallowing difficulty. A thorough laboratory investigation
including chromosomal analysis and metabolic
evaluation was performed. However, no abnormality was
identified. Brain computed tomography (CT) revealed
no structural abnormalities. Electroencephalography
and echocardiography were normal. The patient was
discharged from the hospital. However, he was readmitted
after a week due to severe respiratory distress. Clinical
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and imaging evaluations were in favor of aspiration
pneumonia. The patient was subsequently intubated
and placed on mechanical ventilation. Broad-spectrum
antibiotics were started. However, his clinical condition
deteriorated and he subsequently died at the age of
four months. The parents of the affected individual and
another couple in the family with an aborted fetus were
subsequently referred for genetic counselling.

Genomic DNA was isolated from blood samples of
both couples and the aborted fetus using QIAamp DNA
Mini kit (Qiagen, Germany). The optical density of the
extracted DNA was examined at 260 nm and 280 nm using
the Nanodrop Analyzer (ND-1000) spectrophotometer
(Thermo Fisher Scientific, USA).

The extracted DNA was used for WES using Illumina
HiSeq2000 platform, by a standard Illumina protocol
for pair-end 99-nucleotide sequencing. Sequencing was
performed to sequence close to 100 million reads. The
results of WES were aligned using BWA aligner tool (11).
Consequently, the variants were identified and annotated
via GATK (12) and ANNOVAR (13) software programs.
A novel homozygous missense mutation in exon 9 of
DPAGTI1 gene (NM_001382: c.A1217G:p.Y406C) was
identified in the aborted fetus. Sanger sequencing was
subsequently used to study the identified mutation in
other family members. The following primers were used
to amplify the exon 9 of DPAGT]1 gene and the flanking
intronic sequences:

F: 5"-CTGAAATGTGAGTGTGGATAAC-3"
R: 5"-CCATACATGAGAGAAACCTC-3’

Results of sequencing were analyzed using 4-peaks
software, which confirmed that both couples were
heterozygous and that the aborted fetus was homozygous
for the identified mutation (Fig.1). The detected mutation
was analyzed with MutationTaster, a mutation predictor
software for deep-sequencing (14), and I-Mutant v2.0, for
the prediction of the protein stability upon mutations (15).
Both of these softwares are free web-based applications.
Furthermore, the amino acid sequence of GPT in different
species was aligned with T-Coffee, a multiple sequence
alignment software (16). This mutation was also analyzed
using published Combined Annotation Dependent Depletion
software (CADD v1.0), a web-based application that scores
any possible human single-nucleotide variant (SNV) (17).
Analysis using MutationTaster, blastn and blastp showed
that the amino acid under investigation was conserved in all
available sequences of mammalian species (Table 1). The
reliability index (RI) of this protein was found to decrease
upon tyrosine substitution, measured by protein sequence
analysis with [-Mutant v2.0. In addition, this software
indicated that substitution of this amino acid with any other
amino acids caused a decrement in RI (Table 2A). Sequence
alignment of this protein with T-Coffee showed that this
amino acid was conserved (Table 2A). This mutation had
a raw score of 3.96 and a Phred-like score (C-score) of
20.3 when analyzed with the CADD program as a single-
nucleotide variation (SNV).
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Table 1: The evolutionary conservation for DPAGT1 in other species at the amino acid level based on MutationTaster analysis. These homologus

sequences were aligned with the corresponding human DPAGT1 sequence using A. Blastp and B. Blastn respectively

Species Match Gene NT Alignment

A

Human 406 FSIRYQLVRLFYDV
Mutated Not conserved 406 FSIRYQLVRLFCDYV
Chimpanzee All identical ENSPTRG00000004370 406 FSIRYQLVRLFYDV
Mmulatta All identical ENSMMUG0000014872 406 FSIRYQLVRLFYDV
Fcatus All identical ENSFCAG00000001163 406 FSIRYQLVRLFYDV
Mmusculus All identical ENSMUSG00000032123 408 FSIRYQLVRLFYDV
Ggallus All identical ENSGALG00000000285 407 FSIRYQLVRLFYDV
Trubripes All identical ENSTRUG0000001661 414 FSIRYQLVRLFYDV
Drerio All identical ENSDARG00000061061 404 FSIRYQLVRLFYDV
Dmelanogaster All identical FBgn0032477 406 FSIRYQLVRLFY

