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Aims and Scope: The ""Cell Journal k) 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.

|. 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.org). 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.

Materialsand Methods: Itincludes the exact methods or observations of experiments. If an apparatus is used, its manufacturer’s
name and address should be stipulated in parenthesis. If the method is established, give reference but if the method is new, give
enough information so that another author can perform it. If a drug is used, its generic name, dose, and route of administration
must be given. Standard units of measurements and chemical symbols of elements do not need to be defined.

Statistical analysis: Type of study and statistical methods should be mentioned and specified by any general computer
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 TIF format
with 300 DPI resolution.

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

Supplementary materialswould be published onthe 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.

Of Note: If you have already any patent related to the subject of your manuscript, or you are going to apply for such a patent,
it must be mentioned in this part.



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. 2" 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. 2"¥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 A2 A 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
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Abstract
Objective: Isolated pancreatic islets are valuable resources for a wide range of research, including cell replacement
studies and cell-based platforms for diabetes drug discovery and disease modeling. Islet isolation is a complex and
stepwise procedure aiming to obtain pure, viable, and functional islets for in vitro and in vivo studies. It should be noted
that differences in rodent strains, gender, weight, and density gradients may affect the isolated islet's properties. We
evaluated the variables affecting the rat islet isolation procedure to reach the maximum islet yield and functionality,
which would be critical for further studies on islet regenerative biology.

Materials and Methods: The present experimental study compared the yield and purity of isolated islets from non-
diabetic rats of two different strains. Next, islet particle number (IPN) and islet equivalent (IEQ) were compared between
males and females, and the weight range that yields the highest number of islets was investigated. Moreover, the
influence of three different density gradients, namely Histopaque, Pancoll, and Lymphodex, on final isolated islets purity
and yield were assessed. Finally, the viability and functionality of isolated islets were measured.

Results: The IEQ, IPN, and purity of isolated islets in 15 Lister hooded rats (LHRs) were significantly (P<0.05) higher than
those of the other strains. Male LHRs resulted in significantly higher IEQ compared to females (P<0.05). Moreover, IPN and
IEQ did not significantly vary among different weight groups. Also, the utilization of Histopaque and Pancoll leads to higher
yield and purity. In vivo assessments of the isolated islets presented significantly reduced blood glucose percentage in the
transplanted group on days 2-5 following transplantation.

Conclusion: Based on these results, an optimal protocol for isolating high-quality rat islets with a constant yield, purity,

and function has been established as an essential platform for developing diabetes research.
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Introduction

According to the International Diabetes Federation
Diabetes Atlas, the number of worldwide diabetic
patients has been estimated to be 536.6 as 0f 2021, and
it has been projected to be increased to 783.2 million
by 2045, making this condition a significant threat to
human health (1).

Insulin therapy is recommended for patients with
type-1 diabetes and even some with type-2 diabetes,
although it is not considered a cure. Insulin injections
can cause weight gain, edema, refractive changes,
fat atrophy, and other long-term side effects (2).
Also, it may cause diabetes-induced life-threatening

complications such as severe hypoglycemic events
following exogenous insulin administration (2, 3).
Recently various studies showed that pancreas and islet
transplantation (including live cell transplantation) are
potentially ideal therapies for patients diagnosed with
type-1 diabetes. Pancreas transplantation is relatively
a mature treatment method; however, main issues such
as major surgery complications and lifelong usage of
immune-suppressive drugs remain to be addressed.
Nevertheless, islet transplantation through minor
surgery, limited immune suppressive regimens, and
the possibility of using immunoisolation strategies
have fewer complications (2, 4-7). Due to the minor
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side effects associated with islet transplantation, it is
considered a promising therapy for type-I diabetes (8).

Therefore, researchers worldwide have focused on
pancreatic islet and beta-cell transplantation since late
1900. Also, many studies were conducted on islets of
Langerhans as a key platform for developing various
diabetes research (2, 9, 10). Although animal model-
based studies are not entirely predictive of human
responses, isolated islets from animal models provide
more opportunities to study the mechanisms of diabetes,
potential drug discovery, and genetic-based research
(9, 10). Based on the previous reports, the quantity
and quality of isolated islets play an essential role in
successful islet transplantation in experimental studies
(2). In an effort to develop a standard and effective
method, researchers have modified and improved the
initial isolation and purification methods, such as the
Edmonton protocol (8, 11).

Although animal studies are not considered a
replacement for human trials, they can mimic human
diseases and provide a neat way to study similar pathways
in human and animal models (12). Also, preclinical
studies are important in the safety assessment of different
therapeutic products and methods. From understanding
the function of the pancreas and the discovery of insulin to
new concepts such as stem cell therapy, islet isolation, and
transplantation, animal studies have played a significant
role in diabetes research. The primary function of islets is
insulin production, which is pretty similar between humans
and animals, and the restoration of normoglycemia can be
achieved by transplantation of mouse/rat islets in diabetic
mice/rats (13).

Rodents have many advantages, including high
reproductive  capacity, pure strains, accessibility,
repeatability, short experiment times, and low cost,
enabling them to be widely used in various research
projects (8). Thus, we have established Royan Institute
Rodent Pancreatic Islet Processing Facility (RI-RPIPF)
to promote research projects toward improving islet
transplantation outcomes and facilitate studies focused
on different aspects of islet nature and transplant. This
study described our improved rat pancreatic islet isolation
method in RI-RPIPF. Moreover, two rat strains, Lister
hooded rats (LHR) and Wistar albino rats (WAR), were
compared in terms of islet equivalent (IEQ) and islet
particle number (IPN). Then, the best strain was used to
compare gender, weights, and different density gradients.
The optimal procedure for rat pancreatic islet isolation
was set up in view of islets yield, purity, and functionality.

Materials and Methods

The materials and methods used in this experimental
study are as follows:

Animals

Following the Royan Institute Ethics Committee
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approval (IR, ACECR.ROYAN.REC.1396.29 and
IR.ACECR.ROYAN.REC.1397.227), LHRs and
WARs, weighing 250-450 g, were bought from Animal
Core Facility, Reproductive Biomedicine Research
Center, Royan Institute for Biotechnology. Rats were
housed in cages in a room with controlled temperature
(24°C), humidity, and 12 hours/12 hours light and
dark cycle. Also they were given ad libitum access to
food and water. All protocols conformed with Guide
Laboratory Animals for The Care and Use (eighth
edition). The total number of rats used in this study
was 95 LHRs and 15 WARs. Strains were selected
based on the previous rat islet isolation studies and
in-house protocols. The number of rats used in each
experiment is mentioned; however, it should be noted
that the sum of rats in different sections is more than
the number provided above since islets isolated from
some rats were used for more than one experiment.

Rat islet isolation procedure
Pancreas isolation

The pancreas isolation method used in this study is
based on in-house protocols and what was previously
described (14). In brief, the digestion solution was
prepared using Hanks’ Balanced Salt Solution (HBSS)
Ix without calcium and magnesium (Gibco-14170) with
1 mg/ml collagenase type V (Sigma-Aldrich, Germany,
C9263,>1 FALGPAunits/mgsolid,>125 CDU/mg solid).
Then, 20 mg of collagenase was completely dissolved in
20 ml HBSS to isolate islets per rat pancreas; next, the
enzyme solution w filtered through a 0.22 um filter (TPP,
Switzerland, 99722). The collagenase solution should be
prepared freshly and placed on ice to achieve optimal
enzyme activity.

Healthy, non-diabetic rats were anesthetized and
sacrificed in a CO, chamber. Following abdominal skin
sterilization, the abdomen was cut with a V-incision. The
duodenal papilla was horizontally clamped with a surgical
hemostat to block the bile pathway toward the intestine.
The 10 mL cold collagenase solution was injected into
the Common Bile Duct (CBD). The whole pancreas was
bulged from head to tail due to digestion solution flow in
all regions. The pancreas was rapidly removed, and fat
and connective tissues were trimmed and subsequently
transferred into a 50 ml conical tube containing a 5 ml
cold collagenase solution.

Pancreas digestion

Pancreas digestion is also performed using in-house
protocols and methods described previously (14). In
brief, the conical tube was placed in a 37°C water
bath for 5 minutes, and the mixture of pancreas and
collagenase was transferred to a culture dish to cut
the tissue into small pieces. An extra 5 ml pre-warmed
(at room temperature) collagenase solution was added
to the culture dish, and the mixture returned into a
conical tube placed in a 37°C water bath. After 15



minutes, samples were taken each 2 minutes, and
the number of free islets that appeared spherical, and
golden-brown from acinar tissue was estimated. When
over 50% of islets became free of exocrine cells, the
suspension volume was immediately doubled using
the stop buffer to terminate the digestion process. Stop
buffer and culture media containing Roswell Park
Memorial Institute (RPMI) 1640 (Corning, USA, 17-
105-CV) with 10% fetal bovine serum (FBS, Gibco,
Brazil, 10270), 1% L-glutamine (L-GLU, Gibco,
Scotland, 25030024), and 1% Penicillin-Streptomycin
(Pen-Strep, Sigma-Aldrich, Germany, P4333). The
suspension was centrifuged at 900 RPM for 2 minutes
at 4°C, and the supernatant was decanted into a waste
container. The pellet was washed with 10 ml washing
buffer containing RPMI 1640 with 5% FBS and 1%
L-GLU and 1% Pen-Strep and centrifuged at 900 RPM
for 2 minutes at 4°C (repeated two times).

Islet purification

In this study, three different density gradients, including
Histopaque, Pancoll, and Lymphodex, were used for
purification to determine the most efficient density
gradient to be used in the rat islet isolation process,
without islet hand-picking or filtration.

The pellet was purified by discontinuous density
gradient centrifugation immediately after discarding
the supernatant. First, the pellet was suspended in 10
ml density gradients Histopaque-1077 (Sigma-Aldrich,
Germany, 10771) or Pancoll 1.077(PAN-Biotech,
Germany, P04-601000) or Lymphodex 1.070 (Inno-train,
Germany, 002041600), and subsequently, 10 ml washing
buffer was slowly added. The two-layer suspension was
centrifuged at 2000 RPM for 18 minutes at 4°C. Islet
cells were retrieved from the interphase between density
gradient and washing solution.

Purified islets were washed with a washing buffer and
centrifuged at 1000 RPM for 2 minutes at 4°C (repeated
two times). The supernatant was discarded and replaced
with 10 mL of culture media.

Islet culture

The suspension was transferred to a sterile petri dish
in a laminar airflow cabinet using a stereomicroscope;
then, the dish containing islets was placed at 37°C in a
5% CO, incubator. Figure 1 (created by Adobe InDesign
version 6) demonstrates a brief schematic presentation of
the stepwise rat pancreatic islet isolation procedure.

Islet quality control tests

Light microscopy and islet purity evaluations

Following the isolation procedure, pancreatic islets were
observed and assessed using light microscopy regarding
morphology, integrity, and capsule intactness. The purity of
isolated islets was reported as the percentage of free islets
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obtained from the acinar tissues, estimated by two independent
investigators after observation under a light microscope.

Fig.1: Aschematicrepresentation of rat pancreaticisletisolation procedure.
The rat pancreatic islet isolation procedure consists of three major steps.
First, using surgical techniques, the common bile duct is approached, and
the collagenase solution is injected to bulge the pancreas. The pancreas is
then extracted from the rat body and transferred to a conical tube with the
rest of the enzyme solution. The digestion step starts when the enzyme
solution reaches 37°C to remove islets from the exocrine tissue and stops
by adding a stop buffer and washing steps to prevent over digestion of
islets which could degrade islet capsules. Finally, islets are purified using
density gradients and several washing steps to separate islets from non-
islet tissue and cultured to maintain cell viability.

Islet yield

Islet yield is defined as the number of islets isolated from
one pancreas (14). During the process, islets are isolated
with other cells, such as acinar cells, making it hard to
detect them under the microscope. So, there should be a
specific stain to ease the detection of islets among other cells.
Dithizone (1,5-diphenylthiocarbazone, DTZ, Sigma-Aldrich,
Germany, D5130) binds with zinc in insulin granules in beta
cells of pancreatic islets, causing the islets to stain with a red
color while the rest of the cells remain unstained. To identify
the islets and determine their quantity and purity, DTZ staining
was performed as previously described (15). In brief, 1 mg
DTZ was dissolved in 200 pL dimethyl sulfoxide (DMSO,
Sigma-Aldrich, Germany, D2650) and then diluted in 800 uL
Dulbecco’s Phosphate-Buffered Saline (DPBS, Gibco, USA,
LS14190250), and filtered through a 0.45 pm nylon filter
(TPP, Switzerland, 99745). In a 6 cm Petri plate, 30 puL of
DTZ solution was added to islet samples (100 uL), incubated
at room temperature for 1-2 minutes, filled up with DPBS to
half of the plate height, and visualized under the microscope,
using a 10X eyepiece and a 4X objective to magnify 40X.
The number of islets in the sample was counted, and the total
IPN was estimated after calculation of dilution factor using
the following equation according to Table 1.

Dilution Factor = Total volume of preparation that sample
taken from (mL)x1000/Volume of sample taken (uL)

Based on the number of isolated islets in each diameter
range (IPN, second column in Table 1), the IEQ (last
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columnin Table 1) was calculated, following mathematical
correction for islet diameter (IEQ conversion factor), as
shown in Table 1.

Table 1: Equations for total IPN and total IEQ

Islet diameter range (nm) IPN IEQ IEQ per
conversion range
factor

50-100 x0.167

101-150 x(0.648

151-200 x1.685

201-250 x3.500

251-300 x6.315

301-350 x10.352

>350 x15.833

X IPN 2 IEQ

Dilution factor [(mL total volume/pL sample volume)x1000]
Total IPN=X IPNxdilution factor
Total IEQ = X IEQxdilution factor

IPN; Islet particle number and IEQ; Islet equivalent.

Islet viability and functionality
Fluorescein diacetate/Propidium iodide staining

In the fluorescence staining method for assessment of islet
viability, fluorescein diacetate (FDA) and propidium iodide
(PI) are used simultaneously to determine cell viability by
distinguishing viable and nonviable cells, as previously
described (16). In brief, 1.99 mg FDA (Sigma-Aldrich, USA,
F7378) was dissolved in 200 mL acetone (Merck, Germany,
100014) in a glass bottle, fully covered by an aluminum foil,
and subsequently aliquoted in 10 mL tubes and stored at
-20°C. Also, 12.5 mg of PI (Sigma-Aldrich, USA, P4170) was
dissolved in 25 mL of DPBS (Gibco, USA, LS14190250),
covered by an aluminum foil, and subsequently aliquoted
in 5 mL tubes and stored at 2-8°C. Four hundred sixty uL
DPBS was added to a new culture dish to adjust the final
concentrations of FDA, and PI to 0.46 and 14.34 uM,
respectively. Islet suspension was mixed well, and a 100 pL.
sample was taken and transferred into an empty tube. From
the bottom of the tube, 43 uL of settled islets were transferred
to 460 uL of DPBS in the culture dish. The islet suspension
was then treated with 10 pL of PI followed by 10 pL of FDA.
The suspension was assessed by fluorescent microscopy, in
which viable cells were considered as those with bright green
fluorescence produced by FDA and dead cells as those with
red fluorescence emitted by PI. The percentage of viable cells
versus total cells was estimated after complete assessment.

Glucose-stimulated insulin secretion test

Glucose-stimulated insulin secretion (GSIS) test
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is a functional assay that measures the potency of
insulin secretion from the islets when different glucose
concentrations are applied, as described previously (17).
Briefly, after 24-48 hours of islet culture at 37°C, three
replicates of 100 IEQ/100 pL culture media were taken
from islet suspension. Rat islets were incubated with a
low glucose media (2.8 mM), and supernatant samples
were taken at time zero and after one hour of incubation
at 37°C. Then, another incubation was conducted with
the same islets in higher glucose concentrations (28
mM), and supernatant samples were taken at time zero
and one hour after the incubation at 37°C. Using a Rat/
Mouse Insulin ELISA kit (Millipore, USA, EZRMI-
13K), the amount of insulin released was measured in
both supernatant samples. The stimulation index (SI) was
calculated using the following formula, where insulin
concentration from higher glucose concentration is in the
numerator, and measurement result from lower glucose
concentration is in the denominator. This index measures
the ability of purified pancreatic islets to produce insulin
in response to increased glucose concentrations.

Stimulation index (SI)=Insulin concentration after
stimulation with 28 mM glucose concentration/Insulin
concentration after stimulation with 2.8 mM glucose
concentration

Islet transplantation: in vivo functional test

As we previously described, isolated islets were
transplanted in the diabetic mice omentum to evaluate their
functionality (18). In brief, male NMRI mice 8-10 weeks old
were injected with 90 mg/kg alloxan (Sigma-Aldrich, USA,
A7413) via the tail vein to induce diabetes. Two consecutive
fasting blood glucose readings of more than 250 mg/dL
confirmed diabetes induction. Mice were anesthetized using
90 mg/kg Ketamine 10% (Alfasan, Netherlands) and 4.5
mg/kg Xylazine 2% (Alfasan, Netherlands). Following a
median abdominal incision, the greater omentum was spread
out onto wet sterile gauze, and a minimum amount of islets
(350 IEQ) was transplanted between two omentum layers.
Next, the muscular layer was closed by a 5-0 Vicryl suture
(VICRYL, Belgium, V2910H), and the skin was sutured
with a 3-0 silk suture (MERSILK, W328). For six days
following transplantation, non-fasting blood glucose levels
were monitored in recipients to measure xenograft function.

Data analysis

SPSS wversion 20 was used for statistical analysis
(SPSS Inc. Chicago, IL). The descriptive statistics of
the continuous variables are shown as mean * standard
deviation. Kolmogorov-Smirnov test was utilized to assure
the normality of data distribution. Student’s t test and one-
way analysis of variance (ANOVA) were used to assess the
mean difference of continuous variables between two and
more than two categories, respectively. Moreover, multiple
comparisons were made by the least significant difference
(LSD). A two-tailed P value less than 0.05 was determined
statistically significant.



Results

Higher islet yield obtained from LHR strain, compared
to WARs

Royan Institute Animal Core Facility provided thirty male
LHR and WAR strains (15 each). As the first step of the
primary endpoint, pancreatic islet yield was assessed in terms
of IPN and IEQ and compared between the mentioned strains.
As shown in Figure 2, IPN and IEQ for isolated islets from
LHR were significantly (P<0.05) higher than those of the
other strains (Fig.2A, B, respectively). The percentage of islet
purity, estimated by qualitative analysis, was significantly
higher in LHR (61% vs. 75%, Fig.2C).

A

Fig.2: Comparison of IPN, IEQ values, and purity percentages between the two
rat strains (n=15 each). A. The calculated IPN values were significantly higher
in the LHR strain (P=0.013). B. The differences in resulted IEQ values in LHR
strains were significant (P=0.005). C. The purity percentages were significantly
higher in the LHR strain (P=0.002). LHR; Lister hooded rats, *; P<0.05, and **;
P<0.01.
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Male LHR yielded higher IEQ

According to the significantly higher yield and purity of
LHRs, this strain was selected for further experiments in this
study. In the next step, the effects of gender on IPN and IEQ
were studied in LHRs (Fig.3 A, B). Male and female rats were
not significantly different regarding IPN (Fig.3A). However,
islets isolated from male LHRs yielded significantly higher
IEQ than females (P=0.009, Fig.3B).

No relationship between rat body weight and islet yield

Male LHRs were divided in four weight groups based on
their body weights as follows: 250-300 g (n=22), 300-350 g
(n=15), 350-400 g (n=13), and 400-450 g (n=9). Here, IPN
or IEQ in different weight groups were studied. As shown in
Figure 3C, D, there was no significant relationship between
body weights and the resulted IPN or IEQ.

Histopaque and Pancoll resulted in high pure islets

Histopaque, Pancoll, and Lymphodex were used
as density gradient reagents in the purification step.
Comparing these gradient reagents showed no significant
difference between Histopaque and Pancoll in IPN, IEQ,
and purity. However, results obtained after applying
Histopaque and Pancoll significantly differed from
Lymphodex (P<0.05). The results demonstrated that
the utilization of Lymphodex leads to lower IPN, IEQ,
and purity (Figs.4, SA-C, Table S1, See Supplementary
Online Information at celljournal.org) (IPN; Lymphodex
vs. two other gradients: both at P<0.001, IEQ; Lymphodex
vs. Histopaque (P=0.003) and Pancoll (P=0.013), Purity;
Lymphodex vs. Histopaque (P<0.001) and Pancoll
(P<0.001).

Isolated islets were viable and functional in vitro

The viability and functionality of isolated islets
were assessed using FDA/PI staining and GSIS assay,
respectively. Purified isolated islets were stained with DTZ
(Fig.5D) to differentiate the islets from exocrine tissue
and calculate IPN and IEQ. FDA/PI staining was done on
purified islets to determine the live/dead ratio, visualized
under the fluorescent microscope (Fig.5E). GSIS was
performed after a 24 and 48-hour culture of isolated islets.
S| was calculated using insulin secretion from islets in
response to high versus low glucose concentrations, and
results showed no significant differences between 24 and
48-hour islet cultures (Fig.5F).

Isolated islets were able to secrete insulin after
transplantation

The in vivo function of implanted rat islets into the
omentum of alloxan-induced diabetic mice was assessed
by their potential to return normoglycemia. During six
days post-transplantation, blood glucose level monitoring
indicated a significant reduction in the percentages of blood
glucose on days 2 (P=0.037), 3 (P=0.021), 4 (P=0.023),
and 5 (P=0.044), in comparison with the non-transplanted
diabetic mice used as a control group (Fig.5G).
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A

Fig.3: The effects of gender and weight on IPN and IEQ in Lister
hooded strain. A. The IPN did not significantly vary between male
(n=59) and female (n=12) LHRs (P=0.149). B. Male LHRs (n=59) had
significantly higher IEQ compared to female ones (n=12) (P=0.009).
C. The IPN did not significantly vary between four male LHR weight
groups (P=0.816). D. No significant differences were observed among
the four weight groups in terms of IEQ (P=0.177). LHR; Lister hooded
rats and **; P<0.01.
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Fig.4: Comparison of different density gradients used in the purification
step. A. Significant differences were found in IPN between Lymphodex
(n=9) and two other gradients (both at P<0.001). B. As compared to
Histopaque (n=20) and Pancoll (n=39), the application of Lymphodex
led to significantly lower IEQ (P=0.003 and P=0.013, respectively). C.
Significantly higher purity was achieved when Histopaque (P<0.001)
and Pancoll (P<0.001) were used as density gradients compared to
Lymphodex. *; P<0.05, **; P< 0.01, and ***; P<0.001.
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Fig.5: Purity, viability, and functionality assays on isolated islets from male
Lister hooded rats. The purity of islets isolated using A. Histopaque, B. Pancoll,
and C. Lymphodex (scale bar: 500 um). D. Dithizone (DTZ) staining of isolated
islets (scale bar: 500 um). E. Viability estimation in isolated islets stained
with Fluorescein diacetate (FDA)/propidium iodide (Pl) using fluorescent
microscopy (scale bar: 100 um). F. Glucose-stimulated insulin secretion (GSIS).
Stimulation index (SI) for 24 and 48-hour cultured isolated islets showed the
functionality of isolated islets. Sl resulting from a 48-hour culture presented
considerable but not significant insulin secretion than 24-hour culture
(P=0.074). G. Significant reduction in percentages of blood glucose on days 2
(P=0.037), 3 (P=0.021), 4 (P=0.023), and 5 (P=0.044) post islet transplantation
(n=5) compared to the control group (n=4). h; hour.

Discussion

Having precise preclinical studies is necessary to start
successful clinical trials and elucidate the new signaling
pathways in basic research (19, 20). Islet transplantation
is now regarded as a promising treatment option for type 1
diabetes; meanwhile, professional isolation of pancreatic
islets plays a critical role in this treatment’s efficiency
(21). Different research groups worldwide have modified
the islet isolation process to develop a functional and
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economical technique in recent decades. The isletisolation
process includes digestion, purification, and islet culture
steps that have been optimized to produce higher islet
yield and purity in order to improve functional results.
However, some challenges remain (5, 8, 20, 22, 23).

Nowadays, many researchers focus on improving
these steps to achieve highly pure and functional islets.
Overcoming isolation-associated obstacles lead to
introducing islet transplantation as an efficient, widespread
treatment (24). Yet, the shortage of pancreas donors and
the high cost of human pancreatic islet isolation limited its
availability for research purposes, resulting in a demand
for the isolation of islets from animals, especially rodents,
which is cost-effective, accessible, and easier (13).

In this study, we showed that variables such as rat strain
and gender could affect islet yield and purity. Besides,
the effects of rat body weight on IPN and IEQ were
evaluated. Then, islet yield and purity were compared
after administering different density gradients. Finally,
in vitro and in vivo assays were performed to assess the
viability and functionality of isolated islets. Here, we
presented a straightforward and transparent protocol for
efficient rat islet isolation.

Previous studies reported the dependence of islet
isolation yield, purity, and functionality on factors such as
strain and gender (11, 21, 25). de Groot et al. (21) showed
that islet yield, purity, and function depend on donor rat
strain. In comparison to Wistar albino (WA), Lewis, and
Sprague Dawley (SD) rat strains, they obtained double
amounts of islets from Albino Oxford (AO) rats. The islet
purity was also shown to vary among the rat strains, so
highly purified islets were isolated from all but SD rats.
Moreover, de Haan et al. (26) compared islets isolated
from AO, WA, and Lewis rats based on their quantity,
size, and function and showed that the size and quantity
of the isolated islet from AO rats were significantly
larger than those from WA and Lewis. In contrast, Lewis
rats had the highest glucose-induced insulin response.
They suggested that isolated islets” yield and function
were strain-dependent, and interestingly, GSIR does not
necessarily increase with islet yield.