Celegans All identical Y60A3A.14 410 FSIRYQLVRLFYDV
Xtropical All identical ENSXETG00000021574 406 FSIRYQLVRLFYDV

B

Human 11324 11324 TCGACTCTTCTATGATGTCT GAGT
Mutated Not conserved 11324 11324 tcgactcttctgtgatgtctgag
Ptroglodytes All identical 7050 7050 tcgactcttctatgatgtctgag
Mmulatta All identical 13780 13780 tcgactcttctatgatgtctgag
Fcatus All identical 6806 6806 tcgactcttctac

Mmusculus All identical 8268 8268 tcgactcttctatgatgtctgag
Ggallus No alignment n/a n/a

Trubripes No alignment n/a n/a

Drerio No alignment n/a n/a

Dmelanogaster No alignment n/a n/a

Celegans No alignment n/a n/a

Xtropical No alignment n/a n/a

NT; Amino acid position and n/a; Not available.
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Table 2: Sequence alignment of GPT protein. A. The measured level of protein stability, the change value of free energy (DDG) and the RI of GPT protein
upon every single-point mutation in tyrosine position at 25°C and neutral environment using I-Mutant v2.0. B. Multiple sequence alignment of GPT
protein with T-Coffee showed that tyrosine 406 (Y) was a highly conserved residue during the evolution across the Mamalia class

A

Position WT NEW DDG Stability RI pH T

406 Y C -0.02  Decrease 5 25

406 Y G -3.58 Decrease 9 25

406 Y H -1.67 Decrease 8 25

406 Y I -0.30 Decrease 4 25

406 Y L -0.26  Decrease 5 25

406 Y M -0.51 Decrease 5 25

406 Y T -0.88  Decrease 7 25

406 Y P -126  Decrease 3 25

406 Y S -1.64 Decrease 8 25

406 Y A -1.94  Decrease 9 25

406 Y A% 0.16  Decrease 2 25

406 Y K -0.26  Decrease 5 25

B

Species Protein Alignment

Homo sapiens NP_001373.2 T L L L L L L QI G S A1 T F S 11 RY OLV RTLTFY DV
Mus musculus NP_031901.2 T L LL L LL Q V S S AATT F ST RYQLVIRTLTFY DV
Rattus norvegicus  NP_955420.1 T L FL L LL Q V S S AV TTFSIT RY QLVIRTLTFYDYV
Danio rerio NP 0010828801 T A I M L L M Q V G S AV A F GI RY HLV RTLTFY DV
Cricetulus griseus NP 001230970.1 T L L L L L L Q I S S AV T F S I RY QL V RLTF Y DV
Macaca mulatta NP 0012447851 T L L L L L L Q I G S A F T F S 1 RY QL V RLF Y D V

WT; Amino acid in wild type protein, NEW; n\New amino acid after mutation, DDG; DG (new protein)-DG (wild type) in kcal/mol, DDG <0; Decrease
stability, DDG >0; Increase stability, RI; Reliability index, pH; -log [H+], T; Temperature (°C), *; Identical amino acids, and :; Just identical amino acids.