Our study compared islet isolation parameters between
LHR and WAR strains. Islet yield parameters, IPN and
IEQ, were significantly different between LHRs and
WAR:S. Islet isolations using LHRs resulted in higher
islet yield compared to WARs. Purity was qualitatively
estimated and was significantly higher in LHRs. Although
there were no significant differences in [PN between male
and female rats, IEQ was significantly higher in islets
obtained from male rats than in females. According to the
strain and gender comparison, where IEQ showed a greater
difference than IPN, the results indicated that volume
per islet (IEQ/IPN) in LHRs is higher than in WARs.
Also, in LHRs, islets isolated from male rats have higher
volumes than female islets. Therefore, the difference in
diameters and consequently in size of isolated islets led
to statistically significant differences in IEQ. Considering
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these findings, we used Lister male rats for the rest of this
study.

In human islet isolation studies, body mass index
(BMI) and weight of pancreas donors could reflect islet
isolation outcomes which have been shown that higher
donor weight and BMI led to higher isolated islet yield (5,
26-28). Tze and Tai (29) claimed that increased rat body
weight could increase IPN. Therefore, in this study, we
decided to examine possible correlations between rat body
weight and isolated islets’ IPN and IEQ. According to our
results, the IPN for islets obtained from rats of 400-450 g
was not significantly lower than IPN values measured for
other weight ranges. Nonetheless, non-significant low IPN
and non-significant high IEQ levels measured for 400-450
g rats compared to different weight ranges indicated that
rats’ body weight might slightly correlate with isolated
islets” diameter and size. Altogether, it was concluded that
rat bodyweights could not significantly affect islet yields.
Likewise, Saliba and Fares (30) evaluated islet yields
between mice of different ages (different ages correlates
with different weight) and species and concluded that the
yields were similar.

Another challenging factor in islet isolation protocols is
the density gradient reagent’s effect on islet yield and
purity. There are different ways for islet separation and
purification, including gradient separation, filtration,
sedimentation, magnetic separation, and manually
hand-picking (30, 31). Several studies focusing on islet
isolation protocol development discussed the effects
of different density gradients on outcome parameters.
Several density gradients, including Ficoll, Histopaque,
Dextran, and lodixanol, have previously been studied
forisletisolation that compared their recovery, viability,
purity, in vitro functionality, IPN, and TEQ and showed
that there were no differences in IPN and IEQ among
groups. However, regarding purity and viability, Ficoll
or Histopaque resulted in the purest and highest number
of viable islets compared to Dextran and lodixanol (11).
Another study used Histopaque and Ficoll as gradient
density solutions, resulting in no differences between
those two, and concluded that both were acceptable and
generally usable (14). Therefore, this study examined
three density gradients, Histopaque, Pancoll, and
Lymphodex, for their effects on islet yield parameters
(IPN and IEQ) and purity. There were no significant
differences in IPN, IEQ, and purity between Histopaque
and Pancoll. Still, utilization of Lymphodex led to
significantly lower islet purity and yield (lower IPN and
IEQ values). The analysis showed that Lymphodex was
not efficient for rat islet isolation, while Histopaque
and Pancoll were sufficiently effective in the process.
In addition, regarding cost-effectiveness, the prices of
10 ml of Histopaque or Pancoll required for each islet
isolation procedure (~ 4.18 $ and 0.95 §, respectively)
showed the usage of Pancoll is more cost-effective
compared to Histopaque. Notably, in this study,
isolated islets utilizing Histopaque and Pancoll were
pure enough without the time-consuming procedure of
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hand-picking and filtration.

As previously reported, FDA/PI and GSIS assays were
used after the islet isolation process to determine the
viability and functionality of isolated islets, respectively
(14). The viable and dead cells in the islets were indicated
by green and red fluorescence caused by FDA and PI,
respectively. Glucose-stimulated insulin secretion was
used to assess isolated islets’ functionality, evaluating
the insulin-release ability of 24 and 48-hour cultured
islets in response to glucose concentrations. While the
data showed no significant differences between 24 and
48-hour SI, 48-hour cultured islets showed considerable
insulin secretion.

Previously published studies presented transplanted
human and mouse islets’ functionality to reduce blood
glucose levels in diabetic patients and diabetic mice,
respectively (32-35). In this study, in vivo functional
assessments showed a significantly higher reduction in
non-fasting blood glucose percentages in transplanted
mice than in non-transplanted diabetic one (control
group) on days 2 to 5.

To prevent sacrificing more animals for this study, we
used rat islets isolated for other diabetes research projects
running simultaneously (18, 36, 37).

Conclusion

Giventheimportance ofislet-based studies in developing
novel diabetes therapies and drug discovery, a validated,
replicable, and enhanced protocol for islet isolation with
minimal variation is required. The optimized rat islet
isolation protocol using male LHR and a Histopaque/
Pancoll density gradient, yielded acceptable results,
leading to a standard protocol for isolating high-quality
rat islets with constant yield, purity, and functionality,
which could meet global criteria to promote diabetes
treatment research.
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Abstract
Objective: Breast cancer (BC) is the most common cancer, which is currently the leading cause of cancer death.
Circular RNAs (circRNASs) play important roles in cancer, however, circRNAs serving as vital index in BC for guiding
treatment have not yet been identified. The aim of our study is to explore a novel kind of potential biomarker for BC.

Materials and Methods: In this retrospective study, the samples used for assays were two groups of breast tumor
tissue obtained from four BC patients, including four pairs of tumor tissues and adjacent nontumor samples. The
circRNA expression profiles were detected via microarray and validated by real-time quantitative polymerase chain
reaction (PCR).

Results: The differentially expressed circRNAs in tested samples were screened and analyzed by using human circRNA
microarray. After analysis, considering a fold gene expression change of 22.0 and P<0.05, results suggested that 256
circRNAs were significantly up-regulated and 277 circRNAs were significantly down-regulated. Besides, the results of
the real-time quantitative PCR assay showed that the expression of hsa_circ_0001583 was significantly up-regulated
in BC groups (P<0.05) by real-time quantitative PCR. Therefore, we thought hsa_circ_0001583 might serve as a novel
kind of biomarker for BC.

Conclusion: Hsa_circ_0001583 showed significant up-regulation in BC patients with paired adjacent tissues. Many
cancer immune pathways were related to has_circ_0001583, including autoimmune thyroid disease, chemokine and

T-cell receptor signaling pathways.
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Introduction

As one of the most common cancers in women, breast
cancer (BC) is the primary cause of death from cancer at
present. In 2020, the number of newly diagnosed cases
of BC was more than 279 thousand and the number
of new deaths was about 42 thousand, with 276,480
and 42,170 of them being in women, respectively (1).
BC patients in early stages can be cured by local and
systemic treatment (2). At present, surgery, adjuvant
chemotherapy, endocrine therapy and target-directed
therapy were used in the treatment of BC, however,
the prognosis of BC was poorly understood because
of regional advanced recurrence or distant metastasis.
Therefore, to better understand the progression of
breast cancer, finding novel molecules as potential
biomarkers for BC is essential.

Circular RNAs (circRNAs) were initially found as
a kind of covalently closed looped RNAS in viruses
(3). Particularly, unlike typical splicing of linear RNA,
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circRNAs are formed by backward splicing at the 3’
and 5’ ends of covalent connections (4, 5). Considering
the high stability, high specificity and high abundance
of circRNAs, previous reports suggested that circRNAS
played vital roles in cancers, such as BC, hepatocellular,
gastric and colorectal cancer (6-9). CircRNAs usually
act as "sponges" of miRNAs which target the 3 UTR
region of protein coding RNAs and inhibit target gene
expression (4, 10). For example, circBMPR2 can regulate
the expression of USP2 via binding to miR-553 as an
miRNA sponge (11).

However, circRNAs in BC that can guide treatment
have not yet been identified. In this study, a new circRNA,
hsa circ 0001583 which was screened by circRNA
microarray attracted our attention. Hsa circ 0001583 is
also associated with many immune response pathways in
KEGG analysis. Their roles in BC are still unknown, so it
needs to be further explored. And it might act as a novel
kind of biomarker for BC.



Material and Methods
CircRNA microarray assay

In this retrospective study, for circRNAs expression
screening, we obtained four pairs of tumorous and
paracancerous tissues from four triple negative
BC patients and extracted total RNA for circRNA
microarray assay. In detail, four pairs of BC tissues
and paracancerous tissues were sectioned from clinical
patients. TRIzol reagent was used for RNA extraction
fromtissues, and NanoDrop-1000 and agarose gel
electrophoresis were used for RNA concentration and
integrity detecting, respectively. According to standard
microarray hybridization instructions, the RNA was
first purified, and then reverse transcribed to cDNA,
cDNA was further transcribed into cy3-fluorescent
cRNA, and finally cRNA was hybridized with
Human circRNA Arrays (Arraystar). The hybridized
microarray was washed with Gene Expression Wash
Buffer (Agilent p/n 5188-5325) and the images were
scanned by Agilent Scanner G2505C software.

Data analysis by circular microarray

Agilent Feature Extraction software (V11.0.1.1, Agilent
santa clara, CA, USA) was used to collect the raw data,
then normalized through the quantile method. circRNA
expression levels were analyzed by GeneSpring GX
V12.1. The circRNAs presenting differential expression
between tumors and adjacent tissues with fold gene
expression change >2.0 and P<0.05 were identified via
statistical analysis. Hierarchical clustering and volcano
plotting were constructed for global overview of the
significant differentially expressed circRNAs.

Clinical specimens

There are a total of 4 pairs of triple negative BC
tissues and paraconcerous normal tissues were sectioned
from four clinical patients. This research proposal was
approved by The First Affiliated Hospital of Fujian
Medical University in 2018.

Total RNA extraction and real-time quantitative
polymerase chain reaction

TRIzol reagent (Sigma, USA) was used for total RNA
extraction from BC tissues and normal tissues, followed
by reverse transcription to cDNA using SuperScript™
III Reverse Transcriptase Kit (Invitrogen, USA)
according to the manufacturer’s protocol. Real-time
quantitative polymerase chain reaction (PCR) assay
was performed with QuantStudio™ 5 System (Thermo
Fisher Scientific, USA) using 2X PCR master mix
(Arraystar, AS-MR-006-25). The relative circRNAs
expression level was normalized to internal control
gene ACTB. Primer sequences are listed in Table S1
(See Supplementary Online Information at www.
celljournal.org).
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Prediction for BC-related circRNA-miRNA-target
gene axis

Targetscan and miRDB (http://www.targetscan.org;
http://www.mirdb.org) were used for predicting the
miRNAs combined with circRNAs together with the
target genes of miRNAs. For analyzing the potential
function of circRNAs, the GO enrichment analysis
(www.geneontol-ogy.org/) and KEGG pathway
analysis (www.genome.jp/kegg/) were performed by
DAVID (https://david.ncifcrf.gov/tools.jsp) online
software.

Ethical statement

The clinical samples were obtained from The First
Affiliated Hospital of Fujian Medical University. This
study was approved by the Ethics Committee of The First
Affiliated Hospital of Fujian Medical University (Fuzhou,
China, project number [2016]073), and written consent
was obtained from all patients involved.

Data availability

The circRNA expression profile data are available in the
GEO database (accession number GSE165884).

Statistical analysis

All statistical data plotting was performed with
Graphpad Prism V8.0 (GraphPad Software Inc., San
Diego, CA, USA). Every experiment was conducted in
three replicate. Significant differences between data was
analyzing by Student’s t test (P<0.05) and the significance
of gene function enrichment was determined by Fisher’s
Exact Test.

Results

The circRNAs presenting differential expression were
identified in BC

Four pairs of BC patient samples and paracancerous
tissues were used to screen the potential involvement
of circRNAs in BC via the high-throughput circRNA
microarray assays. The results shown in Figure 1A and
Figure 1B were the quantile normalization and total
detected circRNA types. The scatter plot suggested that
360 circRNAs were up-regulated, while 344 circRNAs
were discovered with down-regulation (Fig.1C).
Additionally, by comparing the case group with the
control group, a volcano plot revealed that a total of
533 circRNAs presented differential expression. In
detail, 256 circRNAs were found to be significantly
up-regulated and 277 circRNAs were significantly
differentially down-regulated based on fold expression
change >2.0 and P<0.05 (Fig.1D). Figure 1E indicates
the distinct disparity from BC tissue to their adjacent
samples. The results in Figure 1F showed the number
and distribution of these circRNAs on the different
human chromosomes.
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A B
C D
E F

Fig.1: circRNA expression profile and differentially regulated circRNAs in
BC. A. The quantile normalization results of Arraystar circRNA microarray
for 8 samples. B. Different types in all circRNA expression profile. C. Scatter
plot for assessing the variation in circRNA expression. D. Volcano plot
indicated the differentially expressed circRNAs in BC samples and adjacent
tissues based on fold expression change >2 and P<0.05. E. Hierarchical
clustering heatmap for differentially expressed circRNAs. F. The distribution
of differentially expressed circRNAs on human chromosomes. circRNA;
Circular RNAs (circRNAs) and BC; Breast cancer.

Potential functional analysis of differentially expressed
CircRNAs

To evaluate the functions of differentiated expressed
CircRNAs, we perfomed GO and pathway enrichment
analysis using the circRNA target genes. As the results show
in Figure 2A, by biological process analysis, these circRNAs
might act in negative transcriptional regulation associated
with the RNA polymerase Il promoter, protein ubiquitination
modification in ubiquitin-dependent protein catabolism, cell
shape, regulation of cellular signal transduction mediated by
small GTPase, GTPase activity regulation, protein nuclear
export, protein folding in the endoplasmic reticulum, actin
cytoskeleton organization, protein polyubiquitination, and cell-
cell adhesion. Cellular component enrichment results showed
that the host genes can be part of the cytosol, focal adhesion,
cytoplasm, membrane, stress fibers, extracellular exosomes,
the actin cytoskeleton, the mitotic spindle, the extracellular
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matrix, and cell-cell adherens junctions (Fig.2B). Molecular
function results of the differentially expressed circRNAs are
shown in Figure 2C.

In addition, KEGG pathway analysis showed that
differentially expressed circRNAs could be involved
in focal adhesion, actin cytoskeleton regulation,
bacterial invasion of epithelial cells, ubiquitin mediated
proteolysis, proteoglycans in cancer, ribosome, and
amoebiasis (Fig.2D).

A

Fig.2: Predicting the functions of differentially expressed circRNA host
genes. A. Top ten biological processes associated with the differentially
expressed circRNAs host genes arranged by enrichment score. B. Top
ten cellular components of differentially expressed circRNAs host genes.
C. Top ten molecular functions of differentially expressed circRNAs host
genes. D. Significant KEGG pathway enrichment results of differentially
expressed circRNAs host genes.



Diagnostic values of hsa_circ_0001583 in BC

To further study the importance of circRNAs in BC,
we detected the expression change of differentially
expressed circRNAs by real-time quantitative PCR,
including hsa circ_ 0000700, hsa circ_ 0089153, hsa
circ_0067301, hsa_circ 0001583, hsa circ_ 0001589 and
hsa_circ 0039908 (Fig.3A). Interestingly, consistent with
the microarray results, hsa circ 0001583 presented the
most significant up-regulation in 4 BC tissues (Fig.3B).
In fact, hsa circ_0001583 is generated from H1-2 gene,
which is a histone HI protein binding to linker DNA
(Fig.3C). Therefore, we thought hsa circ 0001583 might
serve as a novel kind of biomarker for BC.

A

Fig.3: Validation of differentially expressed circRNAs by realtime
quantitative polymerase chain reaction (RT-gPCR). A. 6 selected up-
regulated circRNAs for RT-qPCR validation. B. hsa_circ_0001583 was
significantly up-regulated in breast cancer tissues (P=0.0014). C. The
genome locus and host gene of hsa_circ_0001583.
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Prediction of miRNAs acting on hsa_circ_0001583
and downstream genes

To study the function of hsa circ 0001583, the hsa
circ_0001583-miRNA-mRNA network was predicted
(Fig.4A). In detail, the top 5 related miRNAs were exhibited
in Figure 4B, containing hsa-miR-6815-3p, hsa-miR-324-3p,
hsa-miR-103a-2-5p, hsa-miR-4778-3p and hsa-miR-647,
while Figure 4B also shows the possible binding sites between
hsa circ 0001583 and its related miRNAs.

A

Fig.4: ceRNA network of hsa_circ_0001583. A. The predicted hsa_
circ_0001583 sponged miRNA and miRNA target genes. B. The potential
binding sited of hsa_circ_0001583 and sponged miRNAs.

Analyzing the fuctions of hsa_circ_0001583 ceRNA genes

GO enrichment analysis revealed that the target genes
of those candidate miRNAs are related to many biological
processes and pathways, including negative transcriptional
regulation of RNA polymerase Il promoter, signal
transduction mediated by Rho protein, covalent chromatin
modification, protein K48-linked ubiquitination, adaptive
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immune response, kinase activity regulation, cell motility,
ventricular septum development, and cell proliferation
(Fig.5A). The cellular component and molecular function
enrichment analysis results are shown in Figure 5B and
Figure 5C. KEGG analysis revealed that several immune
response pathways are associated with candidate miRNAs,
including long-term potentiation, T/B-cell receptor signaling
pathway, bile secretion, oxytocin and calcium signaling
pathway, infection of vibrio cholerae, proteolysis mediated by
ubiquitin, axon guidance (Fig.5D). These results suggested
that hsa circ 0001583 was strongly associated with BC
development, which will pave the way for further research in
the future.

A

Fig.5: The GO/pathway enrichment analysis of hsa_circ_0001583 ceRNAs.
A. Top ten GO_BP enrichment terms of candidate circRNA ceRNAs. B. The
significant GO_CC enrichment results of candidate circRNA ceRNAs. C. The
significant GO_MF enrichment results of candidate circRNA ceRNAs. D.
KEGG pathway analysis revealed that several immune related pathways
associated with hsa_circ_0001583.

Cell J, Vol 24, No 9, September 2022

Discussion

It has been found in previous studies that circRNAs
exhibitedpivotalregulatory functionsincancerprogression
and carcinogenesis (12). The circRNAs are stable due to
the lack of 5’ or 3’ polarities or polyadenylated tails (13).
Moreover, circRNAs are also abundant, showing the high
conservation, together with structural stability, timing,
organization, and disease-specific activity in eukaryotic
cells (14). Therefore, circRNAs are extremely suitable to
serve as biomarkers. It has been reported that circEPSTI1
is a prognostic marker in triple-negative BC (9). Hsa
circ_0072995, hsa circ_0072309 and hsa circ 0001982
have also been reported in BC (15-17). In the cytoplasm,
circRNA can function as miRNA sponges that bind
miRNAs, thus impeding their binding and suppressing
their target genes. In human astrocyte cells, circHIPK2
can bind miR124-HG, which modulate astrocyte cell
autophagy and endoplasmic reticulum stress response
(18). During differentiation of human epidermal stem
cells, circZNF1 functions as a sponge for miR-23b-3p
(19), and circBIRC6 is a sponge for miR-34a and miR-
145 which then regulate differentiation of human stem
cells (20). Although there have been so many studies,
there is no known biomarker that is more clinically
appropriate. Therefore, this study aimed to identify a
potential biomarker in breast cancer.

In our work, the potential participation of circRNAs
in BC was investigated using four pairs of BC patient
samples and paracancerous tissues. The results suggested
that 256 circRNAs were differentially up-regulated and
277 circRNAs were differentially down-regulated. In
addition, we verified the expression of six differentially
up-regulated circRNAs in the filtered library, finding that
hsa _circ 0001583 expression was indeed up-regulated.
Hence, we though that hsa circ_ 0001583 might be a
novel biomarker in BC. Furthermore, the top 5 related
miRNAs are shown by predicting the hsa circ_0001583-
MIRNA-mRNA network. Importantly, KEGG analysis
revealed that several immune response pathways are
associated with candidate miRNA, including long-term
potentiation, T/B-cell receptor signaling pathway, bile
secretion, oxytocin and calcium signaling pathway,
infection of vibrio cholerae, proteolysis mediated by
ubiquitin, and axon guidance. These results suggested
that hsa_circ_0001583 was strongly associated, which
will lay the foundation for further research in the future.

Objectively, this study also has some limitations.
At first, this study is a retrospective study with a small
sample which would be better with initial or external
validation. Second, in vivo or in vitro functional studies of
hsa_circ_0001583 are still lacking. Third, the relationship
between hsa_circ_ 0001583 and long-term outcomes were
not investigated in BC patients.

Taken together, we thought hsa circ_ 0001583 might
act as a biomarker for BC related to the immune response
of the body. As is well known, BC immunology has
progressed tremendously over the last decade, which is an



important treatment in BC. Therefore, our future research
will focus on hsa circ_0001583 in the immunology and
mechanism of BC.

Conclusion

We utilized 4 pairs of BC neoplasm tissues and their
paracancerous tissues to investigate the potential of
circRNAs biomakers in BC by applying circRNA
microarray and real-time quantitative PCR methods.
Importantly, hsa circ 0001583 was discovered to
be significantly up-regulated in breast tumors, and it
might be an excellent biomarker for BC diagnosis and
may modulate tumor immunology through ceRNA
mechanism.
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Abstract
Objective: Acellular matrices of different allogeneic or xenogeneic origins are widely used as structural scaffolds in
regenerative medicine. The main goal of this research was to optimize a method for decellularization of foreskin for skin
regeneration in small wounds.

Materials and Methods: In this experimental study, the dermal layers of foreskin were divided into two sections and
subjected to two different decellularization methods: the sodium dodecyl sulfate method (SDS-M), and our optimized
foreskin decellularization method (OFD-M). A combination of non-ionic detergents and SDS were used to decellularize
the foreskin in OFD-M. The histological, morphological, and biomechanical properties of both methods were compared.
In addition, human umbilical cord mesenchymal stem cells (hucMSCs) were isolated, and the biocompatibility and
recellularization of both scaffolds by hucMSC were subsequently determined.

Results: We observed that OFD-M is an appropriate approach for successful removal of cellular components from the foreskin
tissue, without physical disturbance to the acellular matrix. In comparison to SDS-M, this new bioscaffold possesses a fine
network containing a high amount of collagen fibers and glycosaminoglycans (GAG) (P<0.03), is biocompatible and harmless
for hucMSC (viability 91.7%), and exhibits a relatively high tensile strength.

Conclusion: We found that the extracellular matrix (ECM) structural integrity, the main ECM components, and the
mechanical properties of the foreskin are well maintained after applying the OFD-M decellularization technique,
indicating that the resulting scaffold would be a suitable platform for culturing MSC for skin grafting in small wounds.
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Introduction

For decades, skin grafts have been used to restore wound
healing defects following trauma, vascular diseases,
and cancer (1). Skin grafts can reduce the complexity
of treatment and minimize the risk of infection and
hospitalization, to achieve satisfactory repair results in
patients with chronic or recurrent ulcers (2). However,
the availability of adequate healthy skin, remains as an
overwhelming obstacle. In addition, scar formation and
deformity of the donor’s skin is a problem that must be
considered. To address these challenges, scientists and
surgeons work collaboratively to develop appropriate
bioengineered and synthetic alternatives that promote the
healing of the wounded skin (1). Moreover, it has been
shown that when scaffolds are located within the defect,
they protect against dehydration, contaminants, and
microorganisms (3).

Acellular dermal matrix (ADM) is one of the most
widely used grafts in skin transplantation today. ADM
can be derived from various allogeneic or xenogeneic
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sources, such as human cadavers and animal dermises
(4). Decellularized extracellular matrix (ECM)
from the target tissue is the ideal scaffold for tissue
engineering. Decellularization technique, in which
most cell components are removed by physical and/
or chemical procedures, enables researchers to obtain
cell-free, natural ECM that is primarily made up of
collagen and glycosaminoglycans (GAGs). ECM
retention, especially the maintenance of structural
integrity of the collagen mesh, is very important for
the effectiveness of recellularization (5). Collagen
provides tensile strength and promotes cell migration
and tissue development by controlling cellular
adhesion. In fact, since collagen has high electrostatic
properties, it draws water in the interstitial spaces and
causing it to inflate (6, 7). Thus ,it is important to take
advantage of such characteristics to achieve a scaffold
with ideal physicochemical properties for effective
tissue regeneration.

A well-known technique in regenerative medicine



involves the use of a tissue scaffold in combination
with stem cells. Because of their trophic and paracrine
functions, mesenchymal stem cells (MSCs) can
improve cutaneous regeneration. Specifically, they
can improve wound healing by enhancing keratinocyte
and fibroblast migration following transplantation (8).
MSCssecrete several cytokinesand growth factors[e.qg.,
vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), stromal cell derived factor 1
(SDF-1), and angiopoietin-1], which can act as chemo-
attractants to induce endogenous cell recruitment
to the injured tissue (9). The human umbilical cord
is considered to be an important and non-invasive
source of MSCs (10). While these cells may have a
valuable impact on healing, the harsh environment
of the wound site limits the grafting, retention, and
transplanted cells” survival rate. Thus, the delivery
of cells into the wound site through scaffold-based
cell applications remains a significant challenge in
regenerative medicine (11).

The multifaceted nature of human foreskin, which is
a highly vascularized and densely innervated bilayer
tissue, is comparable to that of few other parts of the
human anatomy. Foreskin circumcision has ancient
roots, but its modern version dates back to the early
19" century (12). Foreskin circumcision is performed
on most male children in Iran, providing an abundant
supply of waste tissue that can be used as a skin
graft without damaging the donor. Consequently,
in the present study, we compare two methods of
decellularization, with the goal of optimizing a
technique for creating a foreskin acellular matrix
(FAM).

Materials and Methods
Foreskin acellular matrix preparation

In this experimental study, the foreskin samples used
in this study were from boys aged one month to four
years, and were obtained from Imam-Ali Clinic, Shahre-
Kord, with parental informed consent. Specimens were
transferred to the laboratory in phosphate-buffered
saline (PBS, BIO-IDEA, Iran) containing 10%
gentamicin and stored for 6 hours at 4°C. The outer
adipose layer was then removed using a scalpel after
washing the specimen in PBS. The isolated dermal
layers were divided into two parts and subjected to
two decellularization methods: the optimized foreskin
decellularization method (OFD-M), and the sodium
dodecyl sulfate method (SDS-M, Sigma St. Louis,
MO), which are both described below.