Following verification of heterozygous mutation in the
couple, they were referred to Isfahan Fertility and Infertility
Center, Iran. Upon their request, intracytoplasmic sperm
injection (ICSI) was carried out based on routine method
performed in the center (18). Using the gonadotropin-
releasing hormone (GnRH) agonist protocol, hyper ovulation
was induced. In this aim 150 IU of Cinal-F (CinnaGene, Iran)
and 75 Menogon (Ferring, Germany) were used. Monitoring
was carried out with using vaginal ultrasound. Cetrotide
(Merck-Serono, Germany) was administered when the size
of the dominant follicle was 13 mm. Ovulation induction was
induced with 10,000 TU of human chorionic gonadotropin
(hCG, Ferring, Germany). Thirty-six hours post-hCG,
the ovum was picked up and three mature meiosis 2 (MII)
oocytes were obtained. ICSI was carried out according to the
standard protocol. On day 3, two embryos in 8-16-cell stage
were found suitable for blastomere biopsy. Each blastomere
was washed in phosphate buffered saline without calcium
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and magnesium (PBS) and transferred to polymerase chain
reaction (PCR) tube for DNA amplification using REPLI-g
Single Cell kit (Qiagen, Germany). PCR was subsequently
performed on the amplification products of the exon 9 of the
DPAGT] gene. Sanger sequencing was then performed on the
PCR products to determine the genotype of the embryos using
3130xI1 Genetic Analyzer (Applied Biosystems, USA). Based
on the results of the Sanger sequencing, two blastomeres
were found unaffected and one of them was transferred which
resulted in the birth of a healthy girl.

Discussion

Glycosylated proteins play an important role in many
biological pathways including cell signaling, protein
stability and immune defense (19). In this study, we
identified a novel pathogenic missense mutation in
DPAGT] gene leading to congenital disorder of glycosylation



(CDQG) in a family. The pathogenic nature of the identified
variant was supported by the absence of this variant in our
local database and other publicly available genetic databases.
In addition, highly conserved nature of the amino acid affected
by this mutation, and extensive analysis of other individuals
in the family, reinforced the pathogenic nature of the detected
variant. Furthermore, PGT-M based on the identified variant
resulted in a normal healthy child.

All patients affected by CDG, but those who suffered
from CDG-Ib, had similar clinical presentations with
substantial variation in severity (20). Compared with
previous reports, the patient reported in this study
had the most severe clinical features, presenting with
serious problems at birth that led to death by the age
of four months. Pathogenic mutations in DPAGT]I are
also known to cause limb-girdle congenital myasthenic
syndrome with tubular aggregates, highlighting
the importance of N-glycosylation of proteins in
maintaining the function of the neuromuscular junction
(21). Since the patient in this report did not undergo a
thorough clinical evaluation, this disorder could not be
ruled out in this patient.

The rate of consanguineous marriage in any society
depends on a wide range of social, religious, and demographic
factors (22, 23). With a mean rate of 38.6%, in some
community, Iran is one of the countries with the highest rates
of consanguineous marriage (24). Therefore, autosomal-
recessive disorders pose a major issue to this society. This
underscores the importance of causative genetic variants
identification in these disorders and subsequently, taking
advantage of PGT-M techniques to prevent the transfer of
deleterious variants to the next generation.

Conclusion

We identified a novel pathogenic mutation in DPAGT!
gene based on bioinformatics analysis and genome
sequencing. Subsequently, based on couples’ request,
PGT-M was performed, which resulted in the birth of a
healthy girl.
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Abstract

In this study, we describe one Iranian patient who was diagnosed with Epidermolysis Bullosa (EB) because of mutations
in three candidate genes, including 3 mutations. Two missense mutations in the LAMA3 (D3134H) and LAMB3 (Y339H)
genes and also, a synonymous mutation in the ITGB4 (H422H) gene were identified that leads to the Junctional-EB-
Herlitz (JEB-Herlitz) clinical phenotype. The patient had a heterozygous LAMA3 mutation combined with a heterozygous
mutation in LAMBS3. Our results propose that these mutations produce novel protein-coding transcripts which explain
the JEB-Herlitz phenotype in the patient. Interestingly, this is the first report indicating that a digenic inheritance in the
LAMA3 and LAMBS3 which is responsible for JEB-Herlitz. Also, this is the first digenic inheritance recognized in the
JEB-Herlitz family. This study provides a new way to clarify the molecular mechanisms of LAMA3 and LAMBS3 genes

in JEB-Herlitz.
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Introduction