The SDS-M method was previously reported elsewhere
(13). Briefly, samples were placed in SDS 1% in deionized
water, and fresh SDS/H,O media were substituted every 6
hours for three days until the sample color was completely
transparent. Finally, specimens were placed in PBS for 2

Rahmati et al.

hours to remove nuclei, cell residues, and detergents from
the tissue.

For the OFD-M, the samples were placed in 5% SDS
and incubated for 6 hours, then washed for 1 hour in
distilled water. In the next step, 0.05% trypsin and
0.01% ethylenediaminetetraacetic acid (EDTA, Life
Technologies, Carlsbad, CA), were added to the samples.
The specimens were incubated for 6 hours, followed by
a wash with Hank’s balanced salt solution (HBSS, BIO-
IDEA, Iran). The tissues were digested by Triton-X100
(1%) for 1 hour (Bio Basic Inc. cas # 9002-93-1). All the
above steps were performed on a shaker (IKA-WERKE
Hs501, 90 rmp), and the solutions were replaced every
2 hours. Finally, the tissue was submerged in the HBSS
solution at 4°C for 48 hours to remove residual SDS (Fig.
S1, See Supplementary Online Information at www.
celljournal.org) (14).

Both groups of FAM samples were rinsed several times
with distilled water and subsequently stored in 75%
alcohol at -20°C. Prior to testing, samples were subjected
to UV radiation for 20 m.

Colorimetric detection of sodium dodecyl sulfate

The amount of SDS remaining in the scaffolds was
measured during the experiments for each method, using a
colorimetric assay with methylene blue. First, the standard
curve was obtained by measuring the optical density
(OD) (Fig.S2A, See Supplementary Online Information
at www.celljournal.org). Next, to determine the amount of
residual SDS in the tissues, 1 g of FAMs was weighed and
prepared according to the method explained by Alizadeh
etal. (15). Finally, each sample’s OD was measured at 650
nm (microplate reader, STAT FAX 2100), and a standard
curve was used to determine the amount of SDS in each
sample.

Histological analysis

To assess the decellularization procedure’s
efficiency regarding ECM integrity and the removal
of cell components, the samples were fixed in 10%
formalin solution and then embedded in paraffin. Then
three 5 to 6 pum thick serial sections were prepared
and mounted on slides for further analysis (microtome
Leitz1512, Ramsey, USA). The slides were stained
with hematoxylin and eosin (H&E) as follows: the
samples were first immersed in hematoxylin and acid-
alcohol for 6 minutes and 30 seconds, respectively.
After washing with distilled water, the sections were
submerged in eosin for 1 minute. Finally, serially
diluted alcohol (70°, 90°, and 100°) were used for
dehydration. The number of residual cells was then
observed in three microscopic fields of each stained
slide using a 10x objective lens. to analyze the collagen
and elastic fibers the sections were also stained with
Masson’s trichrome following a standard protocol
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(16). Briefly, the slides were immersed in Bouin’s
fluid overnight at room temperature, then rinsed with
water and placed in Weigert’s haematoxylin solution
for 5 minutes, then immersed in Biebrich scarlet-acid
fuchsin for 15 minutes. After that, they were rinsed in
water and placed in phosphomolybdic/phosphotungstic
acid for 15 minutes, then aniline blue stain for 10
minutes, and finally rinsed in water. The slides were
finally placed in 1% acetic acid for 5 minutes and
dehydrated by rinsing with 100% ethanol.

To assess the efficacy of cell removal and the number
of remaining nuclei in decellularized scaffolds in each
method, samples were stained with the DNA staining
dye Hoechst 33258 (Sigma-Aldrich Corp., MI, USA).
After preparation of paraffin-embedded sections,
deparaffinization was performed, and the samples
were stained by 1:5000 diluted Hoechst in PBS for 30
seconds in a dark room. Finally, the slides were washed
with PBS and then visualized using a fluorescence
microscope (Nikon-TS-100F, Tokyo, Japan). The
collagen content was analyzed using ImageJ software
(NIH, Bethesda, MD) as previously reported (17).

DNA quantification

The amount of remaining DNA in the decellularized
samples was measured by Geno PlusTM Mini extraction
kit (GG2001, Viogene, Taipei, Taiwan). Specifically,
30 mg of each dried FAM and native tissue samples
were homogenized in 180 pL of lysis buffer, and after
adding 20 pL of proteinase K, the rest of the protocol
was carried out in accordance with the manufacturer’s
instructions (GG2001). Finally, DNA was dissolved in
trace HCI (10 mM, pH=9), and the quality and quantity
of DNA was evaluated by nanodrop 2000 (Thermo
Scientific, USA).
Morphological electron
microscopy

analysis by scanning

To determine the pore sizes and ensure that the ECM
structure has remained intact, the samples were analyzed
by scanning electron microscopy (SEM). The samples
were fixed in 2.5% glutaraldehyde fixative solution
(Sigma-Aldrich, USA) for 90 minutes at room temperature,
then washed with PBS to remove the fixative solution.
Dehydration was carried out through rinsing the samples
with serially diluted ethanol (30, 50, 70, 80, 90, and
100%); 10 minutes for each concentration (18). Finally,
the samples were dried, fixed on SEM stubs, and coated
with gold (Desk Sputter Coater-DSR1). The samples were
then subjected to SEM (Philips XL 30, North Billerica,
MA) examination, and multiple images were taken using
fluorescence microscope.

Glycosaminoglycans quantification

The GAG content is an indicator of the degree of
structural modification in decellularized tissue (18).
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The standard curve was drawn using the chondroitin
6-sulfate kit (KGAG96, Kiazist, Iran) according to the
manufacturer’s instructions (Fig.S2B, See Supplementary
Online Information at www.celljournal.org). Next, 20 mg
of each sample (dried FAMs and native) individually
was digested through incubation with 400 pL papain
at 65°C for 16 hours, then centrifuged at 8000g for 15
minutes. After that, the supernatants were transferred into
1.5 mL eppendorf tubes and 50 pL of protein precipitant
was added to each tube and centrifuged at 8000g for an
additional 15 minutes. Finally, 200 pL of GAG reagent
was added to 30 pL of each sample or the standard
solution, in triplicates (96 well plate). Finally, the OD of
the test was obtained at 510-560 nm using a microplate
reader (Stat Fax 2100, Awareness Technology, Palm
City, FL).

Collagenase assay

One of the most reliable and cost-effective methods
for the measurement of collagen content is biochemical
calculation of hydroxyproline (19). The amount of
hydroxyproline in the decellularized samples was
determined by employing the Kiazist Kit (KHPA96,
Kiazist, Tehran, Iran) according to the manufacturer’s
instructions. First, the standard curve was obtained
according to the kit instructions (Fig.S2C, See
Supplementary Online Information at www.celljournal.
org). Next, 20 mg of native and dried FAM samples were
homogenized in 100 uL H,O plus 100 uL of 12M HCL
and incubated for 4 hours at 120C. Oxidation solution and
activated charcoal were then added to the samples, and
the mixture was centrifuged at 12000g for 15 minutes.
The supernatants were harvested, and the OD of the test
was obtained at 540-560 nm using the microplate reader
in triplicates.

Biomechanical properties: tensile strength

To determine the mechanical properties of the
scaffolds, FAMs, and native foreskins were tested
by a tensile-test device (TANSAM. STM-1). Briefly,
samples of size 2x5 cm were prepared and clamped
to the sample holders, then stretched at a speed of 10
mm/minutes. until tearing. The stiffness (N/m), elastic
modulus, and maximum force (N) were determined
from the resulting stress-strain curve.

Isolation of mesenchymal stem cells from human
umbilical cord

The protocol was approved by the Ethical Research
Committee of Kurdistan University of Medical Sciences
(KUMS), according to the criteria set by the declaration
of Helsinki and numbered as #IR. MUK.REC.1397.220.
Informed consent was obtained from all the participating
women (for the umbilical cord). In the next step,
the human umbilical cord mesenchymal stem cells
(hucMSCs) were isolated from the entire umbilical cord



using the modulated explant/enzyme method (MEEM)
and characterized as previously described (20). The
expression of CD29, CD90, CD105, CD34, and CD45
on the cell surface of hucMSCs was analyzed by flow
cytometry. Furthermore, hucMSCs were subjected
to differentiation into adipogenic, osteogenic, and
chondrogenic cell phenotypes (Fig.S3, See Supplementary
Online Information at www.celljournal.org). Finally,
the isolated cells were cultured in a T75 culture flasks
(SPL, Pocheon-si, South Korea) containing Dulbecco’s
modified Eagle’s medium-low glucose (DMEM, Gibco,
Thermo Fisher Science, US) supplemented with 13%
fetal bovine serum (FBS, Gibco, USA) and 100 IU/mL-
100 mg/mL penicillin-streptomycin (Gibco, USA). The
flasks were placed in a humidified incubator with 5% CO,
at 37°C. Every 2 days, the medium was replaced with
fresh medium until the cells were confluent, then they
were detached using 0.25% trypsin-0.04% EDTA (Gibco,
USA) for cell passages.

Cell /Contact cytotoxicity assay

The biocompatibility/cytotoxicity of FAMs was
evaluated through the co-incubation of scaffolds with
hucMSCs. Specifically, 2x10° cells/well of hucMSCs
were seeded in a six-well plate and were allowed to
grow until reaching confluency. Then, native tissue and
both groups of FAMs (3 mm?) were placed inside each
well. Tissues and medium were subsequently removed
from the wells, at time intervals of 48 hours and 72 hours,
respectively to evaluate the cytotoxicity of FAMs. Next,
1 ml of FBS-free medium containing 50 puL of resazurin
(Kiazist, Iran) was added to each well and the samples
were incubated for 4 hours at 37°C. Finally, the OD was
measured at 520-570 nm in a microplate reader (State Fax
2100), and the viability percentage of each of the three
groups of hucMSCs was analyzed.

Recellularization of FAMs with hucMSCs

The hucMSCs were seeded in a six-well plate (2x10°
cells/well) in DMEM medium supplemented with
10% FBS and 1% penicillin-streptomycin (Pen/Strep)
and subsequently incubated at 37°C and 5% CO,. The
optimized foreskin decellularization FAM (OFD-FAM)
samples were washed in PBS, cut into 10 mm pieces, and
placed on hucMSCs for 24 hours. The resulting samples
were monitored for 8 days, and recellularization was
investigated by H&E and Hoechst staining. Furthermore,
the morphology and the attachment of the hucMSCs onto
the surfaces of FAMs were observed by SEM.

Statistical methods

Each experiment was performed three times, and the
mean values of the results were evaluated. All data were
analyzed using SPSS statistical software (18.0 version,
SPSS Inc., Chicago, IL, USA). One-way analysis of
variance (ANOVA) and Tukey’s post-hoc test were
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performed to compare datasets. Mean differences were
considered significant at P<0.05. All numerical data
analyses were performed using GraphPad Prism 8.0
(GraphPad, CA, USA).

Results
Macroscopic observations

Macroscopic evaluation of the intact human foreskin
specimens showed a pink appearance with a fatty layer
before the decellularization process (Fig.S1A, See
Supplementary Online Information at www.celljournal.
org). The tissues were white after decellularization via
the OFD-M, implying that the epidermoid layers and
cells were probably removed, without any physical tissue
disturbance or effects on the elasticity (Fig.S1B, See
Supplementary Online Information at www.celljournal.
org). However, FAMs obtained by SDS-M showed a
shrinking appearance with a rough surface and a rigid
structure. In contrast, FAMs obtained by OFD-M were
smooth and tensile. (Fig.S1C, See Supplementary Online
Information at www.celljournal.org), indicating that they
might have more collagens and fewer cells compared to
the FAMs obtained by SDS-M.

Histological staining and electron microscopic analysis

H&E staining of the two FAM groups revealed a
complete lack of an epidermal layer and residual cells
in the group of FAMs obtained by the OFD-M and a
partial removal of cells by the SDS-M, compared to
the intact tissue. It was also found that the ECM is well
preserved in FAMs obtained via the OFD-M (Fig.1A).
Masson’s trichrome staining, which appears blue
in the presence of collagen, indicated that collagen
is conserved in the OFD-FAM but not in FAMs
obtained via the SDS-M (Fig.1B). Imagel] analysis
further confirmed well-maintained collagen content
in the OFD-FAM group in comparison to the SDS-
FAM group (native tissue 65.1%, OFD-M 74.5%, and
SDS-M 69.4%).

Furthermore, Hoechst staining confirmed the
complete removal of the cells without residual DNA
in the OFD-FMS group, whereas this was not the
case in the group obtained by the SDS-M (Fig.1C).
We further investigated the degree of cell removal,
the pore size, and the matrix fibers’ structure in the
intact tissue and the two FAM groups using a scanning
electron microscope. As illustrated by Figure 2, the
OFD-FAMs displayed a network of collagen fibers
with high structural integrity and appropriate pore size
with no deformation or disruption of the tissue and no
residual cells. We see in Figure 3 that this was not the
case for FAMs obtained by the SDS-M: the matrix, in
this case, was highly irregular, and there were residual
cells present.
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A

Fig.1: Histological staining of FAMs shows the effectiveness of the
OFD-M in comparison to the SDS-M. Al. H&E staining showed that
both cells and the ECM are intact in native samples. A2. The OFD-FAM
samples possessed a preserved ECM and lacked any residual cells. A3.
Decellularized foreskin obtained by the SDS-M partially preserved the
ECM and contained residual cells. B1. Masson Trichrome staining was used
to identify changes in collagen intensity (blue staining) of the matrix in the
native samples in comparison to the FAM obtained by the B2. OFD-M and
the B3. SDS-M. C1. Hoechst staining of the native samples, where the
fluorescent color indicates the location of cell nuclei. C2. The FAM prepared
by the OFD-M did not contain cell nuclei and residual DNA, and C3. FAM
obtained by the SDS-M contained fluorescent spots which shows residual
DNA (scale bar: 100 um). D. Shows the collagen content in the OFD-FAM
compared to the SDS-FAM. The data from 4 independent experiments
were semi-quantified by Imagel (*; P<0.05). FAM; Foreskin acellular
matrix, OFD-M; optimized foreskin decellularization method, SDS-M;
Sodium dodecyl sulfate method, H&E; Hematoxylin and Eosin, and ECM;
Extracellular matrix.

The OFD-FAMs do not show cytotoxic activity against
hucMSCs

A resazurin assay was used to evaluate the toxicity
of FAMs for hucMSCs. This assay indicated that the
time-dependent cell viability percentage of the FAMs
obtained byt the SDS-M was significantly lower than
the cell viability of FAMs obtained via the OFD-M,
especially at 72 hours. Precisely, the viability percentages
of the hucMSCs co-cultured with FAMs obtained by the
OFD-M were 91.7% and 83.1% at 48 hours and 72 hours,
respectively, whereas they were only 83.5% and 66.7% at
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48 hours and 72 hours, respectively, in the hucMSCs co-
cultured with FAMs obtained via the SDS-M. In addition,
there was a statistically significant difference between
both of the two FAM groups and the native tissue group
(P<0.001, Fig.3).

Fig.2: Comparison of the construction of natural and decellularized
scaffolds by SEM analysis. A. Shows cellular ultrastructure in native
tissues. B. FAMs obtained via the OFD-M did not contain any cells,
and they exhibited an intact matrix and collagen structure. C. FAMs
obtained via the SDS-M showed an irregular matrix structure. The
presence of some cells is shown by arrows (500x, 650x). A representative
of at least 3 independent experiments is shown (scale bar show 100 um in
all photos). SEM; Scanning electron microscope, FAM; Foreskin acellular
matrix, OFD-M; Optimized foreskin decellularization method, and SDS-M;
Sodium dodecyl sulfate method.



Fig.3: The OFD-M is biocompatible for hucMSCs. The time-dependent
cell viability percentage in the FAMs obtained by the SDS-M was
significantly lower than the FAMs obtained by the OFD-M (**¥*;
P<0.001). OFD-FAMs showed similar behavior in terms of cell viability
when compared to the native group. Pooled data are exhibited as
the mean (t standard deviation, SD) of at least four independent
experiments, each performed in triplicates. FAM; Foreskin acellular
matrix, OFD-M; Optimized foreskin decellularization method, SDS-M;
Sodium dodecyl sulfate method, and hucMSCs; Human umbilical cord
mesenchymal stem cells.

Analysis of DNA ,SDS ,GAG ,and collagen content

In addition to histology outcomes, the DNA extraction
experiments indicated that both the OFD-FAM group
and the SDS-FAM group had less DNA than the native
tissue. In particular, the DNA content was measured to be
1367 ng/pL in the native tissue, 338 ng/pL in SDS-FAMs,
and 86 ng/uL in OFD-FAMs (Fig.4A). These results
demonstrated that the OFD-FAMs had the least amount of
residual DNA, which indicated that the decellularization
processes was most effective in the OFD-M. Furthermore,
the colorimetric assay revealed that the amount of
residual SDS in the samples obtained via the SDS-M was
approximately three folds higher than the OFD-FAMs
(Fig.4B).

The remaining collagen and GAGs content were also
quantified in both FAM groups. The collagenase assay
indicated that the OFD-M approach resulted in the highest
amount of collagen content per dry weight of tissue, in
comparison to the SDS-M and the native tissue (Fig.4C).
The GAG assay indicated that both methods decreased
the GAG content in comparison to the native samples,
however, the FAMs derived via the OFD-M retained
significantly more ECM and GAGs than those perfused
with the SDS-M (Fig.4D). These results indicate that
the OFD-M is more appropriate for decellularization of
foreskin since this method retained the highest amount of
major ECM proteins.
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Fig.4: Comparison of the DNA, SDS, hydroxyproline and GAGs content of
native tissue and FAM scaffolds. A. The DNA content was significantly reduced
in the acellular scaffolds in comparison to the native samples. B. The content
of residual SDS was significantly lower in the OFD-FAM group in comparison
to the SDS-FAM group. C. A comparison of collagen concentration in the
native tissue with the decellularized tissues showed that the FAMs contain a
higher concentration of collagen, especially FAMs derived via the OFD-M. D.
The content of GAGs in the native group compared to the two FAM groups
showed that GAGs content was preserved during decellularization. The
native foreskin was included as a control. Data with *P<0.03, **P<0.002,
and ***P<0.003 were statistically different according to one-way ANOVA
and post hoc testing (Tukey’s procedure). Pooled data are exhibited as the
mean (t standard deviation, SD) of at least four independent experiments,
each performed in triplicates. SDS; Sodium dodecyl sulfate method, GAGs;
Glycosaminoglycans, FAM; Foreskin acellular matrix, and OFD-M; Optimized
foreskin decellularization method.
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Mechanical properties of OFD-FAM

In addition to biological efficiency, it is essential for
bioscaffolds to have suitable mechanical properties. To
address this point, we measured the tensile strength of the
samples using a tensile-test device. As shown in Table 1, our
data suggested that the native tissue had the highest tensile
strength (4.33 + 0.19 MPa), followed by FAMs derived by
the OFD-M (3.66 + 0.15 MPa), and finally FAMs obtained
via the SDS-M (3.21 + 0.01 MPa). The differences observed
between these groups were significant (P=0.002, Fig.S4, See
Supplementary Online Information at www.celljournal.org).

Moreover, the experiments indicated that in terms of the
stress-strain elongation properties, the OFD-FAMs was
similar to the native group (Table 1). Furthermore, the

yield strain was shown to be significantly increased in the
OFD-FAMs (P=0.01), indicating that the tissue durability
had decreased, while at the same time, the elasticity had
increased, in comparison to the native tissue.

OFD-FAM recellularization with hucMSCs

It is worth noting that in the recellularization
experiments, we did not use seeding or any other
technique to deliver cells to the tissues. Rather, we simply
placed the OFD-FAMs on top of the cultured huceMSCs
for eight days. Interestingly, we observed that hucMSCs
were significantly more distributed on the FAMs obtained
via the OFD-M compared to the FAMs obtained via the
SDS-M. In addition, SEM images demonstrated the
adherence of hucMSCs to the FAM surface (Fig.5).

Table 1: Mechanical properties of FAMs obtained by the two methods

Modulus (Mpa) Yield stress (Mpa) Elastic strain Ultimate tensile strength (Mpa) Yield strain
Native 11.78 £0.68 4.06+0.15 0.34+0.01 4.33+0.19 0.35+0.02
OFD-M 9.66 0.29 37+02 0.36 £0.02 3.66+0.15 0.41 +£0.02

P value*: 0.002 P value*: NS# P value*: NS P value*: 0.002 P value*: 0.01
SDS-M 9.01+0.01 3.2+£0.1 0.34+£0.01 3.21+0.01 0.34+£0.01

P value**: 0.0006 P value**: 0.001

P value**: NS

P value**: 0.0002 P value**: NS

FAM; Foreskin acellular matrix, OFD-M; Optimized foreskin decellularization method, SDS-M; Sodium dodecyl sulfate method, Native vs. OFD*; Native

vs. SDS**, NS#; Not significant.

Fig.5: Recellularization of OFD-FAMs on day 8. A. H&E staining showed the number of migrated hucMSCs to the acellular scaffold (scale bar: 50 um). B. The
presence of cells was also confirmed using nuclear staining by Hoechst (scale bar: 50 um). C. Growth and adherence of hucMSCs to FAMs (scale bar: 100
um). D. SEM images of recellularized FAM on day 8 (650x) (cells are shown by arrows). A representative of at least 3 independent experiments is shown
(scale bar: 50 um).
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Discussion

Natural biological scaffolds are commonly used in tissue
engineering applications since they are biocompatible and
mimic the native cellular microenvironment (20).

However, developing an optimal procedure for
removing as much cell debris as possible from the tissue
without compromising the structural and mechanical
integrity of the ECM remains a challenge. Depending on
the process of decellularization, the scaffold will have
different properties. Therefore, all of these considerations
should be carefully evaluated for designing decellularized
scaffolds that are appropriate for tissue-specific stem cell
applications (3). In the current study, an effective method
for decellularization of the human foreskin was developed
so that the resulting bioscaffold could be used as a
potential therapy source in skin grafts for small wounds.

Continuous innovations in regenerative medicine have
led to the development of various commercially available
biological and synthetic substitutes for the reconstruction
of skin defects caused by burns, chronic ulcers, and other
types of damage (21). In some countries, including Iran,
circumcision is a common practice, and the foreskin
is considered a wasted tissue (22). The importance of
repurposing this wasted tissue as a biological scaffold
is compounded by the fact that it possesses components
that are anatomically and structurally similar to skin (12).
Furthermore, thicker skin grafts contain undesired hair
follicles, eventually leading to hair growth in the graft
(23). In contrast, the foreskin does not have any hair
follicles, and so it has the potential to substitute for small
injuries as a skin scaffold while alleviating this problem.

Here we compared two decellularization techniques:
the so-called SDS-M and an OFD-M developed in this
work to obtain a better scaffold. Other methods of skin
decellularization have been reported in the literature
(12, 24), and each protocol aims to remove the cells
while maintaining the ECM components and the three-
dimensional structure of the ECM (25). SDS is a popular
detergent for tissue decellularization, which can solubilize
both nuclear and cytoplasmic membranes efficiently. It
can be considered a standard treatment for complete cell
removal and approximately 90% of host DNA in several
tissues (26). Treatment with SDS can disrupt protein-
protein interactions and lead to protein denaturation,
so choosing an optimal concentration of SDS and a
suitable exposure time is crucial. In the present study, we
developed an OFD-M for decellularization, which used
5% SDS over a limited period of time (6 hours) with
Triton X100 and EDTA. This method was found to result
in less disruption to the ECM and also better biological
activity and cell removal in comparison to the SDS-M,
which uses just 1% SDS for about 72 hours.

The FAM samples were evaluated using histology,
residual DNA, GAGs, collagen content, cell
biocompatibility, and tensile properties. Histological
analysis and Hoechst staining showed that the cells
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were more completely removed in the OFD-FAM group
compared to the SDS-FAM group. The findings were
supported by H&E results, which revealed a trend that
was similar to Hoechst staining. Furthermore, DNA
extraction experiments showed that the DNA content was
significantly reduced in the OFD-FAM group, compared
to the native foreskin tissue.

The extent of disruption to the ECM was also evaluated
with the aid of GAG and collagen assays. GAGs play
a crucial role in survival, proliferation, differentiation,
adhesion, and migration of the cells, so any decrease in
GAG content will affect the tissue structure (18). The results
of a recent study on decellularization of porcine livers
showed that the amount of remaining collagen and GAGs
in scaffolds varies, depending on the decellularization
method. In particular, scaffolds perfused with Triton-
SDS and sodium deoxycholate-SDS were found to retain
more ECM and its associated compounds, including total
collagen and GAGs, than those perfused with SDS only
(27). Our results on human foreskin scaffolds support
the findings of those studies. Moreover, collagen content
was also quantified in this study using a hydroxyproline
assay, to ensure that the decellularization process did not
decrease the collagen content (28). As verified by other
studies, the increased amount of collagen found in scaffold
samples could be attributed to a decrease in sample mass
due to the decellularization process (29).

Importantly, our findings indicated that GAG and
collagen content in OFD-FAMs were more conserved
than in the SDS-FAMs. These results were supported by
Masson’s trichrome staining (12), which showed that the
preserved collagen network in the ECM of the OFD-FAMs
was more structurally stable than that in the SDS-FAMs.
These findings were substantiated by SEM analysis as
well, which revealed that the three-dimensional structures
and suitable porosity were well preserved only in the
FAMs obtained by the OFD-method. The mechanical
resistance of the scaffolds provided useful information
regarding its structural integrity under an applied force.
The results of the tensile test experiments indicated
that during the decellularization process, the scaffold’s
mechanical strength was preserved.

Conclusion

In this study we have optimized the decellularization
process for foreskin and have extensively and effectively
removed the cells, while preserving GAG, collagen
contents, and the ECM structure. Knowing that MSCs
play a crucial role in wound healing, by utilizing these
cells in our study, we have introduced a new approach
to regenerative medicine. Importantly, huctMSCs were
found to be well distributed on the OFD-FAM scaffolds
after eight days of co-culture, and the cell viability
of the co-culture remained high over the time of the
experiment. The results of this study showed that the
acellular scaffold obtained from human foreskin has
appropriate mechanical properties and structural integrity
for use in regenerative medicine, and in particular, for the
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reconstruction of human foreskin. Importantly, one of the
benefits of using FAM is that it is widely available and is
considered a waste tissue after circumcision. In the current
study, we found that the structural integrity of the ECM,
the major ECM components such as collagen and GAGs,
and the mechanical properties of the foreskin are well
maintained after the decellularization process, opening up
the possibility that FAMs may be well suited for several
applications in regenerative medicine, including the
treatment of small chronic wounds such as diabetic foot
ulcers.
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Abstract
Objective: Recently, development of multifunctional contrast agent for effective targeted molecular computed
tomography (CT) imaging of cancer cells stays a major problem. In this study, we explain the ability of Triptorelin
peptide-targeted multifunctional bismuth nanopatrticles (Bi2S3@ BSA-Triptorelin NPs) for molecular CT imaging.

Materials and Methods: In this experimental study, the formed nanocomplex of Bi2S3@ BSA-Triptorelin NPs
was characterized using different methods. The MTT cytotoxicity test was performed to determine the appropriate
concentration of nanoparticles in the MCF-7 cells. The X-ray attenuation intensity and Contrast to Noise Ratio (CNR) of
targeted and non-targeted nanoparticles were measured at the concentrations of 25, 50, and 75 pg/ml and X-ray tube
voltages of 90, 120 and 140 kVp.

Results: We showed that the formed Bi2S3@ BSA-Triptorelin NPs with a Bi core size of approximately ~8.6 nm are nontoxic
in a given concentration (0-200 pg/ml). At 90, 120, and 140 tube potentials (kVp), the X-ray attenuation of targeted cells were
1.35, 1.36, and 1.33-times, respectively, more than non-targeted MCF-7cells at the concentration of 75 ug/ml. The CNR
values at 90, 120, and 140 kVp tube potentials were 171.5, 153.8 and 146.3 c/s, respectively.

Conclusion: These findings propose that the diagnostic nanocomplex of Bi2S3@ BSA-Triptorelin NPs can be applied
as a good contrast medium for molecular CT techniques.
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Introduction
Molecular imaging involves the visualization,
diagnosis, and quantification of physiological and

pathological processes of the body at the cellular and/or
molecular level. The biochemical markers and/or other
markers molecules provide this aim (1). Either alone or in
the combination with imaging agents can image the tissue
state. Today, a computed tomography (CT) imaging, a
relatively inexpensive, high-resolution method, is used in
75% of all of clinical diagnostic imaging. CT imaging
shows higher resolution of spatial and temporal (2), but
is less sensitive than other clinical imaging modalities
(3). To date small iodine-based molecular compounds
used, such as Visipaque, show various disadvantages,
including toxicity of renal, short half-lives, and absence
of specificity (4, 5). To improve the sensitivity of the
images, the new contrast media should include the
following properties: surface chemical modification, high
atomic number, sufficient concentration, size control,
biocompatible and be targeted (4, 6).

Bismuth (atomic number of 83 and k-edge=90.5 KeV)

515

may be a potential candidate to be a contrast enhancer
in CT imaging (7). Especially compared to conventional
iodine contrast agents, Bi2S3 offers several favorable
features, including cost-effective, long half-lives, and
capability to embrace functional surface changes (5, 8).
Molecular imaging largely depends on the development of
specificity and sensitivity of imaging agents (9). Targeting
agents such as small molecules, peptides, antibodies,
and aptamers (10) are used to label imaging agents as
a ligand detector (11). Compared to small molecules,
peptides have many advantages, such as good selectivity
and specificity, and easy formulation that do not require
any binding properties alteration. In addition, peptides
are more stable than antibodies at the room temperature
and have less immunogenicity than antibodies (10). The
gonadotropin-releasing hormone (GnRH), as well called
as hypothalamic luteinizing hormone-releasing hormone
(LHRH) been proposed as targets for targeted cancer
treatment (12). The LHRH is a decapeptide hormone with
the primary sequence pGlu-His-Trp-Ser-Tyr-Gly-Leu-
Arg-Pro-Gly-NH, that secretes from the hypothalamus.
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LHRH can bind specifically to Luteinizing Hormone
Releasing Hormone Receptor (LHRH-R) at the surface
of gonadotropin cells in the pituitary gland and stimulate
the synthesis and release of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) (13).

Some tumors express LHRH receptors on their surfaces,
like breast, ovary, prostate (14, 15). Therefore, the presence
of specific sites for the binding of LHRHs on the membrane
of cancer cells provides the conditions for the binding
of LHRH as well as its analogues, which also have a high
affinity for these cells (16). On the other hand, due to the
limited expression of these receptors in normal tissues, it
can be used for targeted drug delivery, such as an imaging
agent or therapy for LHRH-R* tumors (containing hormone
receptors). In some cases, LHRH antibodies or peptides that
bind to LHRH-R are used to deliver contrast agents in various
imaging modalities such as ultrasound, MRI, PET, and
SPECT to the expressing LHRH-R cells (17). Triptorelin is a
deca peptide with the pGlu-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-
Pro-Gly-NH, sequence that has a molecular weight of 1311.4
g/mol (13, 18). Receptors are detected by these hormonal
peptides, so they can be internalized after binding to their
ligands (19). In this study, we synthesized and evaluated the
cytocompatibility of the multifunctional Triptorelin peptide
conjugated bismuth nanoparticles (Bi2S3@ BSA-Triptorelin
NPs). Furthermore, the synthesis of Bi2S3 @ BSA with and
without targeting molecule (Triptorelin) was measured for
molecular CT technique at various concentrations NPs, and
X-ray tube voltages.

Material and Method

This study was approved by the Ethical Research
Commitee of Mashhad University of Medical Sciences
(IR.MUMS.MEDICAL.REC.1398.557).

Preparation of Bi2S3 @ BSA nanoparticles

Briefly, under stirring, aqueous Bi (NO,)3 (248592, Sigma
Aldrich, USA) (2.8 mL in 3 M HNO, solution (438073,
Sigma Aldrich, USA), 25 mM, 25°C) was added into the BSA
solution (40 mL, 66 mg/mL) (810533, Sigma Aldrich, USA)
at 25°C temperature. Adding bismuth solution should not take
more than 2 minutes. Then, add 6 ml of sodium hydroxide
solution (5 M) (S8045, Sigma Aldrich, USA) at once to the
above solution. Eventually the color of the solution starts to
modify from yellow to brown, and after that to dark black for
10 minutes. The mixture was set aside for another 12 hours
to complete the reaction without rotation. All synthesis steps
were performed at room temperature. Finally, the product was
centrifuged at 12,000 rpm for 15 minutes, reaching a volume
of 2.5 cc, and finally dialyzed for 48 hours (20).

Binding of Triptorelin peptide to nanoparticles

1 ml of the above final product was magnetically
stirred to a pH of 6.5, then 0.5 mg of peptide was added,
and finally 0.15 mg of N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC) (8.51007, Sigma-
Aldrich, USA) and 0.09 mg of the N-Hydroxysuccinimide
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(NHS) (130672, Sigma-Aldrich, USA) was added. The
reaction was stirred for 1 hour at room temperature. The
final product was dialyzed for 24 hours in refrigerator to
obtain Bi2S3@BSA-Triptorelin NPs.

Characterization techniques

Morphology and size distribution of nanoparticles
were evaluated using transmission electron microscope
(TEM) (Gatan model 791, Philips CM 12, Poland) and
image J, respectively. X-ray Diffraction (XRD) patterns
of dried nanoparticle powders were analyzed through
the GNR EXPLORER (XRD) X-ray diffraction gauge
with a wavelength of 1.54 A K, lines. Fourier Transform
Infrared (FTIR) spectra were evaluated using an infrared
spectrometer Red (AVATAR 370, Thermo Nicolet AVATAR
370 FTIR, USA). The surface charge of nanoparticles and
the hydrodynamic size of nanoparticles were measured by a
device (SZ100, HORIBA, Japan). The contents of bismuth
in the samples were measured using Inductively Coupled
Plasma - Optical Emission Spectrometry (ICP-OES)
(VISTA-MPX, Varian Inc., USA).

Stability of Bi2S3@BSA-Triptorelin NPs

The stability of Bi2S3@BSA-Triptorelin NPs was
evaluated using DLS analysis. 100 pl of Bi2S3@
BSA-Triptorelin NPs was added to 500 pl of 10% FBS
(16000044, GIBCO, USA) culture medium. After 24
hours, the hydrodynamic size of nanoparticles was
assessed from the obtained solution. The result was
compared with the hydrodynamic size obtained from the
DLS test of Bi2S3@BSA-Triptorelin nanoparticles.

X-ray attenuation measurements of Bi2S3@BSA-
Triptorelin NPs versus Visipaque

The X-ray attenuation intensity of Bi2S3 @ BSA
Triptorelin NPs was compared with CT contrast agent based
on iodine Visipaque (320 mg/ml), (544031, GE Healthcare,
Ireland). Different concentrations (500-3000 pg/ml) of the
mentioned materials were prepared in the 200 ul microtubes
and placed in a polymethylmethacrylate (PMMA) phantom
(Iran). CT imaging was performed through clinical CT
modality (Neusoft) with the parameters of: 1. tube voltages:
90, 120, and 140 kVp, 2. tube current: 250 mA, 3. exposure
time: 1000 milliseconds, 5. thickness cutting: 1 mm, 6.
Scanning Field of View (SFOV): 250%250 mm, 7. pitch: 1.
The attenuation intensity was done in the region of interest
(ROI) of the acquired images.

Cell culture

Human breast cancer cells (MCF-7) were cultured
in RPMI 1640 medium (51800-035., GIBCO, USA)
with 10% FBS and 1% penicillin-streptomycin
(P4333, Sigma Aldrich, USA). The MCF-7 cells
were incubated in 37°C, 5% CO, for 24 hours.

Cytotoxicity test
MTT method was used to estimate the cytotoxicity



of Bi2S3 @ BSA-Triptorelin and Bi2S3 @ BSA NPs at
concentrations of 0-200 pg/ml ranges. Subsequently, 10*
MCF-7 cells per well were seeded for 24 hours incubation
under 37°C and 5% CO, Then, the each wells medium was
replaced with fresh medium of Bi2S3 @ BSA-Triptorelin
and Bi2S3 @ BSA with various concentrations from 0-200
pg/ml of nanoparticles. After 24 hours, an appropriate
concentration of MTT solution (10 pl of MTT solution
per 100 pl) was added to each sample and incubated for
4 hours. Then the medium was removed attentively and
added 100 pl of dimethyl sulfoxide (DMSO, D2650,
Sigma Aldrich, USA). The absorbance of each well was
measured through a microplate absorbance reader (Stat
Fax 2300, USA) at 570 nm.

In vitro CT imaging of MCF-7 cancer cells

MCF-7 cells were seeded in the 6-well plates with a
density of 5x10° cells per each well. After that, MCF7
cells were incubated with Bi2S3 @ BSA Triptorelin
and Bi2S3 @ BSA NPs at a concentration of 0-75 ug/
ml range. The cells were washed 3 times with PBS and
then trypsinized. The trypsinized cells were centrifuged
and the cell suspension supernatant was removed from the
cell plague. The remaining cells plague was transferred to
200 pl microtubes and 0.4% agarose gel solution (A9539,
Sigma Aldrich, USA) was added on the cell plate to fix
the cells. The microtubes were placed in phantom cavities
for imaging. The CT values (HU) were caught at the
similar workstation through software provided through
the manufacturer. The contrast-to-noise ratio (CNR)
was obtained using the Hounsfield unit (HU), which is
recorded by an analysis that draws a ROI on the chosen
image. The CNR was measured as equation (1).

Equation (1): CNR=(x4-x,,)/0

Among them, X, and X, are the signal intensities
derived in two different structures of interest in the same
image. At the same time, G is the standard deviation of
the background noise in the image. The workflow of this
study is illustrated in Figure 1.

Fig.1: Work flow of this study.

Mohammadi et al.

Statistical analysis

Statistical analysis was done using SPSS software
version 22 (IBM, USA). A one-way analysis of variance
(ANOVA) was done to evaluate the statistically significant
differences between the means of groups and the P<0.05
was assumed statistically significant.

Results
Synthesis and characterization of nanoparticles

Solutions of Bi2S3 @ BSA and Bi2S3 @ BSA-Triptorelin
NPs were synthesized using the protocols described above.
The size and morphology of the formed Bi2S3 @ BSA-
Triptorelin NPs were determined using TEM (Fig.2).

Fig.2: Characterization of targeted Bismuth nanoparticles. A. Transmission
electron microscope (TEM) image (scale bar: 50 nm) and B. Size
distributions of Bi2S3 @ BSA-Triptorelin NPs. NPs; Nanoparticles.

It may be noted that the formed Bi2S3 @ BSA-Triptorelin
NPs have a circular shape with an average size of 8.6 = 1.6
nm. The hydrodynamic size of Bi2S3 @ BSA and Bi2S3
@ BSA-Triptorelin NPs were measured by DLS at 14.8 nm
and 17.1 nm, respectively (Fig.S1A, B, See Supplementary
Online Information at www.celljournal.org). Furthermore,
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the hydrodynamic size of Bi2S3@BSA-Triptorelin NPS
showed good stability in the culture medium. It was 17.2 £ 1.1
nm after 24 hours incubation (Fig.S1C, See Supplementary
Online Information at www.celljournal.org).

We observed that the surface potential of Bi2S3 @
BSA and Bi2S3 @ BSA-Triptorelin NPs were -77.8 mV
and -84.7 mV, respectively (Fig.S2, See Supplementary
Online Information at www.celljournal.org).

The Triptorelin binding to the bismuth sulfide nanoparticles
was confirmed by comparing the FTIR spectra of Bi2S3 @
BSA-Triptorelin with Bi2S3 @ BSA NPs. As shown in the
Figure 3, the formation of 1651 and 1576 peaks related to
the Amide and Primary Amine bonds in the FTIR spectrum
of non-peptide bismuth nanoparticles that indicates the BSA
presence on the nanoparticles. On the other hand, the removal
of the thiol peak of region 2360 is due to the complex formation
of bismuth and thiol, which leads to the bismuth bonding with
a sulfur that results in a sulfide bond. Also, 670 peak can be
related to bismuth sulfide bond. The 3412 peak is related to
N-H and O-H stretching vibration. Also, 2921 and 2847 peaks
relate to the C-H stretching vibration. The FTIR spectrum
of peptide nanoparticles shows that the peptide binds to the
nanoparticle surface via an amide bond, which together with
BSA-related amides appeared on the nanoparticle surface
in 1651 peak. On the other hand, the presence of 702 peak
indicates the bond of aromatic C-H, which is related to the
aromatic ring of the Triptorelin peptide compound.

Fig.3: FTIR spectra of Bi2S3 @ BSA and Bi2S3 @ BSA-Triptorelin NPs;
Nanoparticles.

The crystallographic structure of the synthesized
nanoparticles was investigated by the XRD in the range of
80°-20°. For this purpose, the powder sample was tested.
By adapting the diffraction pattern shown in the figure
with the reference codes related to the crystal structures of
different materials, it can be seen that this pattern is related
to the Bi2S3 crystal structure with the reference code JCPDS
No. 96-900-3474. The nanoparticles have an Orthorhombic
crystal system with lattice constants a=11.345 A, b=3.994 A,
c=11.193 (Fig.S3, See Supplementary Online Information at
www.celljournal.org).
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X-ray attenuation measurements of Bi2S3@BSA-
Triptorelin nanoparticles versus Visipaque

X-ray attenuation properties of Bi2S3 (@ BSA-Triptorelin
were compared with an iodine-based small molecule contrast
media (Visipaque) as a contrast media concentration function
(iodine or bismuth) and X-ray tube potentials difference
(Fig.4). As represented in Figure 4, the attenuation intensity
of targeted NPs, and Visipaque are increased follow of
materials concentration increasing at the different kVp. The
X-ray attenuation of targeted nanoparticles versus Visipaque
was 3.57 times at 90 kVp and 3000 pg/ml concentration.

Fig.4: CT images and X-ray attenuations intensity of targeted Bismuth NPs and
Visipaque at different concentrations and tube potentials. A. CT images of
Bi2S3 @ BSA-Triptorelin NPs (a) and Visipaque (b) at different concentrations
(a; 3000 (ug/ml), b; 2000 (ug/ml), c; 1000 (ug/ml), d; 500 (ug/ml), e; Deionized
water) and tube voltages. B. Diagram of Attenuation X-ray intensity (HU) of
Bi2S3 @ BSA-Triptorelin NPs and Visipaque at different tube potentials and
concentrations. CT; Computed Tomography and NPs; Nanoparticles.

Cytocompatibility assays

We performed the MTT assay to evaluate the toxicity
of Bi2S3 @ BSA-Triptorelin and Bi2S3 @ BSA
nanoparticles in the MCF-7 cell line. Survival of the
cells was measured at two groups of nanoparticles and a
wide range of concentrations (0 to 200 pg/ml). The cell
survival was decreased with increasing concentration
in the both groups of bismuth nanoparticles (Fig.
S4, See Supplementary Online Information at www.
celljournal.org). Cytotoxicity was not significant in the
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group of peptide-targeted nanoparticles and non-target
nanoparticles up to 75 and 150 pg/ml, respectively,
compared with the control group (P>0.05).

Targeted CT imaging of MCF-7 cells in vitro

In the next step, we investigated the possibility of using
Bi2S3 @ BSA-Triptorelin for targeted cells imaging. Figure
5A shows an axial image of CT images of MCF-7 cells
with bismuth nanoparticles with and without Triptorelin in
different concentrations and kilo voltages (5). As shown in
Figure 5B, at 90 kVp and 75 pg/ml, the X-ray attenuation
intensity of cells in the presence of targeted nanoparticles is
1.4 times greater than cells in the presence of non-targeted
nanoparticles.

A

Fig.5: CT images and X-ray attenuation intensity of targeted and
non-targeted bismuth nanoparticles at different concentrations and
X-ray tube potential. A. Axial CT images of MCF-7 cells incubated
with (a) Bi2S3@BSA and (b) Bi2S3@BSA-Triptorelin NPs at different
concentrations [a; 25 (ug/ml), b; 50 (ug/ml), c; 75 (ug/ml), d; MCF-
7 cells without presence of NPs]. B. Diagram of X-ray Attenuation
intensity (HU) of Bi2S3@BSA and Bi2S3 @ BSA-Triptorelin NPs at
different tube potentials and concentrations. C. Diagram of X-ray
attenuation intensity of MCF-7 cells without NPs at different tube
potentials. CT; Computed Tomography and NPs; Nanoparticles.
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Investigation of contrast-to-noise ratio of nanoparticle-
treated cells

Based on mentioned equation (1), the CNR of cells in
the presence of targeted and non-targeted nanoparticles
was calculated. The sample without the nanoparticles was
considered as the background. At the different voltages,
the amount of CNR was obtained according to the amount
of attenuation and noise of cell images. The results are
summed up in the Figure 6. The results show that the
targeted bismuth nanoparticles have greater CNR versus
the non-target nanoparticles at the same voltages and
concentrations. At 90 kVp and 75 pg/ml concentration,
the CNR value showed a 45 unit difference between
targeted and non-target nanoparticles. The CNR value
was decreased by increasing the tube potential and
decreasing the concentration. At 90 kVp and 75 pg/ml,
the CNR value of targeted cells is 1.4 times rather than
non-targeted cells.

Fig.6: CNR obtained from CT images of cancer cells in the presence
of targeted and non-targeted NPs. CNR; Contrast to Noise Ratio, CT;
Computed Tomography, and NPs; Nanoparticles.

Discussion

The brightness of CT images and X-ray attenuation
intensity were increased with increasing concentration of
Bi2S3 @ BSA-Triptorelin NPs and iodine contrast agent.
However, the CT values of Bi2S3 @ BSA-Triptorelin NPs
was greater than Visipaque with the same concentration.
For example, the X-ray attenuation of Bi2S3 @ BSA-
Triptorelin was approximately 3.57 times greater than
Visipaque at the concentration of 3000 pg/ml and 90
kVp. At 90 keV to 130 keV photon energy range, mass
attenuation coefficient of bismuth is higher than Visipaque
(22). Bi2S3 @ BSA has a greater attenuation intensity
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coefficient than the low molecular weight iodine because
of its much greater electron density and atomic number
(1.69x10% e/m® and 83) than those of iodine (2.34x10% e/
m?® and 53), respectively.

We showed that the formed Bi2S3@ BSA-Triptorelin
NPs with a Bi core size of ~8.6 nm are nontoxic in a
certain concentration. It should be noted that the employee
of Bi2S3 @ BSA-Triptorelin NPs as a contrast medium in
a lower concentration and lower side effects has a good
potential in the imaging. Ahamed et al. (23) calculated the
toxicity of non-targeted Bi2O3 nanoparticles in the MCF-
7 cell line. They showed a significant cytotoxicity at the
50 pg/ml concentration. However, at the concentrations
above 50 pg/ml, their results indicated more cytotoxicity
than our study. Dong et al. (24) evaluated the cytotoxicity
of Bi2S3 @ BSA-FA nanoparticles at the concentration of
400 pg/ml on 4T1 cell line. Their results did not show any
significant cytotoxicity. In our study, the cytotoxicity of
Bi2S3 @ BSA-Triptorelin and Bi2S3 @ BSA NPs was not
significant, up to 75 pg/ml and 150 pg/ml, respectively.

Based on several studies, the cytotoxicity of
nanoparticles depends on many factors such as cell
line type, nanoparticle type, coating, target agents of
nanoparticles, and incubation time. Obviously, based on
X-ray attenuation intensity, greater concentration leads
to greater cellular uptake of both NPs. The CT values of
targeted and non-targeted NPs in the MCF-7 cells were
much higher than untreated control cells and there was
a good statistically significant difference. The highest
amount of HU value was related to the targeted bismuth
nanoparticles at 90 kVp X-ray tube potential and the
concentration of 75 pug/ml. At the same concentration and
X-ray tube potential, the HU value of targeted nanoparticles
was 1.4 and 398 times greater than the HU value of non-
targeted bismuth nanoparticles and the cells without the
presence of nanoparticles (control), respectively. Higher
CT values of Bi2S3 @ BSA-Triptorelin compared to
Bi2S3 @ BSA can be attributed to the targeting of
nanoparticles by the Triptorelin peptide and their greater
cell uptake via enhancement of internalization of Bi2S3@
BSA-Triptorelin NPs through GnRH receptors in the
MCEF-7 cells. In the X-ray imaging, this is hard to visually
distinguish the brightness of cancer cells incubated with
various concentrations of nanoparticles.

New CTs have a strength of 4096 tons of gray, which
produces various densities in HU. But, the human eye
cannot detect higher than 20 tons of gray in a CT image.
Thus, a CT value is a smaller value representing the actual
attenuation of an object’s X-rays (HU), which is safer,
more specific, and more accurate than an image. The CNR
value or CT contrast enhancement of Bi2S3 @ BSA-
Triptorelin was significantly higher than cells treated with
non-target nanoparticles at the same concentration and
tube potential. The results of CT contrast enhancement
were related to the X-ray CT attenuation of the contrast
media. The CNR value increased by increasing the
concentrations of Bi, because of more atoms are existed
for interaction at higher concentrations. The CNR value of
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Bi2S3 @ BSA-Triptorelin and Bi2S3 @ BSA NPs were
decreased by increasing X-ray tube potential range from
90 to 140 kVp. It was in agreement with Algethami et
al. (25) study. Our findings propose that Bi2S3 @ BSA-
Triptorelin can be targeted MCF-7 cells for particular
X-ray imaging utilizations.

Conclusion

We have provided an easy way to synthesize Bi2S3 @
BSA-Triptorelin for the targeted CT imaging. Our results
indicated targeted NPs have a greater X-ray attenuation
than non-targeted cells at the same concentration.
Furthermore, targeted and non-targeted cells have a
higher attenuation intensity rather than iodine contrast
media (Visipaque). Our findings revealed that the
attenuation intensity and CNR highly depend on the
bismuth concentration and the tube potentials. Our
findings indicated the Bi2S3 @ BSATriptorelin NPs can
be applied as a contrast agent for molecular CT of breast
cancer. In the future studies, the targeted NPs can be
assessed in radiotherapy and in vivo study.
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Abstract
Objective: lonizing radiation (IR) is one of the major therapeutic approaches in the non-small cell lung cancer (NSCLC);
however, it can paradoxically result in cancer progression likely through promoting epithelial-mesenchymal transition
(EMT) and the cancer stem cell phenotype. Therefore, we aimed to determine whether IR promote EMT/CSC and to
investigate the clinical relevance of EMT/CSC hallmark genes.

Materials and Methods: In this experimental and bioinformatic study, A549 cell line was irradiated with a high dosage
(6 Gy) or a fractionated regimen (2 Gy/day for 15 fractions). The EMT-related features, including cellular morphology,
migratory and invasive capacities were evaluated using scratch assay and transwell migration/invasion assays. The
MRNA levels of EMT-related genes (CDH1, CDH2, SNAI1 and TWIST1), stemness-related markers (CD44, PROM1,
and ALDH1A1) and the CDH2/CDHL1 ratio were evaluated via real-time polymerase chain reaction (PCR). The clinical
significance of these genes was assessed in the lung adenocarcinoma (LUAD) samples using online databases.

Results: Irradiation resulted in a dramatic elongation of cell shape and enhanced invasion and migration capabilities. These
EMT-like alterations were accompanied with enhanced levels of SNAI1, CDH2, TWIST1, CD44, PROM1, and ALDH1A1 as
well as an enhanced CDH2/CDH1 ratio. TCGA analysis revealed that, TWIST1, CDH1, PROM1 and CDH2 were upregulated;
whereas, CD44, SNAI1 and ALDH1A1 were downregulated. Additionally, correlations between SNAI1-TWIST1, CDH2-
TWIST1, CDH2-SNAI1, and ALDH1A1-PROML1 was positive. Kaplan-Meier survival analysis identified lower expression of
CDH1, PROM1 and ALDH1A1 and increased expression of CDH2, SNAI1, and TWIST1 as well as CDH2/CDHL1 ratio predict
overall survival. Additionally, downregulation of ALDH1A1 and upregulation of CDH2, SNAI1 and TWIST1 could predict a
shorter first progression.