Epidermolysis Bullosa (EB) is the name used to define
a heterogeneous group of inherited mechanobullous
disorders that has been subdivided into three categories [EB
simplex (EBS), dystrophic EB (DEB) and junctional EB
(JEB)] based on the ultrastructural level of skin cleavage
and immunofluorescence detection of cutaneous antigens
(1-3). There are two major JEB subtypes, JEB-Herlitz
(generalized), and JEB-non-Herlitz (localized) and each is
typified by blister formation within the lamina lucida. JEB
Herlitz is an autosomal recessive and severe form of EB that
leads to the premature demise of the affected patients within
a few months after birth. Many mutations in one of the 3
genes LAMA3, LAMB3, and LAMC?2 encode the a3, b3, and
g2 subunit polypeptides of laminin 5 underlie this disease
(4). In the present study, we performed next-generation
sequencing (NGS) to identify the genetic mutations leading
to JEB-Herlitz in an Iranian pedigree.

Case report

A 7-year-old Iranian girl, first child of consanguineous
Iranian parents, was presented to our genetic counseling
center because of widespread congenital skin blistering
(JEB-Helitz) (Fig.1A). She had generalized blisters and
erosions on her whole body, some dystrophic fingernails
and toenails, with subungual hyperkeratosis and
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thickening of the nail plate. Hair involvement was limited
to eyebrow alopecia. She did not have oral lesions. Also,
in her unaffected parent, there was no previous family
history of genetic diseases (Fig.1B).

After obtaining informed consent, genomic DNA was
extracted from peripheral leukocytes of the patient, her
parent, and 200 healthy controls by using the standard salting-
out method (5). The study was performed in accordance with
the Declaration of Helsinki and based on the guidelines of the
Ethics Commiittee of Iran’s Ministry of Health and Medical.
Sequence analysis was carried out by using a custom-designed
(user-defined) NimbleGen chip capturing of 9 EB related genes
followed by Next Generation Sequencing (NGS, BGI-Clinical
Laboratories, Shenzhen, China). After NGS sequencing,
the sequence reads were mapped to the reference human
genomic DNA (UCSC/hgl9) using the Burrows-Wheeler
Alignment software (BWA v.0.7.10). Then, the subsequent
variant was called with the Genome Analysis Toolkit (GATK)
software versions 4 (https://software.broadinstitute.org/gatk/,
GATK-3.5) (6) to assemble the consensus sequence and
detect single nucleotide polymorphisms (SNPs) and indels in
target regions. Moreover, detected rare variants [minor allele
frequency (MAF), 1%] in the affected girl were compared
with database of SNP (dbSNP) (7) and 1000 genomes
databases (8). Predicting candidate variants effect on protein
structure and phylogenetic conservation, bioinformatics tools



like PolyPhen-2 (9), SIFT (10) were used. And, the variant
pathogenicity risk was estimated by CADD score (11).

/

Fig.1: Clinical features and pedigree. A. Severe and widespread blistering
in patient IV-1. B. Autosomal recessive inheritance pedigree. Areas with
black color indicate maternal LAMA3 mutations. \\', Horizontal stripes
and [E; Paternal LAMB3 mutations.

Then, direct Sanger sequencing was carried out with
ABI3130 sequencer (Applied Biosystems, Foster City,
CA, USA) to confirm potential causative variants in
the patient. Primer sequences for pathogenic variants in
the LAMA3, LAMB3 and ITGB4 genes (NM_198129,
NM 000228 and NM 000213, respectively) were
previously reported (12). Parent were examined for co-
segregation analysis of the variants with the phenotype.

Targeted exon capturing and NGS of 9 known EB
related genes was performed in our patient. Among these
genes, we detected 3 variants in the LAMA3, LAMB3
and /ITGB4 genes in the patient which was absent in 200
healthy controls. Also, these variants were not previously
reported in the same Iranian patients. Direct sequencing
of the LAMA3, LAMB3, and ITGB4 genes confirmed that
the patient and her mother were heterozygous for ¢.9641
G>A mutation in exon 71 of the LAMA3 gene (Fig.2A).
This mutation (p. D3134H) affected a highly conserved
amino acid residue (Fig.2B). Moreover, the patient and
her father were found to carry a heterozygous ¢.1405 T
> C in exon 9 of the LAMB3 gene (p.Y339H) (Fig.2A,
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B). The patient also carried the ¢.1430 C>T mutation
in a heterozygous state in the /TGB4 gene (p.H422H)
(Fig.2A).
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Fig.2: Digenic mutations in an Iranian family with Junctional Epidermolysis
Bullosa (JEB). A. The result of DNA sequencing of the patient, father and
mother. Patient: sequence analysis reveal a heterozygous G>C transversion
at cDNA position 9641 of the LAMA3 gene resulting in p.D3134H
substitution, a heterozygous T>C transition at cDNA position 1405 of the
LAMB3 gene resulting in p.Y339H substitution and a heterozygous C>T
transition at cDNA position 1266 of the ITGB4 gene resulting in silent
substitution p.H422H in the patient. Father: the father has p.Y339H
substitution in the LAMB3 gene. Mother: the mother has p.D3134H
substitution in the LAMA3 gene. (The p.D3134H, p.Y339H and p.H422H
are marked with an arrow). B. Conservation analysis. Protein alighments
show conservation of the amino acid sequence of LAMA3 p.D3134H
variant and LAMB3 p.Y339H variant between species around the mutation
sites that marked with vertical line (red).

The segregate analysis confirmed these pathogenic
mutations co-segregates with the disease phenotype in the
patient. The family exhibited a typical autosomal recessive
inheritance pattern of JEB-Herlitz (Fig.1B). Bioinformatics
analysis was done by PolyPhen, SIFT and CADD (Table 1)
and indicated that the p. D3134H and p. Y339H mutations
together probably cause LAMA3 and LAMB3 dysfunction
leading to the JEB-Herlitzclinical phenotype.
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Table 1: Various in silico bioinformatics tools have been developed that predict the mutations

Gene Prediction software
SIFT score PolyPhen score CAAD score
LAMA3 0.00 (Deleterious) 0. 9 (Probably damaging) 23 (Likely benign)
LAMB3 0.8 (Tolerated) 0.0 (Benign) 12 (Likely benign)
Discussion

In this study, NGS was applied to identify the
causative genes defects associated with EB in an Iranian
pedigree. The index patient was a double-heterozygous
carrier for two missense mutations in the LAMA3 and
LAMB3 genes. So far, researchers reported eighteen
missense mutations in the LAMA3 gene based on the
HGMD database (13). Our first identified mutation,
(p- D3134H), in the patient and her mother, was in
the laminin G-like 4 (LG-4) domain of LAMA3 protein
C-terminal that leads to loss negatively charged side
chains and replaced by a positively charged residue.
The second identified mutation in the proband and
her father, c.1405T>C, was a heterozygous mutation
in the laminin epidermal growth factor-like 2 (EGF-
like 2) domain of the LAMB3 protein. Although, these
mutations have previously been reported, this is the
first report of mutations of LAMA3 and LAMB3 genes
in an Iranian EB patient. Following evidences prove
that these mutations can lead to EB: i. Next generation
sequencing only identified these mutations to be the
main cause of EB in the patient. ii. Direct Sanger
sequencing proved the mutations in the proband and
also, based on recognizing heterozygote mutations
in her parents, the pattern of inheritance must be an
autosomal recessive and digenic. iii. Using predicting
online tools such as SIFT, polyphen, CADD , these
variants will be damaging and tolerated (p.D3134H
and p.Y339H, respectively). iv. The amino acids
comparative alignment of LAMA3 and LAMB3
proteins across all Kingdoms showed that p. D3134 of
LAMA3 gene is highly conserved during evolution. v.
Also, a substitution Asp3134His in LAMA3 gene and
a substitution Tyr339His in LAMB3 gene can create
major problems in the LAMA3 and LAMB3 proteins.
Thus, these mutations in LAMA3 and LAMB3 genes
are pathogenic in our patient with EB.