Conclusion: Altogether, these findings demonstrated that IR promotes EMT phenotype and stem cell markers in A549

cell line and these genes could function as diagnostic or prognostic indicators in LUAD samples.
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Introduction

Lung cancer is one of the most common cancers
worldwide that leads to the highest number of cancer
mortality. Lung cancer accounts for one-quarter of all
cancer deaths (1). Non-small-cell lung cancer (NSCLC)
is regarded as the main type of lung cancer, 85% of cases
(2). In spite of the improvement in the survival rate of
most cancers, the 5-year survival rate is 5% of lung
cancer cases with distant stage disease (1). This low rate
of survival could be due to intrinsic or acquired resistance
to treatments, including radiotherapy and chemotherapy.
Thus, it is necessary to define the molecular mechanism
of such resistance and also, exploit potential agents to
improve the lung cancer patient survival.

Ionizing radiation (IR), is classified as a main treatment
strategy for patients with lung cancer. Various efforts
such as dose escalation and altered fractionation have
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been done to improve the outcome (3). However, the
results are inconclusive owing to various obstacles such
as radioresistance. Emerging results demonstrated that
epithelial-mesenchymal transition (EMT) can lead to
the development of therapy resistance in lung cancer
(4-6). EMT is a fundamental program that contributes
to physiological events including embryogenesis and
wound healing or human pathology including fibrosis
and tumorigenic process. During EMT, an epithelial cell
loses its traits such as epithelial junction and instead
develops mesenchymal features including elongation of
cytoplasm and nucleus, enhanced motility and invasive
capacities. Moreover, EMT phenotype that contributes to
the migration and invasion of tumor cells, also promotes
the tumor cell dissemination from a primary site to
secondary distant sites, and overrides chemotherapy- or
radiotherapy-induced apoptosis (7). These changes are



regulated by EMT-core transcriptional factors which
include SNAIL, TWIST, and zinc-finger E-box-binding
(ZEB) families (8). For example, SNAIL and TWIST1
suppress the expression of genes linked to the epithelial
phenotype such as CDH1 (encoding E-cadherin) and
concurrently promote the expression of genes linked to
the mesenchymal phenotype such as CDH2 (encoding
N-cadherin). Moreover, the activation of EMT enables
tumor cells to acquire stem-like properties, termed cancer
stem cell (CSC) state. Enforced expression of EMT-master
transcription factors such as SNAIL or TWIST in the
epithelial cells induces the CSC phenotype development
linking EMT phenotype with CSC state. These CSC
subpopulations are defined using cell-surface markers
such as CD44 and CD133 or via functional regulator of
stemness such as ALDH (7).

Studies indicated that IR can lead to the EMT phenotype
in the NSCLC cell lines (5, 6). Also, the induced changes
were linked with enhanced radioresistance (5). A study
showed that dose escalation might improve the survival
rate of patients (9); while another report indicated that
dose escalation not only did not improve the survival rate
but also could likely be harmful (3).

A recent study documented that fractionation of
irradiation (5 or 10 fractions of 2 Gy given one fraction
per day) could induce EMT phenotype in the A549
human NSCLC cell line but not in the HT-29 human
colorectal adenocarcinoma cell line (6). Induction of
EMT phenotype that is recently envisioned to be the main
cause of radioresistance might be impaired using higher
dose or higher fractions of IR. In this study, we aimed
to determine whether a higher dose or higher fractions
of IR could induce EMT phenotype. Furthermore, the
clinical significance of EMT and CSC-related genes was
identified.

Materials and Methods
Cell culture

In this experimental and bioinformatic study, the human
NSCLC cell line, A549, was obtained from National
Cell Bank of Iran (NCBI). The cells were maintained
in the Dulbecco’s modified eagle’s medium (DMEM,
Gibco, Grand Island, NY, USA). The culture medium
was completed via 10% (v/v) fetal bovine serum (FBS,
Gibco, Grand Island, NY, USA), and 1% (v/v) penicillin/
streptomycin. The cultured cells were incubated at 37°C in
a humidified 5% CO, environment. The present study was
conducted with the approval of the Ethical Committee of
the Baqiyatallah University of Medical Sciences, Tehran,
Iran (IR.BMSU.REC.1399.414).

Irradiation

The A549 cell line was cultured in T25 flasks (Cat. No.
70025, SPL Life Sciences, Pocheon, South Korea). Once
the cultured cells were more than 50-60% confluent, the

cells were irradiated via a Varian linear accelerator (Varian
Medical Systems, Palo Alto, CA, USA) with 6 MV energy
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and at a 2 Gy per min dose rate. The irradiation was
performed with either a high dose of 6 Gy or a fractionated
regimen consisting of a 2 Gy per fraction (five times/
week) for 15 fractions (15 FR). Different analyses were
carried out after 24 hours after the last irradiation.

Wound healing assay

Immediately, after the final irradiation, the cells were
washed 3 times with phosphate buffered saline (PBS,
Cat. No. BI-1401, Bioidea, Tehran, Iran) and digested by
trypsin. Thereafter, the trypsin- digested cells were washed
using PBS and resuspended in the complete medium.
A sufficient number of cells (=5x10°%) were cultured
into 6-well plates (Cat. No. 30006, SPL Life Sciences,
Pocheon, South Korea) and allowed to adhere for 24 hours
and reach confluency. The control (non-irradiated) cells
were treated identically to the irradiated cells. The cell
monolayer was scratched in a straight line via a sterile 200
uL pipette tip. To remove cell debris, the cells were washed
with DMEM. Culture medium (DMEM) supplemented
with 1% FBS was added and incubated in a 5% CO,
environment at 37°C. This FBS percentage was used to
minimize the effect of cell proliferation on the assessment
of migration. The wounded areas were captured through a
microscope with 10x magnification at 0, 18, and 36 hours
after wounding. The images were analyzed using ImageJ
MRI-Wound-Healing-Tool (National Institutes of Health,
Bethesda, Maryland, USA).

Transwell migration and invasion assays

The migratory capacity of irradiated and control cells
was determined via transwell migration assay using
24-well transwell inserts (Cat. No. 35224, SPL Life
Sciences, Pocheon, South Korea). The cells were seeded
in the serum-free medium on the upper side of the porous
membrane (8 pum pore size) of transwell insert. The
transwell insert was placed in the lower well that was
filled with 650 pL complete medium and incubated for
24 hours at 37°C in a 5% CO, environment. The non-
migrated cells were removed using a cotton swab, and
the migrated cells were fixed and stained with methanol
and crystal violet, respectively. The migrated cells were
counted with ImageJ. Migration of cells was expressed as
a relative migration which is calculated by percentage of
a number of the migrated irradiated cells to the migrated
control cells.

The invasive capacity of irradiated and control cells was
evaluated via transwell invasion assay, which is carried out
like transwell migration assay. Unlike transwell migration
assay, the porous membrane must be pre-coated with
matrigel (BD Biosciences, San Jose, CA, USA) in this
assay. The invasion capability of the cells was expressed
as relative invasion which is defined as percentage of
invasion of the irradiated cells to invasion of control cells.

Real-time polymerase chain reaction
The mRNA levels of EMT and CSC markers were
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evaluated via Quantitative real-time polymerase chain
reaction (PCR). To this end, the total RNA extraction
was carried out via RNeasy Plus-Mini Kit (Qiagen,
Hilden, Germany). ¢cDNA synthesis from 1 pg of
the extracted-RNA from each treatment group was
performed using QuantiTect Reverse Transcription
Kit (Qiagen, Hilden, Germany). The real time qPCR
analysis was set up via the QuantiNova SYBR Green
PCR Kit (Qiagen, Hilden, Germany) and carried out in
a LightCycler 96 System (Roche, Basel, Switzerland).
The primer sequences were listed in a previous study
(6). The primers with their melting temperatures (Tm),
the accession number of the targeted refseq mRNA
and length of the amplicon were provided in the Table
S1 (See Supplementary Online Information at www.
celljournal.org). The relative quantitation of gene
expression was measured via the comparative CT
(AACT) method and normalized to the HPRT gene. The
Y- axis was represented as Log2 -transformed values.

Transcriptional expression and survival analysis using
web tools

The relative expression of deregulated genes in
human lung adenocarcinoma (LUAD) compared to
normal samples was evaluated in The Cancer Genome
Atlas (TCGA, http://cancergenome.nih.gov) using
UALCAN (http://ualcan.path.uab.edu/) web tool. It
should be noted that between the two predominant
NSCLC histological phenotypes including
adenocarcinoma and squamous cell carcinoma, we
chose the adenocarcinoma because of our cell line.
The analysis was carried out on 515 primary tumors
of LUAD and 59 normal samples from TCGA. The
expression of the gene of interest is provided as
transcripts per million via Box and whisker plot.
Moreover, the T-test was done via a PERL script with
Comprehensive Perl Archive Network (CPAN) module
“Statistics::TTest” (http://search.cpan.org/~yunfang/
Statistics-TTest-1.1.0/TTest.pm) in order to evaluate
the significance of difference in mRNA levels between
primary tumors of LUAD and normal samples from
TCGA (10). Additionally, the correlation among
genes was evaluated in the LUAD samples from
TCGA database using the gene expression profiling
interactive analysis (GEPIA, http://gepia.cancer-pku.
cn/) (11). The correlation coefficients (R value) were
interpreted as follows: 0.00-0.1 indicates a negligible
relationship; 0.1-0.39 indicates a weak relationship;
0.4-0.69 indicates a moderate relationship; 0.7-0.89
indicates a strong relationship; 0.9-1 indicates a very
strong relationship (12).

The prognostic significance of the genes of interest in
the human LUAD was evaluated using an online Kaplan-
OMeier plotter (www.kmplot.com) which includes the
microarray gene expression data and clinical survival data
from the Cancer Biomedical Informatics Grid (caBIG,
http://cabig.cancer.gov), the Gene Expression Omnibus
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(GEO, https://www.ncbi.nlm.nih.gov/geo/) and TCGA
databases (13). According to the median value, the cases
were classified into two risk groups, i.e. patient groups
with higher or lower expression level of the gene of
interest. The influence of differential gene expression on
the overall survival (OS) and the first progression (FP)
were determined via Kaplan-Meier curves. Of note,
mean expression of the selected gene-probe sets was
used when the prognostic value of metagene signatures
was evaluated. Kaplan-Meier curves were provided with
Hazard ratio (HR) and its 95% confidence intervals as well
as log-rank P values. Moreover, P<0.05 were regarded to
be statistically significant.

Statistical analysis

The statistical analysis was done via SPSS v.24.0
(SPSS, Inc., Chicago, IL). The Kolmogorov-Smirnov
test was performed to evaluate whether the data was
normally distributed. Mean differences between two
groups were evaluated using the Independent t test,
while, in the case of more than two groups, one-way
analysis of variance (ANOVA) was carried out. A
P<0.05 was regarded statistically significant. The data
were shown as mean = SD.

Results
lonizing radiation changes cellular morphology

A previous study demonstrated that 2 Gy/day of
fractionated radiotherapy for 5 or 10 days could
promote EMT phenotype in the AS549 cells (6);
therefore, we aimed to evaluate whether higher
fractions (15 fractions) or higher dose of IR could still
induce EMT in the A549 cells (Fig.1A). As shown
in Figure 1B, the morphology of irradiated A549
cells was significantly different in comparison with
the control cells that did not receive any irradiation.
Irradiation either fractionated (15FR) or high dose
(6 Gy) resulted in a dramatic elongation of cellular
shape and formation of membrane protrusions. These
changes, which are characteristics of mesenchymal-
like phenotype indicated that IR could promote EMT
phenotype in A549 cell line.

lonizing radiation enhances cell motility

Previous studies linked IR with enhanced cell motility.
Based on the available data and morphological changes
displayed above, we hypothesized that higher dose or
higher fractions of IR could enhance cell motility. To
evaluate this, we carried out a wound healing assay in
which a wound was made in a confluent monolayer of
control and irradiated cells (Fig.1C). As seen in Figure
1D, irradiated cells were able to refill the wounded
area significantly faster than the control cells.

For A549-15 FR and A549-6 Gy cells, wound closure
was 92.71% and 77.04% of the initial size after 36 hours,
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respectively; whereas, for the control cells (no irradiation),
wound closure was only 41.80% of the wounded area
after 36 hours. This data indicated that irradiated cells had
a higher motility than the control cells.

Fig.1: lonizing radiation (IR) leads to morphological changes and enhanced
migratory capacity of A549 cell line. A. Schematic representation of
the cell line irradiation schedule. The A549 cells were irradiated with
either a fractionated regimen comprising a 2 Gy fraction each day for 15
fractions (15 FR) or a single high dose of 6 Gy. B. Representative images of
morphological alterations mediated by IR. C. Representative bright-field
images showed that the scratches were enclosed faster in the irradiated
cells. D. The motility of irradiated cells was statistically enhanced in
comparison with the non-irradiated cells (****; P<0.001). The data were
expressed as mean + SD.

lonizing radiation induces the migratory and invasive
behaviors

EMT is featured with enhanced migratory and
invasive capabilities (7). To further determine whether
irradiated cells undergo EMT, we performed serum-
promoted migration and invasion assays via transwell
inserts. As represented in Figure 2A and B, A549-15
FR and A549-6 Gy cells migrated 46.67% (P=0.001)
and 41.72%, respectively (P=0.004) that were migrated
more than the non-irradiated cells through porous
membrane. Moreover, the irradiated cells, A549-15
FR and A549-6 Gy, invaded 64.78% (P<0.001) and
45.18% (P=0.009) more than the parental cells through
matrigel-coated membrane, respectively (Fig.2A).
These results demonstrated that either higher fractions
or higher dose of IR increased the migratory and
invasive behaviors of the A549 cell line.

lonizing radiation regulates EMT markers

To explore whether irradiation regulates the
molecular changes consistent with EMT and CSC
states, we performed RT-qPCR for several classic EMT/
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CSC marker genes. CDH1, an epithelial state marker,
was not significantly downregulated in the A549-15
FR (P=0.665) and the A549-6 Gy (P=0.364); while,
CDH2, the mesenchymal marker, was significantly
upregulated in the A549-15 FR (P=0.024) and the
A549-6 Gy (P<0.001, Fig.3A). The process of reduced
expression of E-CADHERIN and increased expression
of N-CADHERIN is referred to as ‘Cadherin switch’
which is considered as the EMT hallmark. We measured
CDH2 over CDH1 ratio which could be an indicator of
cadherin switch. This ratio in the A549-15 FR and the
A549-6 Gy were approximately 10.59 (P<0.001) and
8.48 (P<0.001) folds higher, respectively, than in the
control cells (Fig.3B), emphasizing the induction of
EMT phenotype in the irradiated cells. Moreover, EMT
related markers including SNAI1 (A549-15 FR, A549-
6 Gy, P<0.001) and TWIST1 (A549-15 FR, P=0.036,
A549-6 Gy, P<0.001) and CSC markers including
CD44 (A549-15 FR, A549-6 Gy, P<0.001), PROM1
(A549-15 FR, A549-6 Gy, P<0.001) and ALDH1Al
(A549-15 FR, P=0.036, A549-6 Gy, P<0.001) were
significantly upregulated in irradiated cells.

Fig.2: lonizing Radiation (IR) increased the migratory and invasive
capacities of A549 cell line. A. Microscopic images of migrated cells (on
the left) and the analysis (on the right) showed the relative migration
of A549-15 FR cells (*; P=0.001) and A549-6 Gy cells (**; P=0.004) was
statistically more than that of non-irradiated cells. B. Microscopic images
of migrated cells (on the left) and the analysis (on the right) showed the
relative invasion of A549-15 FR cells (***; P<0.001) and A549-6 Gy cells
(****; P=0.009) was statistically increased in comparison with the non-
irradiated cells.

Transcriptional expression of deregulated genes in
human LUAD

To further assess the clinical significance of our
data, we analyzed the correlation of expression of
EMT related genes with clinically relevant parameters.
Using TCGA database, we first assessed the expression
level of these genes in the human LUAD tumor
tissues and compared with the normal non-cancerous
tissues. Our analyses indicated that the expression
of all seven genes was significantly altered in the
tumor samples in comparison with the normal tissues
(P<0.05). Consistent with their enhanced expression
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in the irradiated A549 cells, CDH2 (P<0.001), PROM1
(P<0.001) and TWIST1 (P<0.001) were statistically
upregulated in the LUAD samples in comparison with
the normal samples; while unlike cell line data, CDH1
(P<0.001) was significantly upregulated and CD44
(P<0.001), SNAI1 (P=0.03), and ALDH1A1 (P<0.001)
were significantly downregulated in the tumor tissues
(Fig.4A-G).

Fig.3: lonizing radiation (IR) deregulated the expression of EMT related
genes. A. The expression levels of CDH2 (A549-15 FR: P=0.024, A549-6 Gy:
P<0.001), CD44 (A549-15 FR, A549-6 Gy: P<0.001), PROM1 (A549-15 FR,
A549-6 Gy: P<0.001), SNA/1 (A549-15 FR, A549-6 Gy: P<0.001), TWIST1
(A549-15 FR: P=0.036, A549-6 Gy: P<0.001) and ALDH1A1 (A549-15 FR:
P=0.036, A549-6 Gy: P<0.001) were significantly enhanced in the irradiated
cells. B. The CDH2 over CDH1 ratio is enhanced (A549-15 FR, A549-6 Gy:
P<0.001) in the irradiated cells in comparison with the non-irradiated cells.
EMT; Epithelial-mesenchymal transition, *; P<0.05; and **; P<0.001.

Moreover, correlation among the EMT related genes
was assessed in the LUAD samples from the TCGA
using GEPIA. The analysis represented that there was
a moderate and statistically significant correlation
between SNAI1 and TWIST1 expression (R=0.48,
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P<0.001, Fig.4H). Moreover, the correlation between
a pair of genes, including CDH2-TWIST1 (R=0.36,
P<0.001), CDH2- SNAI1 (R=0.34, P<0.001), and
ALDH1A1-PROM1 (R=0.34, P<0.001) were weak
but significant. However, the correlation among other
genes was negligible (data not shown).

These data showed that the mRNA levels of EMT
related genes are altered in primary lung cancer patient
tissues, suggesting the potential importance of these
genes in lung cancer development.

A B C

D E F

G H I
J K

Fig.4: The expression of epithelial-mesenchymal transition (EMT) related
genes was evaluated in the human lung adenocarcinoma (LUAD) tissues
and the normal tissues deposited in the The Cancer Genome Atlas (TCGA)
database. The analysis was carried out on the 515 primary LUAD tissues
and the 59 normal samples. A. CDH1 (P<0.001), B. CDH2 (P<0.001), C.
CD44 (P<0.001), D. PROM1 (P<0.001), E. SNA/1 (P=0.03), F. TWIST1
(P<0.001), G. ALDH1A1 (P<0.001), H. SNAI1 expression was associated
with TWIST1 expression in the LUAD patients (P<0.001). I. TWIST1
expression was associated with CDH2 expression in the LUAD patients
(P<0.001). J. SNAI1 expression was correlated with the CDH2 expression
in the LUAD patients (P<0.001). K. PROM1 expression was associated with
ALDH1A1 expression in the LUAD patients (P<0.001).

Survival analysis of the deregulated genes in the
human LUAD

Given the significant gene expression alterations of
EMT related genes in the patient tumor tissues, we
then assessed their association with survival rates of
the LUAD patients. Survival analysis exhibited that



expression levels of CDH1 (P=0.7), CDH2 (P=0.85),
CD44 (P=0.45), PROML1 (P=0.069), SNAI1 (P=0.26),
TWIST1 (P=0.49), ALDH1A1 (P=0.67), and Cadherin
switch (P=0.7) did not statistically correlate with
survival of the lung cancer patients who underwent
radiotherapy (Fig.5).

Fig.5: The overall survival (0S) lung adenocarcinoma (LUAD) patients
who received radiotherapy was evaluated via the Cancer Biomedical
Informatics Grid (caBIG), The Cancer Genome Atlas (TCGA) and GEO
databases using the Kaplan—Meier plotter. A. CDH1 (patients with high
(35) and low (35) expression of CDHI1; probe sets: 201130_s_at and
201131_s_at), B. CDH2 (patients with high (34) and low (36) expression
of CDH2; probe sets: 203440_at and 203441_s_at), C. CD44 (patients
with high (35) and low (35) expression of CD44; probe sets: 204490_s_at,
209835_x_at, 210916_s_at, 212014 x_at, 212063 _at, 216056_at and
217523 _at). D. PROM1 (patients with high (35) and low (35) expression
of PROM1; probe set: 204304 _s_at). E. SNA/1 (patients with high (35) and
low (35) expression of SNA/1; probe set: 219480 _at). F. TWIST1 (patients
with high (34) and low (36) expression of TWIST1; probe set: 213943_at).
G. ALDH1A1 (patients with high (35) and low (35) expression of ALDH1A1;
probe set: 212224 _at). H. Cadherin switch (Patients with cadherin switch
(335) and no cadherin switch (35); probe sets: 201130_s_at, 201131 _s_at,
203440_at and 203441_s_at).

Moreover, Kaplan-Meier analyses showed that
clevated expression of CDH2 (with HR=1.56 and
P<0.001), SNAI1 (with HR=1.41 and P=0.003) and
TWIST1 (with HR=1.31 and P=0.022) significantly
correlated with decreased OS; whereas, decreased
expression of CDH1 (with HR=0.68 and P=0.001),
PROM1 (with HR=0.76 and P=0.02) and ALDH1A1
(with HR=0.71 and P=0.004) significantly correlated
with decreased OS (Fig.6). Moreover, the survival
analysis of Cadherin switch (a subgroup in which
CDH1 is reduced and CDH2 is enhanced) revealed
that this combination was statistically correlated with
reduced OS (HR=1.53, P<0.001) in LUAD patients
(Fig.6H).
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In the FP case, higher expression of CDH2 (HR=1.88,
P<0.001), SNAI1 (HR=1.89, P<0.001) and TWIST1
(HR=1.76, P<0.001) were significantly correlated
with a shorter FP survival, while decreased expression
of ALDH1A1l (HR=0.59, P=0.001) was significantly
correlated with a shorter FP survival (Fig.S1, See
Supplementary On line Information at www.celljournal.
org). Altogether, these data revealed the prognostic value
of some of EMT related genes in lung cancer.

Fig.6: The overall survival (OS) of the lung adenocarcinoma (LUAD)
patients was evaluated in the Cancer Biomedical Informatics Grid
(caBIG), The Cancer Genome Atlas (TCGA) and GEO databases using the
Kaplan—Meier plotter. A. CDH1 (patients with high (359) and low (360)
expression of CDH1; probe sets: 201130_s_at and 201131_s_at), B. CDH2
(patients with high (359) and low (360) expression of CDH2; probe sets:
203440_at and 203441_s_at), C. CD44 (patients with high (336) and
low (336) expression of CD44; probe sets: 1557905_s_at, 204489_s_at,
204490 _s_at, 209835 x_at, 210916 s at, 212014 x_at, 212063 _at,
216056_at and 217523 _at). D. PROM1 (patients with high (359) and low
(360) expression of PROM1; probe set: 204304 _s_at). E. SNA/1 (patients
with high (356) and low (363) expression of SNAI1; probe set: 219480_at).
F. TWIST1 (patients with high (359) and low (360) expression of TWIST1;
probe set: 213943 _at). G. ALDH1A1 (patients with high (359) and low
(360) expression of ALDH1A1; probe set: 212224 _at). H. cadherin switch
(patients with cadherin switch (359) and no cadherin switch (360); probe
sets: 201130_s_at, 201131_s_at, 203440_at and 203441_s_at).

Discussion

Because of often asymptotic in the earlier stages, many
cases of lung cancer patients were diagnosed at a distant
stage. More than 50% of lung cancer at distant stage are
treated with radiotherapy; however, the 5-year survival
rate is 5% for these cases (14). Therefore, radiotherapy
for these cases mainly remains palliative because of the
intrinsic and/or acquired radioresistance (5). Identification
of the mechanism and signaling pathway underlying
such resistance might be crucial to find the therapeutic
targets and develop novel therapeutic strategies to avert
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radioresistance and eventually enhance the survival rate
of patients. Recently, the radioresistance phenotype has
been ascribed to a subset of tumor cells undergoing EMT
(15). A previous study demonstrated that irradiation of
2Gy/day for 5 or 10 consecutive days promoted EMT
phenotype in NSCLC cell line (A549) but not in the
human colorectal adenocarcinoma cell line (HT-29). It
was documented that higher fractions or higher doses
of radiation are two strategies to improve radiotherapy
outcome probably through reversing phonotypes that are
ascribed to radioresistance such as EMT (16). Therefore,
in the current study, we evaluated whether higher fractions
or higher dosage of radiation could induce EMT in the
NSCLC cell line, A549 Cell line. We observed that IR
either fractionated or high dose could promote EMT
phenotype in A549 cell line.

EMT is a complex program that enables epithelial cells to
lose their features and acquire more mesenchymal features.
Furthermore, EMT participates in the embryogenesis and
the underlying mechanism is reactivated in the tumor
progression and metastasis (7). Induction of EMT process
regulates numerous aspects of cellular physiology,
including cytoskeletal reorganization, cellular shape, loss
of epithelial cell contacts, cellular polarity, development
of cellular protrusions and induction of migratory and
invasive capacities (17). These cellular changes are
orchestrated via a cohort of transcription factors such as
SNAIL, TWIST, and Zeb families (8). Many signals from
tumor microenvironment have been identified that could
lead to the EMT induction (18). In the current study, we
also demonstrated that IR could promote morphological
changes, including elongation of cellular shape, formation
of membrane protrusions and loss of cell-cell interactions.
These morphological changes were accompanied with
enhanced motility of irradiated cells, a feature that plays
a pivotal role in the cancer cell metastasis. Furthermore,
the invasive capability of irradiated cells increased in
comparison with non-irradiated cells. Accordingly, these
findings were consistent with induction of Cadherin
switch and enhanced the mRNA levels of mesenchymal
markers (CDH2, SNAI1 and TWIST1) and CSC marker
(CD44, PROM1 and ALDH1A1). These results were in
consistence with previous findings that indicated that
IR can induce an EMT state in the NSCLC cell lines (5,
19, 20). However, a previous study indicated that carbon
ion irradiation inhibits the invasive capacity of the A549
cell line, demonstrating that carbon ion irradiation is
more effective than photon irradiation in the suppressing
the metastatic abilities of A549 cells (21). In the current
study, we demonstrated that IR could induce Cadherin
switch. During this switch, the transitioning cells tend
to contact with mesenchymal cells instead of epithelial
cells. However, the contacts between mesenchymal cells
are weaker since the interaction between the homotypic
N-CADHERIN is weaker than that of the homotypic
E-CADHERIN. Thereby, Cadherin switch facilitates the
motility and invasion (22, 23). Consistently, we showed
that Cadherin switch is positively associated with the
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enhanced migration and invasion. As indicated, these
processes are orchestrated by a set of transcription factors
(22). Accordingly, we demonstrated that TWIST1, an
EMT transcription factor that has emerged as a master
regulator of the Cadherin switch (24-26), was significantly
upregulated in the irradiated cells. After identification of
the deregulated genes upon IR, their clinical relevance
was evaluated using in silico approaches. The TCGA
database composed 515 primary LUAD tumors and 59
normal samples. The TCGA database analysis revealed
that CDH1 was significantly upregulated in the LUAD
samples. While, in vitro analysis indicated that IR did not
statistically alter the CDH1 expression in the NSCLC cell
line and the reduced expression of CDH1 predicted a poor
prognosis of the LUAD patients. However, further studies
are required to address the potential link between CDH1
expression and prognosis of lung cancer patients who
have undergone radiotherapy. In line with our irradiated
in vitro model, CDH2, was significantly upregulated in
the LUAD samples deposited in the TCGA database and
this upregulation predicted a poor prognosis (both OS
and FP) of LUAD patients. Cadherin switch could also
predict the OS of the LUAD patients. The prognostic
value of Cadherin switch was reported for prostate cancer
and extrahepatic cholangiocarcinoma (27, 28). Given
to the observed correlation between mRNA levels of
CDH2 and TWIST1 in the LUAD and normal samples,
the same trend was observed for TWIST1. Consistently,
another study identified that either CDH2 or TWIST1 in
primary NSCLCs was associated with a shorter OS (29).
Altogether, these data indicated that these biomarkers
might have diagnostic and/or prognostic values and
targeting of which might be a therapeutic strategy,
particularly in the case of LUAD that harbors an activating
mutation in KRAS. Intriguingly, it was demonstrated that
targeting of TWIST1 has a synthetic lethal interaction
with the frequently occurring KRAS mutation (30).

CD44 is mainly known as a CSC marker involving in
the multiple aspects of metastasis, including proliferation,
migration, invasion and radioresistance (31). A previous
study, demonstrated that CD44 is up regulated in the
NSCLC cell line that undergone EMT and radioresistance
phenotypes (6). While the bioinformatic analysis
indicated that CD44 is significantly downregulated in lung
adenocarcinoma samples compared with normal tissues.
These contradictory data indicate that radiotherapy might
contribute in the induction of EMT or it might contribute
in the selection of tumor cells undergoing EMT. In line
with a meta-analysis (32), our bioinformatic data indicated
that CD44 expression did not significantly associated
with OS and first progression. However, several studies
indicated that CD44 overexpression was associated with
poor prognosis (33, 34); while, other studies demonstrated
that downregulation of CD44 was a poor prognostic
factor demonstrating the dual role of CD44 in cancer
progression (35, 36). The dualistic role of CD44 might be
due to the cell lines variations, culture condition, tumor
microenvironment, and evaluating CD44 expression at



different stages of tumor progression (36). For example,
hyaluronan (HA), one of the main elements of the ECM
in the tumor microenvironment, in its high molecular
weight could interact with CD44 and promote formation
of a complex among CXCL12, CD44 and CXCRA4, that
leads to angiogenesis and tumor metastasis, whereas low
molecular weight hyaluronan could inhibit this complex
formation (37). Additional controversies might be due to
alternative splicing (38, 39). Alternative splicing of CD44
generates two families of CD44 isoforms, including:
CD44 standard isoform (CD44s) and variant isoforms of
CD44 (CD44v) (39). Recently, it has been identified that
splice isoforms of CD44 have opposite functions. CD44s
is positively correlated with CSC/EMT gene signatures,
while the CD44v shows an inverse correlation (38, 39).
The CD44v is the major splice isoform in the epithelial
state of tumor cells, however the CD44v expression
switches to that of CD44s once the epithelial cells have
undergone EMT or CSC phenotype. The CD44 isoforms
switching (CD44v to CDA44s) is negatively regulated by
ESRP1, a protein that is highly expressed in the epithelial
cells (38, 39).

Conclusion

Altogether, these findings demonstrated that IR
(either fractionated or high dose) could promote EMT
in NSCLC cell line, A549 cell line, and EMT hallmark
genes, particularly CDH2 and TWIST1, could function as
diagnostic or prognostic indicators in LUAD samples.
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Abstract

Objective: Drug resistance is the main hindrance to improve the prognosis of patients with gastric cancer. Amino
acid metabolic reprograming is essential to satisfy the different requirements of cancer cells during drug resistance,
of which serine deprivation could promote resistance to cisplatin in gastric cancer. As the key enzyme in the de novo
biosynthesis of serine, phosphoglycerate dehydrogenase (PHGDH) inhibition could also induce cisplatin resistance in
gastric cancer. This study aims to reveal the potential mechanisms of drug resistance induced by PHGDH inhibition via
exploring the global MRNA expression profiles.

Materials and Methods: In this experimental study, the viability and the apoptotic rate of gastric cancer cells
were evaluated by using Cell Counting Kit-8 (CCK-8) analysis and flow cytometric determination, respectively. The
identification of differentially expressed genes (DEGs) was tested by mRNA-sequencing (mMRNA-Seq) analysis. The
confirmation of sequencing results was verified using real-time quantitative reverse transcription polymerase chain
reaction (RT-gPCR).

Results: The inhibition of PHGDH significantly increased the viability and decreased the apoptotic rate induced by cisplatin
in gastric cancer cells. mMRNA-Seq analysis revealed that the combined treatment of NCT503 reduced the number of DEGs
induced by cisplatin. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Set Enrichment
Analysis (GSEA) showed that unfolded protein response, ECM receptor interaction and cell cycle signaling pathways were
modulated by NCT503 treatment. Hub genes were identified by using protein-protein interaction network modeling, of which
E1A binding protein p300 (EP300) and heat shock protein family A (Hsp70) member 8 (HSPAS8) act as the vital genes in
cisplatin resistance induced by the inhibition of PHGDH.

Conclusion: These findings suggested that the inhibition of PHGDH promoted cisplatin resistance in gastric cancer
through various intercellular mechanisms. And appropriate serine supplementation or the modulation of EP300 and

HSPA8 may be of great help in overcoming cisplatin resistance in gastric cancer.
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Introduction

Gastric cancer is the leading cause of cancer death
worldwide, with the fifth-highest incidence and
third-highest mortality (1). Due to its late detection,
aggressive characteristic and poor response to available
therapies, gastric cancer displays a poor prognosis.
Chemotherapy is the standard first-line treatment for
patients with advanced gastric cancer (2). And cisplatin
is one of the most widely used chemotherapeutic drugs
inducing DNA double-strand break and finally leads
to cell apoptosis (3). However, the development of
drug resistance in gastric cancer is still a hindrance of
cisplatin to effective cancer treatment (4). Therefore,
understanding the molecular mechanisms that control
cisplatin resistance in gastric cancer is imperative and
important for the establishment of new strategies in its
clinical treatment.

The mechanisms of drug resistance in gastric cancer
involves decreased drug uptake, increased drug efflux,
enhanced DNAdamage repair, epigenetic modifications
changes, autophagy and metabolic reprogramming (5-

8). Metabolic reprogramming, which is essential to
satisfy the different requirements of cancer cells during
tumorigenesis, invasion and resistance to drug therapy,
is one of the significant characteristics of cancers (9,
10). Recently, serine/glycine metabolism has attracted
more attention. Our previous study demonstrated that
the deprivation of serine could promote resistance
to cisplatin in gastric cancer. And the inhibition of
phosphoglycerate dehydrogenase (PHGDH), the first
and only rate-limiting enzyme of serine biosynthesis
pathway (SSP), could promote cisplatin resistance and
attenuate DNA damage induced by cisplatin in gastric
cancer cells (11). However, the specific mechanisms
of inhibiting PHGDH promoted cisplatin resistance in
gastric cancer remain unclear.

Transcriptomics analysis can reflect the gene
expression information of cells in different conditions
quickly and comprehensively (12). Due to the
advantages such as low background signals, the
accurate quantification of expression levels, and
RNA sequencing can provide us deep insight into the
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regulation mechanisms of specific factors on cells. To
clarify the intracellular mechanism changes induced
by PHGDH inhibition, we used RNA-Seq analysis to
reveal gene expression patterns.

On the basis of our previous study that serine deprivation
promotes cisplatin resistance in gastric cancer, here,
through RNA-Seq analysis combined with cell functional
validation, we gained a comprehensive and detailed
understanding of the mechanisms of PHGDH inhibition-
induced cisplatin resistance in gastric cancer. Our data
provided possible mechanisms for understanding the
cisplatin resistance in gastric cancer.

Materials and Methods
Reagents

In this experimental study, human gastric cancer cell
lines SGC7901 and MGC803 was obtained from the
Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). The following reagents
were used in this research: RPMI-1640 medium (31800-
105) from Gibco (Grand Island, New York, USA). Cell
Counting Kit-8 agent (CCK-8, C0042) from Beyotime
(Shanghai, China). Penicillin streptomycin solution
(GNM15140) and trypsin (GNM25200) from Genome
(Hangzhou, Zhejiang, China). Fetal bovine serum
(11011-8611) from Every Green (Hangzhou, China).
NCT-503 (HY-101966) from MedChemExpression
(Shanghai, China). TRIzon reagent (CWO0580) from
Cwbio (Beijing, China).

Cell culture

SGC7901 and MGC803 were cultured at 37°C in an
atmosphere of 5% CO, All cells were kept in RPMI-1640
medium, supplemented with 100 mg/mL streptomycin,
100 U/mL penicillin and 10% fetal bovine serum.

Cell viability

Cells were plated at a density of 1x10* cells per
well onto 96-well plates. These cells were divided
into 2 groups (control group and cisplatin treatment
group). Then, each group was subdivided into 4 groups
(treated with 0, 1, 10 or 50 uM NCT503, respectively)
and each concentration has 3 repeats. After 24 hours,
cells were treated with cisplatin combined with
different concentrations of NCT503 for 24 h. Then
100 pL medium containing 10 puL CCK-8 was added
after discarding the supernatant and reacted at 37°C
for 1 hour. The optical density values at 450 nm which
reflect the viability of cells were determined using
a Microplate Reader (Synergy HTZX-22; Bio-Tek
Instruments, USA).

Cell apoptosis

Cells were plated onto 6-well plates at a density of 70-
80% for 24 hours. Cells were divided into four groups:
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Control (CN), Cisplatin (DDP), NCT503 (NCT) and
Cisplatin combined with NCT503 (CB). The cells were
treated with vehicles, 1.2 pg/mL cisplatin, 50 pM NCT503
and 1.2 pg/mL cisplatin combined with 50 uM NCT503
respectively. Among which each group was set to three
biological replicates. After 24 hours, cells including floating
and adherent were collected. Then 300 pLL Annexin V-FITC
binding reagent containing 6 pL propidium iodide (PI) and
3 uL Annexin V-FITC (C1062L, Beyotime Biotechnology,
China) was added and reacted at 37°C for 15 minutes.
The apoptotic rate was measured using a Flow cytometer
(EasyCell 204A1/206A1, Wellgrow, China).

Real-time quantitative reverse transcription polymerase
chain reaction

The total cellular RNA was extracted using TRIzon
reagentand cDNAs were synthesized using PrimeScript™
RT Master Mix (RR0O36A, Takara). Real-time PCR was
performed using SYBR Green Realtime PCR Master
Mix (RR430, Takara) and Cobas z 480 (Roche, Basel,
Switzerland). The primers for HSPAS8, EP300, ras
homolog family member A (RHOA), RNA polymerase
I subunit C (POLR2C) and B-ACTIN were synthesized
by TSINGKE Biological Technology (Beijing, China).
B-actin was served as an internal reference of RNA
integrity. The sequences are as following:

HSPAS-

F: 5'- ATGGTGCAGCTGTCCAG-3’
R: 5'- ACAGTCATGACTCCACCAG-3’

EP300-

F: 5°- ATGGCACAGATTTTGGCTCTC-3’
R: 5'- TACCAGATCGCAGCAATTCTGAC-3’

RHOA-

F: 5'- ATGGAAAGCAGGTAGAGTTGGC-3’
R: 5'- ACTATCAGGGCTGTCGATGG-3’

POLR2C-

F: 5°- GCTCACAGGCTTGGATTAATTCC-3’
R: 5'- ATGTGCAGTCCCGAGAGTACTG-3"

B-ACTIN-

F: 5-ACTCTTCCAGCCTTCCTTCC-3’
R: 5-CGTCATACTCCTGCTTGCTG-3’

Total RNA extraction and transcriptome sequencing

Total RNA was enriched by Oligo (dT) and then
fractured into short pieces using Fragmentation buffer.
The double-stranded cDNA was synthesized and
purified. The cDNA was then repaired, added with base
A and a sequencing adapter. The target size fragments
are recovered by agarose gel electrophoresis and PCR
amplification is performed to construct the sample library.
Finally, the constructed library was detected on the
Illumina platform. Sequencing analysis was conducted



by JiGuang Gene (Nanjing, China).

Bioinformatics analyses

Transcripts Per Million (TPM) was used to represent
gene expression levels (13). Limma was used to normalize
the data and the DEGs were visualized by ggplot2 and
pheatmap packages (14). The threshold of DEGs was set
to P<0.05 and |logFC[>1. ClusterProfiler package was
used to perform GO (http://www.geneontology.org/) and
KEGG (http://www.genome.jp/kegg/) pathway analyses
based on DEGs. And the results were visualized by GOplot
and ggplot2 packages (15). GSEA analysis was performed
using GSEA software (v. 4.1.0). The PPI analysis was
produced in STRING website (https://string-db.org/), and
the results were subjected into Cytoscape (https://www.
cytoscape.org). Then MCODE, a Cytoscape plugin, was
used to find clusters in the network. The clusters, whose
score >8, were subjected to ClueGo for GO and KEGG
analysis. Finally, hub genes were predicted by cytoHubba.
The prognostic values of these hub genes were assessed
with the Kaplan-Meier Plotter tool (http://kmplot.com).

Statistical analysis

All data were processed by GraphPad Prism 9 for Mac
(GraphPad Prism Software Inc., San Diego, CA, USA).
Differences between two groups were evaluated by the
unpaired two-tailed student’s t test. One-way analysis
of variance (ANOVA) was used to assess differences
between multiple groups. Data are presented in the form
of mean =+ standard deviation (SD). P<0.05 denotes
statistical significance.

Statement of ethics

The design and the protocols of the experiments have been
reviewed and approved by the Medical Ethics Committee
of Jinhua Central Hospital (No. 2020-205-001).

Results

The inhibition of PHGDH promoted cisplatin
resistance in gastric cancer

To verify the effect of PHGDH in cisplatin resistance in
gastric cancer. We treated SGC7901 and MGC803 cells
with differential concentrations of NCT503, an inhibitor
of PHGDH, combined cisplatin. The results showed that
the inhibition of PHGDH slightly decreased the viability
of MGC803 cells. And the treatment of cisplatin
impaired the viability of both SGC7901 and MGC803
cells. However, the cell viability was significantly
increased by the combined treatment of NCT503 and
cisplatin compared to cisplatin-treated cells, especially
in SGC7901 cells. And a high concentration of NCT503
correlated with a high cell viability (Fig.1A, B). We
further examined the apoptosis rate in SGC7901 cells
due to the significant response of SGC7901 to NCT503.
The results showed that the treatment of cisplatin
significantly promoted cell apoptosis, and the inhibition
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of PHGDH partially reversed the process of cell apoptosis
(Fig.1C, D). Together, our results demonstrated that the
inhibition of PHGDH promoted cisplatin resistance in
gastric cancer.

A B

Fig.1: The inhibition of PHGDH promoted cisplatin resistance in gastric
cancer. A. Cell viability in SGC7901 cells with vehicles or 1.2 ug/ml cisplatin
under the treatment of different concentration of NCT503 (0, 1,10, 50 uM,
n=3). B. Cell viability in MGC803 cells with vehicles or 3.0 ug/ml cisplatin
under the treatment of different concentration of NCT503 (0, 1, 10, 50
UM, n=3). C, D. Flow cytometric determination of cell apoptosis rate in
SGC7901 cells with vehicles, 50 uM NCT503, 1.2 pg/ml cisplatin or the
combination of NCT503 with cisplatin (n=3). *; P<0.05, compared to control
group and ¥ P<0.05, compared to DDP group, PHGDH; Phosphoglycerate
dehydrogenase, and DDP; Cisplatin.

Identification of DEGs in NCTS503-induced cisplatin
resistance

To fully understand the potential molecular mechanisms
of NCT503-induced cisplatin resistance, we divided
SGC7901 cells into four groups: control group (CN),
cisplatin-treated group (DDP), NCT503-treated group
(NCT) and cisplatin combined with NCT503 treated
group (CB), and carried out a series evaluation using
RNA-Seq.

The DEGs was selected according to the criteria of
P<0.05 and |log FC[>1. The integral gene expression
variation between each group were visualized by volcano
plots. The results showed that after treatment with
cisplatin, a total of 3240 genes displayed differential
expression, including 1467 upregulated genes and
1773 downregulated genes (Fig.2Aa). The inhibition of
PHGDH led to 468 DEGs, within 179 upregulated genes
and 289 downregulated genes (Fig.2Ab). In addition, the
combination treatment of NCT503 significantly reduced
the number of DEGs caused by cisplatin and just 2031
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genes showed significantly difference (Fig.2Ac). A
comparative analysis between CB group and DDP group
showed that 411 genes were significantly different, of
which 196 genes upregulated and 215 one down regulated
(Fig.2Ad). Heatmaps were used to reflect the differences
and clustering between different groups (Fig.2B).

Since the combination use of NCTS503 significantly
reduced the number of DEGs caused by cisplatin, these
genes that no longer have significant differences may be
the key genes that promote cisplatin resistance in gastric
cancer. Therefore, we analyzed the DEGs between CB
group and DDP group. The result showed that 1582 genes
were no longer significantly different after NCT503
combined treatment, and 373 genes significantly changed
on the basis of cisplatin treatment (Fig.2C).

Fig.2: Identification of DEGs in NCT503-induced cisplatin resistance. A.
Volcano plots showing the gene expression alterations between different
drug treatment groups. Blue dots and red dots represent downregulated
genes and upregulated genes, respectively. B. Heat maps of significantly
differentially expressed genes between each group. C. Venn diagram
showing common regulated genes shared between cisplatin induced
DEGs and the combination of cisplatin with NCT503 induced DEGs. DEGs;
Differentially expressed genes, DDP; Cisplatin, and Con; Control.

GO analysis revealed the related biological processes

To further demonstrate the mechanisms induced by
the inhibition of PHGDH, GO enrichment analysis was
conducted. GO analysis includes cellular component
(CC), biological process (BP) and molecular function
(MF), of which BP analysis can reveal the BP that the
DEGs participated in. Circle plot was used to visualize the
GO-BP analysis, in which upregulated genes were red and
downregulated genes were blue. In DDP group, we found
that the genes related with cell-substrate adhesion and
extracellular matrix organization were downregulated,
and the genes related to cell cycle arrest were upregulated
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(Fig.3A). After the inhibition of PHGDH, the genes
related to cellular response to unfolded protein (UPR)
and response to endoplasmic reticulum stress (ERS)
upregulated (Fig.3B). Also the treatment of NCT503
combined with cisplatin downregulated extracellular
structure organization related genes, and upregulated
UPR related genes (Fig.3C). In addition, compared with
DDP group, the CB group upregulated UPR related genes
(Fig.3D). Our results indicated that the BP of UPR may
be the key of NCT503-induced cisplatin resistance in
gastric cancer cells.

To confirm the effect of UPR in gastric cisplatin
resistance, we performed GO-BP analysis on the reduced
DEGs in CB group compared to DDP group. The result
showed that these genes were related to protein folding and
ribosome biogenesis, which promote protein expression
(Fig.3E). And the increased DEGs in CB group were
related to UPR (Fig.3F). Under the treatment of drugs,
misfolded and unfolded proteins in cells accumulate in
the endoplasmic reticulum, thereby inducing ERS. Cells
can initiate UPR to restore cell homeostasis by reducing
the rate of protein synthesis, activating ER-related
degradation and other mechanisms (16). Therefore, we
hypothesized that cisplatin promoted cell apoptosis
through the accumulation of misfolded proteins and
NCT503 promote cisplatin resistance through activating
the BP of UPR to balance cell homeostasis.

Fig.3: GO analysis revealed the related biological processes. The top
10 GO-BP annotations of the DEGs are shown. A. GO analysis of DEGs
between DDP group and CN group, B. GO analysis of DEGs between NCT
group and CN group, C. GO analysis of DEGs between CB group and CN
group, D. GO analysis of DEGs between CB group and DDP group, E. GO
analysis of the decreased DEGs between CB group and DDP group, F. GO
analysis of the increased DEGs between CB group and DDP group. Red
dots represent upregulated genes; blue dots represent downregulated
genes. The gradual size and color of rectangles in the middle represents
the adjust P value and the regulation of genes in the enriched biological
process, respectively. GO; Gene Ontology, BP; Biological process, DEGs;
Differentially expressed genes, DDP; Cisplatin, NCT; NCT503, CB; Cisplatin
combined with NCT503, and CN; Control.

KEGG and GSEA enrichment revealed the related
signaling pathways

To further reveal the potential signaling pathway of
NCT503-mediated cisplatin resistance, we performed
KEGG pathway enrichment analysis. The results showed
that cisplatin is mainly involved in the regulation of P53
signaling pathway, adherens junction and Apoptosis



(Fig.4Aa). NCT503 affects the P53 signaling pathway,
IL-17 signaling pathway and Protein processing in ER
(Fig.4Ab). The combination treatment of NCT503 and
cisplatin regulated P53 signaling pathway, Adherens
junction and TNF signaling pathway (Fig.4Ac). In
addition, NCT503 combination mainly influenced
Glycine, serine and threonine metabolism, Biosynthesis
of amino acid and Protein processing in ER compared
to cisplatin-treated group (Fig.4Ad). And after the
combination of NCT503, the genes no longer have
significant differences were related to Proteasome and
Cell cycle pathway, and the genes changed were related
to TNF signaling pathway (Fig.4A-e, ). Together, our
results showed that both cisplatin and NCT503 could
modulate P53 signaling pathway, and the combination of
NCT503 could restore the expression of cell cycle related
proteins, at the same time affect TNF signaling pathway
and Protein processing in endoplasmic reticulum.

The intracellular signaling pathway is often amplified
by signal cascades, and slight changes in upstream
signal molecules that can also cause significant changes
in downstream genes. Therefore, pathway enrichment
analysis based on DEGs often fails to capture the
overall signaling pathways changed in the cell. GSEA,
which bases on the whole genes obtained by RNA-Seq,
overcome this shortcoming perfectly. We used GSEA
to analyze the effect of PHGDH inhibition on cisplatin
resistance. The results showed that, consistent with GO
and KEGG analysis, cisplatin treatment resulted in the
downregulation of Adherens junction and ECM receptor
interaction (Fig.4Ba, b). In addition, compared with DDP
group, the combination of NCT503 upregulated genes
related to Adherens junction and ECM receptor interaction
(Fig.4Ca, b). And NCT503 combination also upregulated
Mismatch repair and VEGF signaling pathway (Fig.4Cc,
d). Altogether, our results showed that NCT503 promoted
cisplatin resistance in gastric cancer cells by restoring
Adherens junction and ECM receptor interaction and
promoting Mismatch repair and VEGF signaling pathway.

Protein-protein interactions networks analysis

Proteins function often based on the protein-protein
interactions which is essential for almost all biochemical
activities. For deeply understanding the regulatory
mechanisms in NCT503-induced cisplatin resistance in
gastric cancer cells, we performed PPI analysis based on
DEGs between DDP group and CB group. STRING was
used to construct the PPI network, in which the network
with the highest confidence score (0.9) was selected and
imported into Cytoscape for functional enrichmentanalysis
(Fig.5A). MCODE plugin was used to find clusters in the
network (Fig.5B). Then the top highly interconnected
cluster was dissected using ClueGo. The result of GO-BP
analysis showed that the cluster predominantly involved
UPR and Negative regulation of inclusion body assembly
(Fig.5C). And pathway enrichment analysis showed
that this cluster was related to Antigen processing and
presentation and Protein processing in ER (Fig.5D).
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Fig.4: KEGG and GSEA enrichment revealed the related signaling
pathways. A. KEGG pathway enrichment analysis of DEGs. The gradual
color represents the Q value, and the size of the black spots represents
the gene number enriched in this pathway. B. GSEA analysis of detected
genes between DDP group and CN group. C. GSEA analysis of detected
genes between CB group and DDP group. KEGG; Kyoto Encyclopedia
of Genes and Genomes, GSEA; Gene Set Enrichment Analysis, DEGs;
Differentially expressed genes, CN; Control, CB; Cisplatin combined with
NCT503, and DDP; Cisplatin.

Hub genes play vital roles in BP that the other genes
often affected by these genes in related pathways. Thus,
we screened the hub genes, that modulated NCT503-
mediated cisplatin resistance in gastric cancer cells,
using cytoHubba. The 10 highest scoring genes were
shown in Figure 5E, of which the genes associated
with UPR including heat shock protein family A
(Hsp70) member 5 (HSPAS), HSPAS8 and heat shock
protein family A (Hsp70) member 1A (HSPA1A) were
screened.