According to simplified Schéiffer definition, the
most part of cases in digenic diseases are categorized
into two classes (14). The first class represents true
digenic (TD) instances: variants at both loci are
essential for disease and, variants at one of the two
loci lead to no phenotype (15). The second class
we will refer to as the composite (CO) class as it
consists of diverse possibilities: A composite case
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in digenic diseases can refer to mendelizing variants
plus modifiers, when a driver variant is essential for
the phenotype but rare variants in a second gene,
generally correlated to the same pathway, may change
the phenotype (16).

All involved variants impact, the genes allelic condition,
the gene ability of enduring loss of function (LOF)
variants, and also, the involved genes correlation are likely
to identify the digenic effect. Several common properties
of digenic combinations are characteristic for the two
classes, and somehow reflect the underlying biological
mechanisms. The digenic effect is often strongly influenced
by the impact of the variants implicated as well as their

zygosity (17).

The digenic inheritance in genes has been reported
in some human phenotypes, for example, retinitis
pigmentosa (18, 19), non-syndromic hereditary
deafness, Wardenburg syndrome type 2, Bardet-Biedl
syndrome, autosomal recessive ocular albinism, JEB
and EBS (20, 21). Previously, digenic inheritance has
been described in a case with severe nonlethal JEB
(JEB- non-Herlitz), in which one mutation in the LAMB3
gene and two mutations in the type XVII collagen gene
were identified (22). The collagen XVII and Laminin-5,
two functionally related proteins, abnormal expression
led to the primary hemidesmosome structure and the
basement membrane separation of the epidermis, with
severe skin blistering as the clinical appearance. Also,
digenic inheritance was reported in three previous cases
with EBS in which mutations occur in KRT5 and KRT14
genes (Table 2) (23-25).

The fact that the p.D3134H (in LAMA3) and
p.-T339H (in LAMB3) mutations reported in present
study affects an extremely conserved residue, supports
a positive pathogenic role for these genes in causing
the disease phenotype. Therefore, these results
propose that digenic inheritance was directly involved
in modifying/causing the clinical phenotype in this
patient.

As arare disease, this is the first report that indicated a
JEB-Herlitz responsible digenic inheritance of LAMA3
and LAMB3. Also, this is the first digenic inheritance
recognized in an Iranian JEB-Herlitz family.
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Table 2: Previous studies on the digenic inheritance in EB

Origin t Type of EB  Genes Pathogenic variant Protein effect Type of mutation Method
German JEB COL1741  ¢.T2669G L855X Missense candidate gene
. sequencing
c. C3781T R1226X Missense
LAMB3 c. C1903T R635X Missense candidate gene
sequencing
Jewish EBS KRTS5 c. T548C p1183T Missense candidate gene
Ashkenazi sequencing
KRT14 c. GI163A p-R388H Missense candidate gene
sequencing
Australian EBS KRTS5 c.464T>C p- Leul55Pro Missense candidate gene
sequencing
KRT14 c.881T>C p- Met294Thr Missense candidate gene
sequencing
Polish EBS KRTS c.1412G>A p-Argd71His Missense candidate gene
sequencing
KRTI4 c.815T>C p-Met272Thr Missense candidate gene
sequencing
Iranian JEB-Herlitz LAMA3 c. G9641C p- D3134H Missense candidate gene
sequencing
LAMB3 c. T1405C p-Y339H Missense candidate gene

sequencing

EB; Epidermolysis Bullosa, JEB; Junctional-EB, and EBS; EB simplex.

Conclusion

We emphasize that one mutation detection in one gene is
not sufficient for determining the molecular basis of JEB-
Herlitz in a given family. Moreover, we present evidence
implicating digenic inheritance in identifying a clinical
phenotype in JEB-Herlitz, proposing that full sequencing
of all JEB-Herlitzrelated genes may develop the quality
of genetic counseling and prenatal diagnosis of affected
individuals in this clinically heterogeneous disease.
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