Considering the combination of NCT503 reduced
the number of DEGs induced by cisplatin. We also
performed PPI analysis using these reduced DEGs.
The PPI network and the highest clusters were shown
in Figure 5F, G and S1 (See Supplementary Online
Information at www.celljournal.org). Figure 1A-
C. For GO-BP analysis, these clusters were mainly
focused on mRNA export from nucleus and positive
regulation of viral transcription (Fig.5H). For KEGG
analysis, there were mainly related to Spliceosome,
Ubiquitin mediated proteolysisand mRNAsurveillance
pathway (Fig.5I). In addition, the hub gens including
RHOA, EP300 and POLR2C were screened by using
cytoHubba (Fig.5J).
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Fig.5: PPl networks analysis. A. PPl network of DEGs between CB group
and DDP group. Red nodes represent upregulated genes; blue nodes
represent downregulated genes. B. The most highly connected module
identified by MCODE. C-D. GO and KEGG analysis of the module by ClueGo.
E. The top 10 hub genes of DEGs identified by cytoHubba. F. PPl network of
DEGs decreased by the combination of NCT503 compared to the cisplatin
induced DEGs. G. The most highly connected module. H-l. GO and KEGG
analysis of the module. J. The top 10 hub genes of DEGs. PPI; Protein-
protein interactions, DEGs; Differentially expressed genes, CB; Cisplatin
combined with NCT503, DDP; Cisplatin, GO; Gene Ontology, and KEGG;
Kyoto Encyclopedia of Genes and Genomes.

Validation of hub genes

The prognostic significance of the 20 hub genes in
gastric cancer patients was investigated using the Kaplan-
Meier Plotter tool. All of these genes were found to be
significantly associated with both overall survival (OS)
and first progression (FP) that 19 genes were significantly
associated with post progression survival (PPS). As
show in Figure 6A-C, 11 of them were protective factors
for prognosis (HR<1), whereas 9 were risk factors for
prognosis (HR>1).

Among the 20 genes, four genes showed the most
significant prognostic value for OS, FP or PPS (HSPAS
and POLR2C for OS, RHOA and POLR2C for FP,
HSPAS and EP300 for PPS). Therefore, we examined the
expression level of the four hub genes (HSPA8, RHOA,
POLR2C and EP300) by RT-qPCR in SGC7901 cells.
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The results showed that cisplatin treatment upregulated
POLR2C expression, downregulated HSPA8 and EP300
expressions, the combined usage of NCT503 reversed
the changes of HSPAS and EP300 induced by cisplatin
(Fig.6D). Our results showed that the inhibition of
PHGDH could reverse the expression model of HSPA8
and EP300 to promote cisplatin resistance in gastric
cancer cells.

Fig.6: Validation of hub genes. A-C. OS, FP and PPS of hub genes, among
which the genes on the left forest plots represents prognostic protective
genes and the right represents prognostic risk genes. D. The mRNA
levels of HSPA8, POLR2D, RHOA and EP300 in different groups. The 2725
method was used to determine the relative expression levels (n=6). *;
P<0.05. Compared to control group, #; P<0.05. Compared to DDP group.
OS; Overall survival, FP; First progression, PPS; Post progression survival,
and DDP; Cisplatin.

Discussion

Emerging evidence suggests that SSP is closely
associated to cancer progression. Tumor needs numerous
nutrients to sustain its rapid proliferation. Serine
provides the necessary precursor for the biosynthesis
of other amino acids such as glycine and cysteine and
the production of phospholipids such as sphingolipids
and phosphatidylserine (17). Serine is synthesized by
the glycolytic intermediate 3-phophoglycerate through a
three-step enzymatic transformation. As the first and only
rate-limiting enzyme of SSP, PHGDH is overexpressed
in various types of cancers including breast (18), glioma
(19), gastric (20) and so on. And genetic silencing or



inhibition of PHGDH can disrupt the serine synthesis
pathway and suppress tumor growth (21). In addition,
studies showed that the inhibition of PHGDH could
promote drug sensitivity in various cancers [eg, breast
(22), hepatocellular carcinoma (23), lung adenocarcinoma
(24), melanoma (25), renal cell carcinoma (26) and
multiple myeloma (27)]. However, our previous results
showed that the combination of PHGDH inhibitors with
cisplatin failed to increase drug sensitivity in gastric
cancer. On the contrary, the inhibition of PHGDH
significantly reduced the cytotoxicity of cisplatin and the
addition of extra serine increased the efficacy of cisplatin
in gastric cancer cells (11). Therefore, the mechanisms
of serine metabolism on the chemotherapy sensitivity
of gastric cancer may be different from other cancers.
Gaining a good command of the mechanisms of cisplatin
resistance induced by PHGDH inhibitors is of importance
to overcome the obstacle of drug resistance in gastric
cancer.

In this study, high-throughput sequencing was used to
detect DEGsin cells treated with different drugs. Compared
to control group, the treatment of cisplatin dysregulated
the expression levels of 3240 genes. And the combination
of NCT503 significantly reduced the number of DEGs to
only 2031 dysregulated genes. In order to investigate the
key genes and potential mechanisms involved in cisplatin
resistance, DEGs were proved to integrative bioinformatic
analyses. GO, KEGG and GSEA analyses were used to
discover the potential functions of these DEGs.

Cisplatin, which is one of the most commonly used
drugs for the treatment of cancers, exerts anticancer
activity via the generation of DNA lesion by interacting
with purine bases on DNA followed by cell cycle arrest
and finally lead to cell apoptosis (3). GO enrichment
analysis showed that the top-ranking BP modulated by
cisplatin in gastric cancer cells comprised cell-substrate
adhesion, extracellular matrix organization and cell cycle
arrest, which were in accordance with previous studies
(28). Compared to cisplatin treated cells, the combination
of NCT503 increased the expression levels of genes
related to UPR and ERS and decreased the expression
levels of genes related to protein folding and rRNA
processing. ER is the pivotal organelle responsible for
protein folding. Various intrinsic and extrinsic stresses
including hypoxia, dysregulation of calcium metabolism
and drugs often disturbed the homeostasis of ER, resulting
in accumulation of misfolded protein (29). Cancer
cells adapt to this homeostasis imbalance by activating
UPR which reduces RNA translation and promote the
degradation of misfolded proteins (30). Studies also
showed that the activation of UPR could promote tumor
growth and drug resistance (31). Here, our results showed
that the inhibition of PHGDH could reduce sensitivity to
cisplatin in gastric cancer cells and increase the expression
levels of UPR-related genes suggesting that the drug
resistance induced by PHGDH inhibition may related to
the activation of UPR.

KEGG enrichment analysis revealed that NCT503
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induced Glycine, serine and threonine metabolism
and biosynthesis of amino acid based on the treatment
of cisplatin which were consistent with the role of
PHGDH in regulating serine biosynthesis. Besides,
genes participated in the regulation of proteasome
and cell cycle signaling pathways were no longer have
significant changes compared to cisplatin group after the
combination treatment of NCT503. This indicated that
PHGDH inhibition dysregulate the metabolism of amino
acid and return the expression levels of genes regulating
proteasome and cell cycle to a normal line. GSEA analysis
showed that cisplatin decreased the gene expression of
adherens junction and ECM receptor interaction but
NCT503 reversed the downregulation of these genes. As
an important component of tumor microenvironment,
ECM is involved in almost all development processes of
tumors including tumor growth, apoptosis, drug resistance
and invasion (32). The downregulation of adherens
junction and ECM receptor interaction could promote
cell apoptosis and the inhibition of PHGDH promote drug
resistance by restoring the expression levels of the genes
related to these two signaling pathways.

The construction of PPI network and further module
analysis also verified the role of PHGDH inhibition
in promoting ERS and UPR. Finally, hub genes were
calculated by using the degree algorithm of cytoHubba,
of which HSPAS, RHOA, POLR2C and EP300 were
significantly associated to the survival analysis. RT-
gPCR analysis showed that the cisplatin-induced
downregulation of HSPAS and EP300 could be reversed
by the inhibition of PHGDH. As the pivotal protein of the
protein quality control system, HSPAS participated in a
wide variety of cellular processes, including folding and
transport of newly synthesized polypeptides, protection
of the proteome from stress and activation of proteolysis
of misfolded proteins (33-35). Our results suggested that
the inhibition of PHGDH maintain cell homeostasis by
upregulating the expression of HSPAS. EP300 is a histone
acetyltransferase, which regulates transcription via
chromatin remodeling that is important in the process of
cell proliferation and differentiation (36, 37). It has also
been identified as an activator of VEGF (38) explaining
the upregulation of VEGF signaling pathway in the CB
group revealed by the GSEA analysis. Therefore, the
high expression of EP300 may serve as a key regulatory
molecule for NCT503-mediated cisplatin resistance in
gastric cancer and promote the survival of gastric cancer
cells through chromatin remodeling and activation of
VEGF signaling pathways.

In summary, our studies showed that the PHGDH
inhibition promoted cisplatin resistance in gastric
cancer cells and the addition of serine could promote the
sensitivity of gastric cancer cells to cisplatin (11). These
indicated that the combination of PHGDH inhibitors with
cisplatin may not be a good strategy in the treatment of
gastric cancer. On the contrary, the supplementation
of serine combined with cisplatin may be a candidate
therapy. But the effectiveness of the therapy still needs
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the support of clinical data.

Mechanically, we found that the inhibition of PHGDH
mainly activated ERS and UPR. And it also involved in
restoring the expression levels of genes related to ECM
receptor interaction and cell cycle signaling pathways to
normal levels. These play important roles in maintaining
cell homeostasis and cell survival. In addition, we also
found that HSPA and EP300 may be the vital regulatory
genes involved in intracellular activities after PHGDH
inhibition, respectively regulating UPR and chromatin
remodeling. The relationship of PHGDH with HSPAS and
EP300 will be further studied in the follow-up studies.

Conclusion

Via transcriptomics analysis, we found the crucial
intercellular mechanisms regulating the cisplatin
resistance induced by PHGDH inhibition. PHGDH is
the key enzyme for the de novo biosynthesis of serine.
Therefore, appropriate serine supplementation or the
modulation of EP300 and HSPA8 may be of great help in
overcoming cisplatin resistance in gastric cancer.
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Abstract
Objective: Diminished ovarian reserve (DOR) is a challenging issue encountered during assisted reproductive
technology. Growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) belong to the
transforming growth factor-beta (TGF-) superfamily which are essential for folliculogenesis. We aimed to the evaluation
of the GDF9 and BMP15 expression in the granulosa cells (GCs) of DOR patients.

Materials and Methods: This case-control study included 14 women with DOR and 12 controls, who were between 28-
40 years of age undergoing controlled ovarian stimulation with a gonadotropin releasing hormone (GnRH) antagonist
protocol. DOR patients were selected by the Bologna criteria. The GCs were extracted from the aspirated follicular
fluids and RNA isolated from this. The fold change of gene expressions was assessed by real-time polymerase chain
reaction (PCR).

Results: GDF9 expression in patients was 0.23 times lower than the control group, which was significant (P<0.0001). BMP15
expression in patients was 0.32 times lower than the control group, which was significant (P<0.0001). The number of archived
oocytes, MIl, and two pronuclei (PN) embryos was higher in the control group and these differences were statistically significant
(P<0.05).

Conclusion: Given that GDF9 and BMP15 are specifically involved during follicular recruitmen., we expect expression

of these two genes in DOR patients which is greatly reduced by reducing follicular reserve.
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Introduction

Diminished ovarian reserve (DOR) is one of the causes
of infertility in women. Subfertility is considered to be
related to DOR in older women (1). Approximately 10%
of women seeking fertility treatments have DOR (2).

DOR is manifest heterogeneous disorder with various
etiology such as infertility, genetics, autoimmune,
idiopathic, and iatrogenic. latrogenic causes include
ovarian surgery, radiation, and chemotherapy (2, 3). DOR
is associated with infertility and poor ovarian response
following controlled ovarian hyperstimulation. Delays
in childbearing have led to an increase in a significant
number of couplesneeding assisted reproductive
technology (ART) due to older age. DOR has adverse
effects on ART outcomes such as decreased ovarian
response to gonadotropins, and quality of oocytes and
embryos, implantation rates, and live birth rates (4, 5).
Sub-fertile women are regularly screened for DOR before
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starting therapy because of the relationship between DOR
and poor in vitro fertilization (IVF) outcome (6). The
Bologna Criteria, published in 2011, defines poor ovarian
response as women having at least two of the following
criteria: maternal age (=39 years), poor ovarian reserve
history (DOR; <3 oocytes), and abnormal ovarian reserve
tests (antral follicle count [AFC] <5-7 follicles or anti-
Miillerian hormone [AMH] <0.5-1.1 ng/ml) (7).

The functional unit of the ovary is the ovarian follicle
(8). Development of the ovarian follicle requires
coordination between somatic cell proliferation and
differentiation with oocyte growth and its maturation
(9). Granulosa cells (GCs) are one of the somatic cells
of the follicular environment that are closely associated
with the developing oocyte, ovulation, and fertilization
(10). The ovarian function resulted from feedback of
gonadotropins, follicle-stimulating hormone (FSH) and
luteinizing hormone (LH), and local ovarian factors



(11). In addition, the transforming growth factor-beta
(TGF-B) superfamily is comprised of >35 proteins that
have similar common structural motivess. These proteins
include activin/inhibin, growth and differentiation factor
(GDF), bone morphogenetic protein (BMP) subfamilies,
and AMH (12). Among these, GDF9 and BMP15 play a
critical role in ovarian function.

GDF9 and BMP15 are crucial for folliculogenesiswhich
involved in primary, secondary, and antral follicles except
primordial follicles. However, the mRNAs level of GDF9
and BMP15 detected in all stages of folliculogenesis (13).
Spontaneous mutations of either GDF9 or BMP15 affect
fertility in females (14).

As with other members of the TGF-f superfamily,
both GDF9 and BMP15 exert their biological functions
by forming heteromeric complexes with types 1 and 2
receptors on the cell surface (13, 15).

GDF9 derived from the oocyte, is necessary for
folliculogenesis, cumulus expansion, and GCs
proliferation (15). GDF9 knockout mice were infertile
because of disruptions to folliculogenesis, (16).
GDF9 motivates the expression of the FSH receptor
(FSHR), decreases expression of the LH receptor
(LHR), prevents follicle atresia, and affects the GCs to
steroidogenesis (17).

BMP15 with GDF9 plays a critical role in
folliculogenesis and fertility. In contrast to GDF9,
BMP15 knockout mice had subfertility because
of defects in ovulation and early-stage embryonic
development (18). BMP15, during the initial and final
stages of folliculogenesis, has a positive role in follicular
development (17).

BMP15 and GDF9, like other TGF superfamily
members, are translated as pre-proteins (19). In vitro
studies show that both BMP15 and GDF9 can be expressed
as linked homodimers or heterodimers (20, 21). Since
studies about GDF9 and BMP15 focused on premature
ovarian failure and comprehensive information in DOR
is not available, we aimed to assess the fold of expression
of GDF9 and BMP15 as important genes involved in
folliculogenesis in the GCs of DOR patients.

Materials and Methods

This case-control study approved by the Reproductive
Biomedicine Research Center Ethics Committee at Royan
Institute (IR.ACECR.ROYAN.REC.1397.067). Participants
were included patients admitted for infertility treatment at
Royan Institute, Tehran, from 2017 to 2020. Twenty-six
women (14 in the study and 12 in the control group),between
28-40 years of age undergoing IVF/intracytoplasmic sperm
injection (ICSI) treatment were enrolled in this study. All
patients gave their consent for collection and use of their
discarded follicular fluid for research purposes.

Participants were divided into two groups, DOR
and control (NOR). The Bologna criteria were used to
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select DOR patients. Patients were considered to have
DOR if they had serum AMH levels <1.1 ng/ml and/or
an AFC <5, in conjunction with serum FSH levels >10
IU/I. The NOR participants were women of normal
ovarian reserves with male factor infertility cause. All
women had normal karyotype and those with fragile
X mental retardation 1 (FMR1) gene permutation,
polycystic ovary syndrome (PCOS), endometriosis as
well as autoimmune disorders were excluded.

Ovarian stimulation protocols

The antagonist protocol is increasingly used in the
management of women with a DOR who undergo ARTS.
All DOR patients and the control group underwent
pituitary down-regulation with a gonadotropin realising
hormon (GnRH) antagonist protocol. Patients received
exogenous gonadotropins on the second or third day of
menstruation while the leading follicle reached 13 mm
in diameter, followed by a GnRH antagonist. Human
chorionic gonadotropin (hCG) was prescribed when the
follicles were dominant in terms of size. When follicles
reached > 18 mm diameters, follicles puncture was
performed and GCs from follicular fluid were collected.
Following follicles puncture oocytes number, quality, and
embryos grading were assessed (22).

Purification of granulosa cells from follicular fluid

The aspirated follicular fluid was centrifuged at 2000
g for 10 min, then 4 ml of salt tayrod added to the pellet,
and it was slowly layered on a 50% sill select gradient and
centrifuged at 3000 g for 30 min. The GCs collected and
removed using a sterile transfer pipette and placed into
a 15 ml tube that contained 3 mL of cold DMEM/F-12
media supplemented with 1x penicillin/streptomycin
and 10% fetal bovine serum, followed by centrifugation.
Enzymatic digestion with hyaluronidase enzyme was
performed to disperse the GCs (23).

Multinucleated giant cells were then washed in
DMEM/F-12. The tube was centrifuged at 1500 rpm
for 5 minutes at 21°C, and then 5 ml RBC lysing buffer
(RLB) added to the pellets. The RLB solution consisted of
ammonium chloride, potassium bicarbonate, and EDTA.
The diluted solution was kept at room temperature for
2-5 minutes and centrifuged at 1500 rpm for 3 minutes
at 21°C. Then, it was washed once with DMEM/F12.
Cell counts and viability assessments were performed
before the second centrifugation. The GCs were washed,
centrifuged at 1500 rpm for 5 minutes, pelleted, and
frozen at -80°C until RNA extraction (24, 25).

RNA extraction

RNeasy Mini-kit (Qiagen, Valencia, CA, USA, cat. no:
74004) was used according to the manufacturer’s protocol
to extract the RNA. The amount of RNA was measured by
using a Nano Drop ND-1000 spectrophotometer (Thermo
Scientific, Nano Drop spectrophotometer).
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cDNA synthesis

For ¢cDNA synthesis, we used 30 ng total RNA
according to the manufacturer’s instructions in the
QuantiTect Whole Transcriptome Kit (Qiagen, cat. no:
207045).

Quantitative real-time polymerase chain reaction

Polymerase chain reaction (PCR) targets were created
from the template RNA using the manufacturer’s
protocols. Gene-specific primers were designed by
using Perl Primer software. Then, the primers examined
by Primer-BLAST to ensure that they were not linked
to non-specific sites of the genome. The Primers used
for real-time PCR are shown in the Table 1.

Table 1: Primer sets used for real-time RT-PCR

Gene Primer sequence (5-3") Product
size (bp)
GAPDH F: AGAAGGCTGGGGCTCATTTG 228
R: TGATGGCATGGACTGTGGT
GDF9 F: AGAAGTCACCTCTACAACACTG 132
R: AACGGTAGTAATGCGATCCA
BMP15 F: TGTGAACTCGTGCTTTTCATG 102

R: CTCAATCAGGGGCAAAGTAGG

mRNA quantification was performed by quantitative
reverse transcription polymerase chain reaction (gRT-
PCR) using a Step-One RT-PCR system (Applied

Biosystems, USA). Amplification of the genes of interest
and GAPDH were performed in duplicate wells. GAPDH
was used as the endogenous control for normalization.

Statistical analysis

Statistical calculations were performed using the IBM
SPSS statistic 22 software (IBM, United states). The
student’s t test with a two-tailed distribution for equality
of variances was used. P<0.05 indicated statistical
significance. Gene expression data were analyzed using
the 2724¢ algorithm to calculate the GDF9 and BMP15
mMRNAs level relative to the level of GAPDH.

Results
Clinical characteristics

Table 2 demonstrates the demographic data and clinical
characteristics of DOR and the NOR at baseline. There
was no significant difference between the two groups in
age and age at menarche.

The result of IVF revealed achieved oocytes, MII, two
PN were higher in the NOR group compared to DOR
patients these differences were statistically significant
(P<0.05, Table 2).

The expression profile for target genes in NOR and
DOR groups granulosa cells

Quantitative expression of these genes in GCs of DOR
patients and the control group was performed by RNA
extraction and cDNA synthesis with primers designed for
each gene. The GAPDH primer was used as the internal
control for real-time PCR.

Table 2: Demographic characteristics, oocyte and embryo parameters between DOR and NOR groups

Criteria Case Control P value”
(n=14) (n=12)
Age (Y) 34.07 £3.91 34.25+2.98 0.898
Age at menarche (Y) 13.71+1.32 13.5+0.797 0.63
Oocyte number 2.14 £0.66 7+2.98 <0.00
Ml 0.85 +£0.37 1.62+1.06 0.093
Mil 1.42+0.51 5.58+2.46 <0.00
GV 1+0 1.16 £ 0.408 0.51
2PN 1.41 £0.51 4.09+2.73 0.003
Embryo quality
Good (AB or B) 1.14 £ 0.37 3.82+£2.75 0.022
Fair (BC or C) 1.29£0.48 1+0 0.35
Poor (CD or D) 0 0 -

Data are presented as mean + SD. ¥; Obtained by independent sample t test. Statistically significant level at 0.05. MI; Metaphase I, MIl; Metaphase II, GV; Germinal
vesicle, PN; Pronuclei, DOR; Diminished ovarian reserve, and NOR; Normal ovarian reserve.
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The standard curve was used to evaluate the
efficiency of primers and relative quantification.
For normalization of the GDF9 and BMP15 genes
and drawing a standard curve, was investigated in
gene database sites such as NCBI and Gene Cards.
The highest expression of these genes was found in
testicular tissue. Therefore, standard curves were
prepared by serial dilution to evaluate the efficiency
of primers and real time PCR procedures.

GDF9 mRNA expressions in granulosa cells

All amplified RT-PCR products were at the expected
size for GDF9 and GAPDH (housekeeping) genes.
GDF9 expression in patients was 0.23 times lower than
the control group,which was significant (P<0.0001,
Fig.1).

BMP15 mRNA expression in granulosa cells

All amplified RT-PCR products were at the expected
size for BMP15 and GAPDH (housekeeping) genes.
BMP15 expression in patients was 0.32 times lower
than the control group, which was significant (P<0.0001,
Fig.1).

Fig.1: Comparison of GDF9 and BMP15 expressions between DOR and
NOR groups. *; Statistical significant level at 0.05, DOR; Diminished
ovarian reserve, and NOR; Normal ovarian reserve.

Comparison of elevated serum hormone levels

Although the serum level of AMH was significantly
decreased in the case group, the mean serum level of FSH
and LH on the third day of menstruation was significantly
increased in cases in comparison with control participants
(P<0.0001, Fig.2). The serum thyroid-stimulating
hormone (TSH) level was not different between the two
groups (P>0.05, Fig.2).

Omrizadeh et al.

Fig.2: Mean serum hormones level between DOR and NOR groups. *;
Statistical significant level at 0.05, FSH; Follicle-stimulating hormone,
LH; Luteinizing hormone, AMH; Anti-Miillerian hormone, TSH; Thyroid-
stimulating hormone, DOR; Diminished ovarian reserve, and NOR; Normal
ovarian reserve.

Discussion

In our study, we assessed the expression of GDF9 and
BMP15 in GCs of DOR patients with bologna criteria and
28-40 years old. In comparison with male factor patients
as a control group, we observed that the mean relative
expressions of GDF9 and BMP15 were significantly
lower in GCs of the infertile DOR patients compared with
the control group.

Recent studies of genetic mutations in sheep, goats,
and mice highlight the importance of oocyte-secreted
factors in regulating ovarian follicular development and
ovulation (13, 19, 26). Although some genetic causes of
DOR are established, little is known about definitive gene
mutations associated with DOR (2).

During the procedure of folliculogenesis, interplays
between the oocyte and the somatic cells that surround it
(GCs) are recognized that are the enduring effects of this
interaction on the potential for the stages after fertilization
for embryonic development (23).

The TGF-B superfamily, in particular GDF9 and
BMP15, oocyte-secreted growth factors play a critical
role in ovarian organization and fertility. These factors
are essential for the growth, development, and function
of GCs according to the results from studies carried out
on animals.

Knockout mouse technology has been used over the
past decade to define the essential role of ovarian gene
expression and the discovery of genetic interactions.

The distribution of the GDF9 , BMP15 mRNA,proteins,
and BMP receptor mRNA,were evaluated in goat and
bovine ovaries (13, 27, 28) to determine if these TGF-
members may play an important role in follicular
development in goats (13).

In humans, there is a lack of expression level of these
genes in DOR and only polymorphisms and mutations of
GDF9 are associated with DOR. In a study of Chinese
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women, 3 out of 139 (2.2%) women with DOR had a
specific mutation (p.R146C), whereas this mutation
was not present in the control group (n=159) (15). In
another study, GDF9 was associated with DOR. A study
compared 103 Chinese women with DOR to 123 age-
matched women with normal ovarian reserve. The women
were analyzed for three single nucleotide polymorphisms
(SNPs) of GDF9. A higher prevalence of the GA/AA
genotype was found in those with poor ovarian response
(32%) during IVF cycles compared with those with the
control group (19.5%) (29).

Recently, Gong et al. (30) had evaluated GDF9 and
BMP15 expression in GCs of poor patients according
to bologna criteria. They subdivided patients via age
including <35 years, 35-40 years, and >40 years. Also they
observed the expression of these genes decreased with the
age of poor patients especially after 40 years which related
to lower oocyte quality and pregnancy outcome.

In the current study, the number of achieved oocytes,
MII, and 2PN embryos were significantly lower in DOR
patients. Since, these genes involved in folliculogenesis
it seems lower expression of these genes involved in
poor oocyte achievements in DOR patients. Because
achieve oocyte from DOR patients is difficultanalysis was
performed in limited sample size and further studies with
more samples is essential.

BMP15 and GDF9 are oocyte-secreted factors that we
assessed expression of these genes in the targeted tissue
(granolosa cells) because of limited number of oocyte. A
better suggestion is to check their receptor or target genes
in GCs. In future, we collect enough samples and are
going to study these receptor or target genes.

Conclusion

In the current study, we observed the significant
reductions of GDF9 and BMP15 gene expressions in
GCs of DOR patients compared to the control group. The
decreased oocyte numbers and 2PN embryos in the DOR
group might be secondary to the decrease in the expressions
of the above genes. Based on the above findings and the
information we have regarding the function of these two
genes, it seems that there is a role for these paracrine
factors in the folliculogenesis process as well as the
interaction of GCs with oocytes which further studies with
larger sample size is essential for its confirmation.
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Abstract
The purpose of this experimental study was to investigate the genetic etiology of congenital cataract (CC) manifesting
an autosomal recessive pattern of inheritance in four Iranian families. Affected individuals and their normal first-degree
relatives in each family were included in the present study. The genomic DNA of the blood samples was extracted
from all participants, and one affected member belonging to each family was subjected to Whole Exome Sequencing
(WES). Using bidirectional Sanger sequencing, the identified variants were validated by co-segregation analysis. Two
different mutations were detected in the FYCO1 gene encoding FYVE and coiled-coil domain-containing protein. A
previously reported missense mutation, ¢.265C>T (p.Arg89Cys), was found in one Iranian family for the first time,
and a combination of two variants in a single codon, c.[265C>T;267C>A] (p.Arg89X), was identified in the three other
families. On the other hand, accompanying the ¢.265C>T mutation, the presence of the ¢.267C>A polymorphism leads
to a premature stop codon. In-Silico Analysis of FYCOL protein demonstrated that RUN domain will be interrupted
so that the large part of functional protein will be eliminated due to this novel variant. FYCO1 has been proved to be
involved in human lens development and transparency. Its mutations, therefore, result in CC. Herein, we reported the
first autosomal recessive CC patients with ¢.265C>T (p.Arg89Cys) or c.[265C>T;267C>A] variant in Iranian population
for the FYCOL1 gene. FYCO1 mutations could be tracked for preventive objectives or even be targeted as therapeutic

candidates via treatment approaches in the future.
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Cataract is defined as any opacity of the transparent
lens of the eye, causing blindness and visual
impairment (1, 2). Cataracts can occur either in
association with a large number of genetic disorders
(3, 4) or due to some environmental factors such as
infectious agents like cytomegalovirus, toxoplasmosis,
rubella, herpes, varicella, and syphilis, drug exposure
during pregnancy (corticosteroids, vitamin A),
and X-ray radiation. Congenital cataract (CC) is a
clinically and phenotypically highly heterogeneous
eye disorder (5, 6), which may lead to permanent
blindness if remains undetected in childhood. CC
refers to the cataract causing by various factors and
affecting the development of the lens during the fetal
period and it approximately accounts for about 10%
of all childhood blindness (7, 8). Hereditary is the
leading cause of at least one-third of all these cases.
Autosomal dominance is the most frequent pattern
of inheritance reported for this disorder, although it
could be autosomal recessive or X-linked. More than
15 distinct loci on 14 unique chromosomal locations
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have been identified to be involved in this disorder
(3, 4, 9-11). To date, several genes coding lens
proteins, cytoskeletal proteins, transcription factors as
well as membrane transport protein genes are known
to be involved in this disorder (12). Considerably,
27 genes such as CRYAA, CRYB1, CONNEXIN 46,
PITX, EPHA2, and FOXE3, GJA8, FYCOL1 have been
identified to be linked in non-syndromic autosomal
recessive CC (arCC) (1, 11, 13).

The incidence of CC in different populations is
around 12-136 per 100000 children (9). Inherited
cataracts account for about 8.3-25% of all CC cases
(14). While the global prevalence of this disorder is
1 to 15 per 10,000 children (15), the overall risk for
this disorder is 92.4 per 100,000 children, 107.9 and
76.2 for males and females, respectively (9). Since
consanguineous marriage is of high frequency in Iran,
it is not unexpected to observe a high incidence of this
condition in the Iranian population.

Considering the meaningful prevalence of CC in



Soozandeh village in Iran, the purpose of this study
was to identify the genetic basis of CC in this area
using next-generation sequencing (NGS) and Sanger
sequencing techniques and assessing risks for the next
generation in this population.

This experimental study was initially approved by
the Ethical Committee of Sabzevar University of
Medical Sciences (IR.MEDSAB.REC.1395.120).
Four Iranian families with history of CC were selected
from the people of Soozandeh village in Iran. One
affected individual of each family was recruited in
a high throughput study. Additionally, all affected
and unaffected siblings and living parents entered
the experiment following the segregation study. The
Family members’ blood sample was collected after
getting written informed consent of all participants. A
family medical history was recorded and a pedigree
for each family was constructed based on the acquired
information. Two families were consanguineous.

The living family members underwent ocular
examination by a cornea fellowship in Vasei Hospital,
Sabzevar University of Medical Sciences. The
assessment included: gross appearance, visual acuity
measurement, intraocular pressure (IOP) measurement
using (Haagsh, Tonometer, Switzerland), eye
movements, evaluation of anterior segment consisting
of the cornea, pupil, lens, and iris; as well as posterior
segment including fundus, vitreous chamber, retina,
optic disk, and macula, using a slit lamp (Topcon,
Japan).

Whole blood as the source of genomic DNA was
processed using a salting out procedure. The DNA
concentration was determined by a Nano drop
spectrophotometer (BIO INTELLECTICA Nano100,
Canada). Two micrograms of DNA were used for
whole Exome Sequencing (WES), using Illumina
HiSeq 2500, Q30>80% (Novogene, Beijing). WES
using UCSC hg19 as a reference genome, included
exome capture using Agilent SureSelect Human All
Exon V6 Kit and sequencing depth of 50x through
paired-end sequencing with a HiSeq 2500 Genome
Analyzer (Illumina), which led to 150 bases sequences
from each end of the fragments. SNV and InDels were
identified using VarScan version 2.2.5, and MuTec
and GATK Somatic Indel Detector, respectively.
The prediction of probable effects due to identified
variants was performed using Mutation Taster (16).
The secondary structure of mutant FYCO1 protein
was predicted by GORIV (17).

For extension of the mutated region, conventional
polymerase chain reaction (PCR) was performed using
Taq DNA Polymerase Master Mix RED (Ampliqon,
Odense M DENMARK) and specific primer sequences
of

F: 5"-TAAATGCCGGAATGAAGAGC-3'
R: 5'-GCTTTAAGCAGGCAAAAGG-3' (product size 241 bp).
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Primer designation was performed using Primer3
(http://bioinfo.ut.ee/primer3-0.4.0/).  Amplification
was performed using the parameters below: initial
denaturation at 95°C for 2 minutes, 35 cycles of 95°C
for 30 seconds, 54.9°C for 30 seconds and 72°C for
35 seconds, followed by final 5 minutes extension at
72°C. The cleanup PCR products using ExoSAP-IT®
(USB, Cleveland, Ohio, USA) were bi-directionally
sequenced using a 3730XL DNA analyzer (ABI, Foster
City, CA, USA).

Four families affected by CC (IrCC1, IrCC2, IrCC3,
and IrCC4) were included from Soozandeh village
of Iran. Drawing the pedigrees demonstrated an
autosomal recessive pattern of inheritance (Fig.1).
Two families including IrCC1l and IrCC3 showed
consanguineous marriage. The medical history of
affected members was obtained in detail, and cataracts
were validated via the patients’ medical records and
ocular examination. The individuals affected by CC
had already undergone cataract-removal surgery;
amongst, some had posterior chamber intraocular lens
and some were aphakic. Intra-ocular pressure in both
healthy and affected groups was in the normal range of
12-18 mmHg, without any significant difference.

WES was performed on the genomic DNA of one
proband in each family. Regarding the consanguinity
in two families under the study and the probability of
autosomal recessive inheritance pattern in these families,
we prioritized homozygous potentially functional variants
residing within the runs of homozygosity (larger than
1 Mb). The genomic variants screening was performed
through different population databases of gnomAD and
GME, as well as Iranome, an in-house database for
genetic variants in the Iranian population. For the filtering
approach, synonymous variants, intronic variants (>5 bp
from exon boundaries), and variants with >0.01% minor
allele frequency were eliminated. Homozygous variants,
as well as compound-heterozygous variants, were
designated in consanguineous families. Intriguingly, in all
four families, we found 2 different homozygous variants in
the FYCO1 gene.c.265C>T (p.Arg89Cys) (NM_024513 .4,
rs141476300), a previously known missense mutation,
was identified in the proband of IrCC1. However, it is
the first report of this variant in the Iranian population.
Interestingly, c.[265C>T;267C>A] (p.Arg89X) in the
same position was detected in the probands of families
IrCC2, IrCC3, and IrCC4, resulting in a premature
stop codon and subsequent protein truncation (Fig.2).
The variants were investigated in affected and
unaffected family members by Sanger sequencing
(Fig.3). In the aforementioned three families, carriers
were heterozygous for ¢.265C>T and homozygous for
c.267C>A. c.267C>A is known to be a frequent allele
in the Iranian population-based on Iranome. Table 1
represents the reported pathogenic mutations in the
FYCO1 gene with related amino acid changes in non-
syndromic CC.
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FYCO1 Mutations Linked to Cataract

Fig.1: Four pedigrees of CC originated from Iran. One proband per family was selected for WES. The probands’ parents of IrCC1 and IrCC3 families were
first-degree cousins. Affected individuals have been depicted by filled symbols. Individuals marked with an asterisk were genotyped by Sanger sequencing
for mutation screening. IrCC; Iranian family of congenital cataract, WES; Whole exome sequencing, and CC; Congenital cataract.

Fig.2: Position of ¢.267C>A variant in FYCO1 at protein level. A. p.Arg89X identified in our study in Run domain of FYCO1 protein in three
Iranian families. B. Secondary structure prediction of mutant FYCO1 protein. In-silico analysis illustrates that the p.Arg89X mutation results in a
truncated product.

Cell J, Vol 24, No 9, September 2022 548



In the present study, we investigated the genetic
cause of CC which is very common over multiple
generations in Soozandeh, a small village in Iran. To
assess the exact etiology of CC in these populations,
we performed gene analysis through WES. We
identified c.265C>T (p.Arg89Cys) in the FYCO1 gene
in the non-consanguineous IrCC4 family. According
to the in-house lIranome database, this missense
mutation was detected for the first time, in the Iranian
population. In the other three families, two of which
were consanguineous, a combination of two variants
in codon 89, as ¢.[265C>T;267C>A] (p.Arg89X), was
detected in the FYCOL gene. Genotyping the affected
and carrier members of these families revealed
that carriers were heterozygous for ¢.265C>T and
homozygous for c.267C>A (rs4682801). The allele
frequency of c.267C>A in the Iranian population is
0.8931, being found in certain ethnicities including
Kurd, Persian Gulf Islander, Turkmen, Lur, Arab,
Persian, Azeri and Baloch. According to The Genome
Aggregation Database (gnomAD), 1000 Genomes
Project, and NHLBI Exome Sequencing Project (ESP)
Exome Variant Server, the allele frequency of c.265C>T
is 0.00041, 0.00040, and 0.00031, respectively.

Fig.3: Sequencing chromatograms demonstrating two homozygous
mutations in the FYCO1 gene related to cataract 18. A. Forward sequence
chromatograms related to ¢.265C>T (p.Arg89Cys) mutation in the normal,
carrier, and affected individuals in family IrCC4. B. Forward sequence
chromatograms of ¢.[265C>T;267C>A] (p.Arg89X) mutation in the normal,
carrier, and affected individuals in families IrCC1, IrCC2, and IrCC3.
Probands are homozygous and unaffected individuals are heterozygous.
Black bars mark the variant position.

Shirzadeh et al.

Cataractsare caused by alterationsin either lensstructure,
intracellular proteins order, or development of lens fibers.
FYCOL, located on 3p21.3, encodes a protein containing
disparate domains and regions including a a-helical
RUN domain, a FYVE-type zinc finger domain, a Golgi
dynamics (GOLD) domain, four coiled-coil regions, and
a LC3-interacting region (LIR) (18). FYVE and coiled-
coil domain containing 1 (FYCOI) is a member of the
phosphatidylinositol-3-phosphate (PI3P)-binding protein
family which is expressed in eye tissue. FYCO1 functions
in the transportation of microtubule plus-end-directed of
autophagic vesicles through interactions with the small
GTPase RAB7, PI3P, and the autophagosome marker LC3
(19). CC and dysmorphic lens development disorders may
be caused by mutation of the FYCO1 gene via disruption
of autophagosomal transportation to lysosomes and
resultant defective degradation of mitochondria and other
organelles in lens fibroblasts (18, 20, 21).

Mutations in FYCO1 were first reported by Pras et al.
(22) as a cause of arCC-2 (CATC2, OMIM: 610019)
or cataract 18 in consanguineous Arab families.
Subsequently, various mutations have been identified
in different loci of FYCOL1 in association with cataract
18 in different ethnicities. A large number of mutations
in FYCO1 occurs with higher frequency for frame-
shift and nonsense mutations such as ¢.1045C>T

(p-GIn349X), ¢.1546C>T (p.GIn516X), ¢.2206C>T
(p-GIn736X), ¢.2761C>T (p.Arg921X), ¢.2830C>T
(p.Arg944Xx), ¢.3755delC (p.Alal252AspfsX71),

c.3858 3862dupGGAAT (p.Leul288TrpfsX37) (18, 23),
and c.808C>T (p.GIn270X) (24). In the Iranian population,
the first report of a homozygous mutation in FYCO1 was
related to ¢.1056 1071delGGCCACACGGGACTCA
(p-E352DfsX9)(25). In our study, the c.[265C>T;267C>A]
(p.Arg89X) and ¢.265C>T (p.Arg89Cys) mutations are
the first reports in the Iranian population. According
to the bioinformatics analysis of our findings,
c.[265C>T;267C>A] (p.Arg89X) mutation resulting in
premature stop codon interrupts the RUN domain in the
beginning portion of FYCOI1 protein so that the large
parts of the functional protein are eliminated (Fig.2). Due
to this huge elimination, bioinformatics analysis on the
three-dimensional structure of the truncated protein was
not feasible. Nonetheless, premature stop codons mostly
terminate in MRNA degradation via nonsense-mediated
mRNA decay (NMD). The ¢.265C>T (p.Arg89Cys)
mutation deleteriously affects the protein structure
and function so that is considered damaging based on
bioinformatics prediction tools including SIFT, Polyphen,
PROVEAN, CADD (PHRED score for ¢.265C>T: 28.1)
and Mutation Taster. In addition, this mutation has been
recently established in ClinVar as a likely pathogenic
variant.

By the time, 157 different variants in FYCO1 have
been established in Iranome found in different ptable
arts of FYCO1 including exons, introns, splice sites,
and untranslated region (UTR); of which 42 variants
change protein sequence. However, only ¢.3150+1G>T
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has been reported to be likely pathogenic based on ClinVar.
Other identified variants of Iranome have been known as
benign or of uncertain significance since these variations
have been found in a healthy population. Being detected
in the Iranian population, following out the mutations of
FYCO1 might have prenatal or postnatal diagnostic values
since a cataract as a visual problem can affect the quality of
neonatal life. Early diagnosis could be helpful to families
to manage their child’s requirements at the right time.

In conclusion, we report two mutations of the

FYCO1l gene including c.265C>T (p.Arg89Cys)
and c.[265C>T;267C>A] (p.Arg89X) in arCC in
4 originally Iranian families. Our study provides
a new understanding of arCC pathogenesis in the
Iranian population, and therefore it might be helpful
to consider FYCOL1 mutations in genetic diagnostic
methods in pediatric cataracts. Moreover, FYCO1
mutations could be tracked for preventive objectives
or even be targeted as therapeutic candidates for gene
therapy approaches in the future.

Table 1: List of reported FYCO1 gene mutations associated with non-syndromic CC

Exon/Intron Nucleotide changes Amino acid changes Type Reference(s)
Ex6 c.449T>C p.1150T Missense (26)
Ex8 ¢.808C>T p-Q270X Compound heterozygous 27)
Ex8 ¢.1045C>T p.Q349X Nonsense (18)
Ex8 ¢.1546C>T p.Q516X Nonsense (18)
Ex8 c. 2206C>T p.Q736X Nonsense (18, 23)
Ex8 .2345delA p.Q782RfsX32 frame shift (23)
Ex8 c.2345delA/ c.2714 _2715delCA p-Q782Rf{sX32/ Compound heterozygous (28)
p-T905SfsX2

Ex8 ¢.2506delG p.A836PfsX80 (29)
Ex8 c.2761C>T p-R921X frame shift (18)
Ex8 ¢.2830C>T p-R944X Nonsense (18)
Ex8 ¢.1056_1071delGGCCACACGGGACTCA p.E352DfsX9 Nonsense (25)
IvVS9 c. 3150+ 1G>T splice variant frame shift (18)
1VS9 c.3151-2A>C p-A1051DfsX27 splice variant (23)
Ex10 ¢.3196delC p-H1066IfsX10 frame shift (13)
Ex13 c.3670C>T p-R1224X frame shift (30)
Ex13 ¢.3755delC p.A1252DfsX71 Nonsense (18)
Ex14 ¢.3858 3862dupGGAAT p.L1288WfsX37 frame shift (18)
1IVS14 c.3945-1G>C splice variant frame shift (30)
Ex16 c.4127T>C p.L1376P splice variant (13, 18)
Ex17 c.4270C>T p.R1424X Missense (13)
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Abstract

HASPIN is a nuclear serine-threonine kinase originally identified in the mouse testis. Its 193 bp DNA promoter element
(hereafter, 193PE) regulates bidirectional, synchronous gene expression in the germ cells of male mice. Recent studies
have shown that Haspin is also expressed in trace amounts in somatic cells; HASPIN also functions in oocytes.
Haspin expression is regulated by the tissue-specific methylation of Haspin genomic DNA regions, including somatic
cells. This study investigated relationship between 193PE and DNA methylation by examining methylation status of
transgenic mice carrying 193PE and a reporter gene. In somatic (liver) cells carrying the reporter gene, 193PE induced
methylation as well as trace expression of the reporter gene. In the testis, 193PE induced hypomethylation and intense
reporter gene expression. Expression of HASPIN in an egg was assessed using human chorionic gonadotrophin to
induce ovulation in female transgenic mice. The results showed that 193PE induced tissue-specific methylation, which

resulted in reporter gene expression in a mouse egg.
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HASPIN is a nuclear serein/thyrosin (Ser/Thr) kinase,
expression of which was originally identified in haploid
germ cells (1). While intensely expressed in the testis,
trace amounts have been detected in the other tissues
(2). Because Haspin is conserved in many organisms,
including plants and yeast, it is considered fundamental
for cell survival (3, 4). Recently, in normal cells in vivo,
its role in mitosis is functionally complemented by the
other molecules, as no abnormality is observed in Haspin-
disrupted mice (5). It was also reported that HASPIN
played an important role in the growth of cancer cells, due
to the blockage of HASPIN effect by the corresponding
inhibitors (6-8). Analysis of HASPIN expression in Vivo is
an important because HASPIN phosphorylated histone H3
at threonine 3 during chromosomal partitioning and was
a target for tumor suppression. The mechanism of Haspin
gene expression has previously been reported. Transgenic
mice were generated with a DNA fragment linking the
element located in193 bp upstream from the transcription
start site to EGFP and Ds-Red, as a reporter gene. The
reporter assay in mice showed that element located in
the 193 bp DNA fragment regulated Haspin expression
in the testis (9). A tissue-differentially methylated region
(T-DMR) was also identified, located 600 bp upstream
(from —641 to —517) of the transcriptional start site of
Haspin (10). The T-DMR of Haspin was hypomethylated
in male germ cells, but hypermethylated in somatic
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tissues. These observations indicated that the 193 bp DNA
promoter element (193PE) induced tissue-specific Haspin
expression, mediated by the tissue-specific methylation
of the genomic region around Haspin. Here we showed
that 193PE induced methylation of a reporter gene in the
genomic DNA of somatic cells and testis hypomethylation,
mimicking specific expression in male germ cells. It has
also been shown to induce reporter gene expression in the
egg and blastocyst inner cell mass.

A pBiPRO2 reporter gene previously constructed in
our lab was used to investigate methylation status of
transgenes located in genomic DNA in the liver and testis
of mice (Fig.1) (9). The transgenic mice were bred under
specific-pathogen-free conditions in the animal room at
Nagasaki International University (Japan). The animals
were euthanized by cervical dislocation just before the
experiments. All animal experiments conformed to
the Guide for the Care and Use of Laboratory Animals
and they were approved by the Institutional Committee
of Laboratory Animal Experimentation and Ethics of
Nagasaki International University (128). Genomic DNA
isolated from the testis and liver was purified by phenol
extraction (1) and its methylation status was determined by
bisulfite genomic sequencing (CHEMICON International,
USA). Figure 2 shows the results of bisulfite genomic
sequencing. It has been reported that the region around
the endogenous Haspin genomic region is differentially



methylated in tissues and the endogenous Haspin genomic
region including T-DMR was hypomethylated in the
testis (Upper bar in Fig.2) (10). The pBiPRO2 transgene
was hypermethylated in the liver and hypomethylated in
testis (lower part of Fig.2). These results indicated tissue-
specific methylation of the genomic Haspin gene locus by
the 193PE Haspin promoter element.

Fig.1: Construction of the reporter plasmid BiPRO-2 for transgenic mice.
The 193 bp DNA promoter element (193PE) was inserted into the EGFP
and DsRed reporter genes. Arrows indicate directions of Haspin (white
arrow), and mADE (black arrow) is a non-coding mRNA transcript (11, 12).
The Asel-Nhel DNA fragments containing the reporter genes were used as
transgenes.

Fig.2: Schematic presentation of the methylation status on the locus of
endogenous Haspin and transgenes region of the reporter genes. The
top box shows genomic region of endogenous Haspin and differentially
methylated region (shading) (10). The bottom box shows transgene region
of the reporter gene in the genome. The bars indicate methylation status
on the reporter genes in the testis and liver. The vertical bars represent
location of methylated CpG. Region around the endogenous Haspin
genomic region was differentially methylated between tissues, consistent
with the activity of 193PE. Arrows indicated transcription of each gene and
‘met’ and ‘stop’ are the translation initiation and stop codons, respectively.
mADE is a non-coding mRNA (12).

Because HASPIN has also been reported to function in
meiosis in mouse oocytes (13), we investigated whether
193PE also regulated its expression. Oocytes, arrested
in the first meiotic prophase of female transgenic mice,
were grown with gonadotropins and expression of the
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reporter gene in the ovaries was observed. Expression of
the reporter gene EGPF was examined by Western blotting
of mouse ovarian tissues from transgenic mice with ovarian
hyperstimulation and non-hyperstimulation; detection was
achieved using anti-GFP monoclonal antibody as described
previously (9). Briefly, superovulation was induced in
transgenic female mice by an intraperitoneal injection of 5
IU of pregnant mare serum gonadotropin, followed 46-48
hours later by 5 IU of human chorionic gonadotropin. The
mice were euthanized 14-16 hours later and their ovaries
were collected. Gene expression was analyzed by Western
blotting after sonicating the tissues in TBS-T (100 mmol/L
Tris-HCI [pH=7.5], 150 mmol/L NaCl and 0.1 w/v% Tween
20) buffer. An EGFP signal, and thus gene expression
in response to 193PE activity, was observed only in the
hyperstimulated ovaries (Fig.3), but not detected in ovaries
without hyperstimulation (11). These results suggested
that expression of the gene from 193PE was induced when
oocyte division arrest was released with hyperstimulation.

Wild TG
3 0
= 5 I 2 3 T
¢ 2 3 3 g 2 2z 3
= a4 O O 4 O O
31kDa o =

Fig.3: Analysis of EGFP reporter gene expression in the ovaries. EGPF
expression was examined by Western blotting of mouse ovaries from
transgenic mice with ovarian hyperstimulation and non-hyperstimulation.
Signal detection was achieved using anti-EGFP monoclonal antibody. Ov
and Ov HCG indicate non-hyperstimulated or hyperstimulated ovaries.
The arrow indicates Mr 31k. The arrowhead indicates the position of the
EGFP signals.

Next, cumulus-oocyte complexes collected from
the ampullae of the uterine tubes were fertilized in
vitro with wild type sperm in HTF medium. After 24
hours, the embryos were cultured in potassium simplex
optimization medium (KSOM) and Haspin expression
over the time was assessed by fluorescence microscope
(Fig.4). In these post-ovulatory oocytes, 193PE induced
expression of reporter genes and participated in post-
fertilization embryonic development, although it was
unclear whether the results were attributable to ovulation
or to transcribed maternal mRNA. EGFP was expressed
in morula cells, but thereafter a signal was observed only
in the inner cell mass (ICM), not in trophectoderm cells.
Although transcription and translation were maintained
in the oocytes for several days during embryogenesis
(14), these observations suggested that Haspin gene
expression was specifically maintained in ICM of the
blastocyst. HASPIN may be expressed and play a role in
proliferating cells. Reason of no expression of HASPIN
in trophoblasts is unclear, but it is linked to the epigenetic
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changes and expression during the process of trophoblast
and ICM differentiation.

In summary, 193PE from genomic Haspin induced
tissue-specific methylation and specific gene expression
in the surrounding genomic DNA region. In isolated
mouse eggs, 193PE induced specific expression in the
ICM of the blastocyst, confirming a role for this very
small DNA fragment in tissue-specific methylation and
gene expression in cells, other than germ cells of the testis.
Further studies of the role of HASPIN and mechanism of
tissue-specific methylation are needed. Use of transgenic
mice carrying the EGFP reporter gene will aid in these
investigations (15).

Fig.4: Fluorescence microscope images of the fertilized eggs of transgenic
mice. The images were obtained at different times after in vitro
insemination of the eggs. Green color indicates the EGFP expression. 2,
20, 45, 64 and 96 hours indicate time of the culture after insemination
(scale bar: 100 mm).
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